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a Institute of Physics, University of Belgrade, 11080 Belgrade, Serbia
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ZnS nanoparticles were synthesized mechanochemically by high-energy milling. In order to investigate
influence off milling time to sample properties, samples were produced in three different milling times
(5 min, 10 min and 20 min). The morphology of samples has been investigated by scanning electron
microscopy (SEM) and high resolution transmission electron microscopy (HRTEM). X-ray diffraction
(XRD) investigation of synthesized nanocrystals identified cubic structure. From XRD, ZnS size of crystal-
lites was estimated as 1.9 nm (after 5 min milling time), 2.3 nm (10 min) and 2.4 nm (20 min), implying
that we are in strong confinement regime. The optical properties were studied by Raman spectroscopy, in
spectral region 100–500 cm�1, excitation source was 514.5 nm (EL = 2.41 eV), which means that we are in
off resonant regime. Dominant spectral structures, of comparable intensity, are registered in spectral
region 130–180 cm�1, around 265 cm�1 and around 345 cm�1. First two are assigned as second-order
ZnS modes. A theoretical model of continuum medium was used to calculate frequencies of the confined
optical phonons in ZnS. Satisfactory agreement with experimental results was found and mode at
345 cm�1 is assigned as LO type phonon confined in ZnS nanocrystal.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The preparation and characterization of different chalcogenides
have attracted considerable attention due to their important
unique physical and chemical properties [1–4]. Research on
semiconductor nanoparticles stimulated great interest in recent
years because of their unique optical and electrical properties.
Among the semiconductor nanoparticles, zinc sulfide (ZnS) as an
important II–VI semiconductor has been investigated extensively
because of its broad spectrum of potential applications such as in
catalysts, cathode-ray tubes (CRT) and field emission display
(FED) phosphors for a long time. It can also be used for electro-
luminescent devices and photodiodes [5–7].

Nanoparticles differ from bulk particles because of the high
surface to volume ratio, which induces the structural and electronic
changes. These differences depend on particle sizes, shape and sur-
face characteristics. The decrease of particle sizes causes an extre-
mely high surface area to volume ratio. The enhanced surface
area increases surface states, which change the activity of electrons
and holes, and affects the chemical reaction dynamics. Therefore,
much research on ZnS particles and their physicochemical
properties has been carried out and various methods have been
used for the preparation of these nanoparticles [8–13].

In resonant Raman spectroscopy energy of the incident laser
light is close to energy of electronic transition. Energy of basic
interband transition (1sh–1se) in the quantum dots increases as
the dimension of the dot decreases. Simple model based on effec-
tive mass approximation can estimate transition energy of QD [14].
This energy depends on the dimension of the dot, and parameters
of the bulk material like energy gap, dielectric permittivity, and
electron and hole effective masses. If one uses parameters charac-
teristic for bulk ZnS (Eg = 3.66 eV, e = 8.1, meeff = 0.28 and
mheff = 0.49) [15,16], QD transition energy E(1sh–1se) for dimension
�2 nm is over 4 eV. If energy of the incident laser light is smaller
than energy of electronic transition, as in this case, Raman
spectroscopy is in off resonance regime.

Exciton Bohr radius of material is the measure of confinement.
If a size of QD is smaller than exciton Bohr radius the dot is in a
strong confinement regime and energy spectrum is discrete. ZnS
exciton Bohr radius, for parameters given in previous paragraph,
is �2.5 nm. So we are investigating ZnS QDs in strong confinement
regime.

In this paper we report Raman spectroscopy studies of the ZnS
nanoparticles which are mechanochemical synthesized using
high-energy milling. Samples characterization was performed
using X-ray diffraction (XRD), scanning electron microscopy
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(SEM) and high resolution transmission electron microscopy
(HRTEM), while optical properties were analyzed using Raman
spectra measurements.

2. Samples preparation and characterization

Mechanochemical synthesis of ZnS nanoparticles was per-
formed in a Pulverisette 6 planetary mill. The milling condition
were: 50 balls of 10 mm diameter; weight charge of total powder
mixture in the mill was 14.2 g, ball charge in the mill was 360 g,
material of milling chamber and balls was tungsten carbide and
rotation speed of the planet carrier was 500 rpm. Milling time
was 5, 10 and 20 min using an argon atmosphere as a protective
medium in the mill [17].

2.1. Scanning electron microscopy (SEM)

The morphology of samples has been investigated by SEM using
high resolution electron microscope MIRA3 FEG-SEM, Tescan at
accelerating voltage lower than 29 kV. Before that, the surface of
samples was coated with an ultrathin gold layer using SC7620
Mini Sputter Coater, Quorum Technologies, with the purpose to
prevent the accumulation of static electric fields at the specimen
due to the electron irradiation required during imaging.

Micrographs of ZnS nanoparticles observed by SEM are pre-
sented in Fig. 1. As it can see powder is composed by well-defined
and separated nanoparticles. The clusters and nanoparticles are
clearly visible. These nanoparticles are spherical and have about
2 nm of diameter, which is close to the microscope resolution limit.
Increase in milling time causes better nanoparticles separation, but
their dimension remains almost unchanged.

2.2. High resolution transmission electron microscopy (HRTEM)

High resolution TEM (HRTEM-Philips Tecnai 200 operated at
200 kV), is an excellent method to study metal sulfide semiconduc-
tor nanostructures, where core–shell or stoichiometric systems can
be distinguished [18,19]. HRTEM images determine the size of the
nanoparticles [20], the type of structures produced [21], and also
the morphologies that are possibly induced [22]. The samples were
not covered by any type of conductive material to maintain their
original properties. In Fig. 2 two different micrographs are shown.
The HRTEM images for all three samples are very similar and we
choose to present only one. In Fig. 2(a) an area of 16 nm � 16 nm
is observed. Several clusters are clearly identified, and particularly
three of them having sizes of 2.6, 3.7 and 3.4 nm respectively. The
corresponding fast Fourier transform (FFT) denotes the polycrys-
talline material, which must be composed of nanocrystals. Lattice
distance of the samples can be determined by applying a higher
(a) 5 min (b) 10 min

Fig. 1. SEM images of ZnS nanoparticles obtained after m
magnification. In the case in Fig. 2(b) a square contrast is found
in the center of the micrograph with interplanar distances of
0.27 and 0.28 nm, which implies a region with axis zone near to
direction [001] [17].

2.3. X-ray diffraction (XRD)

The structural characteristics were obtained by the XRD powder
technique. All samples were examined under the same conditions,
using a Philips PW 1050 diffractometer equipped with a PW 1730
generator, 40 kV � 20 mA, using Ni filtered Co Ka radiation of
0.1778897 nm at room temperature. Measurements were carried
out in the 2h range of 10–100� with a scanning step of 0.05� and
10 s scanning time per step.

The X-ray diffraction patterns of the ZnS powders obtained after
various milling times are presented in Fig. 3. Diffraction patterns
show mainly the reflection of cubic phase, according to card
JCPDS 03-0524. The refracting planes denoted with (hkl) indices
are 111, 220 and 311, respectively. Some divergence from the
compared results can be explained by the fact that X-ray powder
diffraction analysis gives a statistical result and that samples are
with smaller size than as usually.

Using the X-ray Line Profile Fitting Program (XFIT) with a
Fundamental Parameters convolution approach to generating line
profiles [23] the coherent domain sizes of the synthesized powders
were calculated. ZnS crystallite size was estimated to 1.9 nm (after
5 min milling time), 2.3 nm (10 min) and 2.4 nm (20 min). Nano-
crystallite sizes estimated from XRD spectra are in agreement with
values obtained by applied microscopic methods.
3. Results and discussion

The Raman spectra of ZnS powders obtained in a manner
described in previous chapter were measured in the spectral range
100–500 cm�1 at room temperature. The micro-Raman spectra
were taken in the backscattering configuration and analyzed by
Jobin Yvon T64000 spectrometer, equipped with nitrogen cooled
charge-coupled-device detector. As an excitation source we used
the 514.5 nm (2.41 eV) line of an Ar-iron laser. This excitation
energy is in off-resonance regime even in bulk ZnS. It is clear, that
in the QD case Raman spectroscopy is very far from the resonant
regime. As we expected, registered spectral features were of low
intensity. The measurements were performed at different laser
power in order to optimize the signal in the whole spectral region
100–500 cm�1.

The Raman spectra of ZnS powders obtained after various
milling times, in the spectral range from 100 cm�1 to 500 cm�1,
are presented in Fig. 4. Experimental Raman scattering spectra
are analyzed by the deconvolution to Lorentzian curves [24].
(c) 20 min

illing time of 5 min (a), 10 min (b) and 20 min (c).



Fig. 2. HRTEM analysis of mechanochemically synthesized ZnS nanoparticles: (a) identification of nanoparticle with size around 3 nm and (b) determination of structure
using the interplanar distance measurement.
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Fig. 3. XRD spectra of ZnS powders obtained after various milling times.
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Fig. 4. Raman spectra of ZnS powders obtained after various milling times – 5 min:
d = 1.9 nm, 10 min: d = 2.3 nm and 20 min: d = 2.4 nm.
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Black thick line presents resulting spectral curve. Positions of
Lorentzians are given above the curves in Fig. 4.

Dominant wide structures in experimental spectra are: wide
multimodal feature in region 130–180 cm�1, wide structure
centered at �265 cm�1 and wide structure centered at
�345 cm�1, Fig. 4. These ‘‘dominant wide structures’’ in experi-
mental spectra are practically of small intensities. These dominant
structures are analyzed in detail.

In spectral region �220 cm�1 there is a feature in spectra of
10 min and 20 min milling sample. This mode is hardly visible in
5 min milling sample. Also in a region �310 cm�1, there is a small
intensity feature. These structures are briefly discussed.

In order to identify properly experimentally registered
vibrational modes we will briefly review vibrational properties of
cubic structure bulk ZnS.

ZnS crystallizes in cubic (zinc-blende, sphalerite, b-ZnS) or
hexagonal (wurtzite) structure. Lattice constant of cubic cell is:
a = 5.4 Å. The cubic unit cell contains four formula units. The space
group of the cubic unit cell is F43mðT2
dÞ. The primitive unit cell is

trigonal and contains only one formula unit i.e. two atoms. That
is why the structure has six degrees of freedom, three acoustic
and three optical. In the first order Raman effect only phonon wave
vectors very near the Brillouin zone center (BZC) can participate.
For zinc-blende structure at the BZC (point C), both acoustic and
optical modes are triply degenerate, and have symmetry species
C15(F2). In polar crystals, like ZnS, the macroscopic electric field
associated with LO vibrations makes the LO mode energy greater
than the TO mode energy. This effect removes triply degeneration
in the BZC, producing doubly degeneration of TO mode and single
degeneration of LO mode. The optical modes which we expect to
see in the first-order Raman scattering of bulk sample are double
degenerate TO and a nondegenerate LO phonon. Frequencies of
these modes in ZnS are well established through calculations
[25,26] and experimentally by polarized Raman [26–28] or
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neutron scattering [25] studies: xLO � 350 cm�1 and
xTO �275 cm�1. If we are in resonant regime Raman scattering of
LO mode will be dominant and sometimes TO mode is hard to
detect especially in nonpolarized spectra. If we are in non-resonant
regime all intensities decrease. Intensity of TO mode becomes even
smaller and practically only LO mode is registered. Registered LO
mode is wither and also of lower intensity than in resonant case.
According to [26], ratio of the TO and LO mode integrated Raman
intensities for excitation energy EL = 2.41 eV is about 0.1, as conse-
quence of high value of corresponding electron–phonon deforma-
tion potential (DP), obtained after taking into account the
antiresonance.

In the second order Raman effect momentum conservation
involves two phonons. The second order Raman selection rules
must be satisfied. The selection rules of the two phonon states at
critical points are derived from the reducible direct product repre-
sentation of the corresponding one phonon states. Scattering pro-
cess originates from the BZC (C) or from the BZ boundary points
of face centered cubic lattice as: point X(D2d), point L(C3v), point
W(S4), or critical directions as: direction R(C toward K) [110].
Double degeneration of transversal modes in C point results in
two traversal branches (both optical and acoustical) in direction
R. Upper branch is often assigned by index u and the lower branch
by index l. As wave vectors at the BZ boundary are much larger
than the wave vector of the excitation used in experiments, two
phonons created or destroyed in the second order scattering that
satisfy momentum conservation, originate from the same point
of the Brillouin zone. The combined states density tends to be large
at the critical points or critical directions on the BZ boundary.
Detailed investigation of ZnS vibration properties, that include
calculation (based on the bond charge model lattice dynamics) of
the densities of one- and two-phonon states and polarized
Raman scattering measurements, is presented in [26]. Raman spec-
tra of bulk ZnS samples with different isotopic compositions, their
dependence on temperature and pressure and enable reliable
assignation of observed Raman features. Strong DP for two-phonon
process of cubic ZnS (two orders of magnitude higher than in the
single-photon process) is responsible for the increase in the two-
phonon scattering.

These information about structure are vibrational properties of
bulk ZnS are the starting points for analysis that concerns ZnS QDs.
In nanocrystals optical modes are confined, bulk selection rules are
ruined, high surface to volume ratio increase the role of surface
properties, but there is fundamental track of bulk properties.
Analysis of the Raman spectra presented in Fig. 4 starts from the
optical phonon region i.e. region 275 cm�1 (xTO) to 350 cm�1

(xLO).
A continuum model of the optical phonon confinement in QD is

used. Parameters were transferred from the bulk phonon disper-
sion curves. It is limited to nanoparticles of regular shape.
Although this is not the case in real nano-crystallites, we present
results of calculation for ideal spherical ZnS QD. One small spheri-
cal ZnS crystal, isotropic and homogeneous inside, is considered.
This consideration of confined optical vibrations in nanocrystals
is based on macroscopic equation for the relative displacement of
the positive and negative ions [29,30].

Parameters of this macroscopic equation are: reduced mass
density, xTO: the TO bulk frequency, the transverse charge, the unit
cell volume, and bT and bL phenomenological bending parameters
of TO and LO bulk dispersion curves. This equation is solved in
spherical coordinates. The spherically symmetric solutions of
equation must belong to the irreducible representations of the
three-dimensional rotation-inversion group O(3) labeled as Dl

g

(even) and Dl
u (odd upon inversion). The mixed modes belong to

D0
g, D1

u, D2
g, . . .. The dipole operator responsible for FIR absorption

belongs to D1
u while Raman transition operator for allowed
scattering belongs to D0
g and D2

g [31]. Frequencies of the spherical
(l = 0) and spheroidal quadropolar modes (l = 2) can be calculated
and in principal observed by resonant Raman scattering.

If we assume, as in [32,33], that at the surface of the sphere all
components of displacement are almost zero, the electrostatic
potential and the normal component of the electric displacement
are continuous. After applying these assumptions one can obtain
frequencies of the Raman active (l = 0 and l = 2, n = 1, 2, 3, . . .)
and FIR-active (l = 1, n = 1, 2, 3, . . .) modes, l and n being the spheri-
cal quantum numbers.

The most important contribution to one-phonon Raman scatter-
ing corresponds to l = 0 (the quadrupole modes are active only
under resonance conditions and their contribution is much smal-
ler). This mode is excited for parallel polarizations of the incident
and scattered light. The corresponding frequencies are:

x2
n ¼ x2

LO � b2
L

2ln

d

� �2

ð1Þ

xLO is the LO bulk frequency (xLO = 350 cm�1 in ZnS), d is the
diameter of the sphere, ln is the n-th node of the Bessel spherical
function j1 (l1 < l2 < l3 < . . .). Frequency shift (difference between
xn and xLO) for fixed d depends on bL. bL = 2.6 103 m/s for bulk
ZnS. xn increases as the dimension of the dot (d) increases, and in
the limit: d ?1 frequencies xn converge to xLO. Fig. 5 presents
dependence of optical vibration modes frequencies (l = 0,
n = 1, 2, 3) on the diameter of ZnS QD. The smaller the diameter
the lower is the frequency of confined mode. As concerns intensity,
this model predict the most intensive peak in QD Raman spectra to
be the mode x1(n = 1). Exact positions, from the deconvolution of
experimental spectra, of mode at �345 cm�1 for three dimensions:
1.9 nm (5 min milling time), 2.3 nm (10 min) and 2.4 nm (20 min),
Fig. 4, are marked with stars in Fig. 5. It is evident that experimental
values are in very good agreement with calculated values. In reality
there is QD size distribution, QD shape irregularity, inhomogeneity
inside, some interaction between nanoparticles, etc.

The more the QD behaves as rigid sphere the vibration modes
produce less electric field outside the sphere, there is less interac-
tion associated with this mode between nano-crystals. So, the
Raman cross-section of an array of scatters is simply a super-
position of their individual contributions, and it is proportional
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to the volume fraction of semiconductor. During milling dimension
of ZnS QDs slightly increases, agglomerates and clusters become
bigger but more separated, Fig. 1. Volume fraction does not change
too much. That is why intensity of mode at �345 cm�1 does not
change significantly in all three samples, Fig. 4.

While analyzing Raman spectra of the sample of the smallest
diameter QD (d = 1.9 nm) we find out that adding spectral struc-
ture in region 300–330 cm�1 (centered at 310 cm�1) reproduces
experimental spectra better than without it (dashed line in
Fig. 5). Similar procedure was applied for the other two samples.
We tried to explain origin of this structure. We focused to the spec-
tra of the sample of the smallest diameter QD (d = 1.9 nm).
Calculated optical vibration modes of d = 1.9 nm ZnS QD, Fig. 5,
are x2 = 330 cm�1 (n = 2) and x3 = 340 cm�1 (n = 3). Predicted
Raman intensity of these modes is much smaller than intensity
at �345 cm�1 (n = 1) mode. One of possible explanation is that
the contribution of these two modes is registered.

If we go back to vibrational properties of bulk ZnS we can find
out that the frequencies of second order ZnS Raman peaks mea-
sured at �304 cm�1 and �312 cm�1 are assigned as [LA + TAl]W

and [LA + TAu]W,R [26].
If non polar matrix surrounds QD, there is one surface mode for

each l. In case of ZnS QD without matrix i.e. in vacuum (ematrix = 1)
frequencies of l = 1 and l = 2 surface phonons are �330 cm�1 and
�334 cm�1. If assume that dots inside agglomerate are in non polar
matrix of dielectric permittivity higher than vacuum, frequencies
of surface modes will be lower. Raman scattering spectra of ZnS
QD, mean size �2.8 nm, are presented in 29]. The Raman spectra
of the structures with ZnS QDs contain single line at frequency
�320 cm�1. Calculated surface mode frequency (l = 1, ematrix = 2.4
in their case) is 316 cm�1, and this mode was identified as surface
mode [34].

These are possible origins of this wide, low intensity structure
in spectral region 300–330 cm-1.

We continue analysis of the Raman spectra presented in Fig. 4
in region wide and relatively strong spectral feature centered at
�265 cm�1.

Spectral structure centered at�265 cm�1 is of the same order of
intensity as the mode at �345 cm�1. Frequencies of bulk second
order ZnS Raman peaks established by calculations at
�244 cm�1, �256 cm�1 and �257 cm�1 are assigned as [2TAu]R,
[LA + TAl]W and [LO � TAu]X [26]. We believe that this wide struc-
ture can be a sum of these contributions. Similar spectral structure
in bulk ZnS unpolarized Raman spectra was also registered, and
assigned as combination mode in point W [28]. Raman scattering
studies of ZnS nanoclusters of typical sizes 2.2–5 nm are presented
in [35]. Raman spectra with the visible excitation (532 nm) of nan-
oclusters of the size (d � 2.5 nm) i.e. smaller than exciton Bohr
radius, shows a structure centered at �256 cm�1 comparable in
intensity to the structure centered at �350 cm�1. For ZnS nanopar-
ticles of d = 2.2 nm structure centered at �256 cm�1 dominates
over the structure centered at �350 cm�1 [35].

There is additional weak spectral feature at�220 cm�1, Fig. 4. In
case of d = 1.9 nm (5 min milling) this feature is almost invisible.
But for larger nanocrystals (d = 2.3 nm and d = 2.4 nm) it is clearly
seen. Frequency of second order ZnS Raman peak calculated and
registered at �218 cm�1 is assigned as [TO � TA]X [26]. The weak
but wide feature at about 218 cm�1 was registered in Raman spec-
tra of ZnS nanoparticles synthesized using Langmuir–Blodgett
technique and attributed to second order scattering [36]. We
assigned this peak as second order [TO � TA]X scattering.

There is lack of results in spectral region below 200 cm�1. It is
very difficult to get spectra in this region. Presented spectra were
performed at very low laser power. We registered wide feature
of irregular shape in region 130–180 cm�1. Frequencies of second
order ZnS Raman peaks calculated at �137 cm�1, �143 cm�1,
�167 cm�1 and �180 cm�1 are assigned as: 2TAL, [TOu � LA]R,
[LO � LA]R and 2TAX [26]. We believe that this wide structure
can be a sum of these contributions. Registered integral intensity
of this spectral structure, which originate from few second order
modes, is comparable to the intensity of confined LO mode. In
sample produced after 5 min milling time (d = 1.9 nm) a single
weak spectral feature at �175 cm�1 is more prominent than in
the other samples, Fig. 4. Raman activity in low frequency region,
below 200 cm�1, is hard to detect, and there are no results of the
other groups about QD Raman spectroscopy to compare with. So,
feature of irregular shape in region 130–180 cm�1 is recognized
as group of second order modes.

4. Conclusion

We report Raman spectra of mechanochemically synthesized
ZnS nanocrystals. Milling time was varied. Dimension of nanocrys-
tals are of �1.9–2.4 nm depending of the duration of milling. Small
dimension of ZnS QD results in the strong confinement regime.
Raman spectra were measured in off resonance regime.

A continuum model of the optical phonon confinement in QD is
used for investigation in optical phonon region i.e. region 275 cm�1

(xTO) to 350 cm�1 (xLO). Despite the fact that this model treats an
ideal case, measured frequency of mode at �345 cm�1 is in a very
good agreement to predicted values. This mode, few cm�1 below
bulk xLO, is identified as a confined LO (l = 0) mode. As we expect,
this mode is of much lower intensity, compared to the bulk ZnS.

Registered intensities of multimodal spectral features in spec-
tral region 130–180 cm�1 and �265 cm�1, are comparable to the
intensity of confined LO mode. These multimodal structures are
sums of two-phonon Raman scattering from the BZ boundary.
ZnS is a system of large deformation potential in the two-phonon
processes. That is why there is remarkable Raman activity in
spectral region 130–180 cm�1 and �265 cm�1 of two-phonon
scattering processes in ZnS QD, even in off resonant regime.
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During  femtosecond  interaction  with  surfaces,  the  processes  of  liquid  and  solid-state  dewetting  could  be
responsible  for  the  generation  and  regrouping  of  nanoparticles  and nanoparticle  clusters.  The  occurrence
of  surface  plasmon  polariton  most  probably  induces  the LIPSS  arrangement.  We  have  used  low-fluence
scanning  femtosecond  beam  to generate  sub-wavelength  periodic  structures  on  multilayer  Ni/Pd  thin
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films on  Si.  The  spatial  period  of LIPSS  increases  with  the  change  of  scanning  directions  in respect
to  the  polarization  direction  due  to the  phase  difference  increase  between  the  incoming  and  induced
oscillations.
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urface modifications

. Introduction

One of the inherent phenomena related to the irradiation of
olid surfaces by ultrashort-pulse laser is the emergence of periodic
rating structures on the surface (laser induced periodic surface
tructures, LIPSS). Being the topic of research for a long time, the
henomenon has been approached from the points of view of mate-
ial types, modes of operations, beam parameters, and possible
pplications [1–12]. LIPSS formation has interest both form the
undamental point on view and also considering the change in
roperties of the nanostructured surfaces.

Two types of LIPSS are reported, low spatial frequency LIPSS
LSFL) and high spatial frequency LIPSS (HSFL) [13]. Named after
heir size (magnitude of spatial frequency), their orientation in
espect to the polarization direction is not yet fully understood.

hile for LSFL it is dependent on the dielectric permittivity – it
eems that LSFL orientation is perpendicular to polarization for
etals and semiconductors and parallel for dielectrics (|�′| < 1)

nd sometimes perpendicular – for HSFL is not well explained
2,14–16].
The most probable causes of the LIPSS emergence are the surface
lasmon polaritons (SPP) generated on the material surface in the

rradiation area (leading to spatial periodic distribution of energy

∗ Corresponding author.
E-mail address: Aleksander.Kovacevic@ipb.ac.rs (A.G. Kovačević).

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.141
169-4332/© 2017 Elsevier B.V. All rights reserved.
over the surface) or self-organization of the material upon the pulse
impact [17,18].

The applications of thin films play an important role in
many fields, like semiconductor technology, optics, chemistry,
mechanics, magnetics, electricity. Various types of coatings for
protection, diffusion barriers, filtering, reflection/antireflection,
sensing, waveguiding, decorative and other purposes are just some
to mention. Structuring of thin films can enhance their characteris-
tics. The interaction of femtosecond laser beam with thin films can
generate LIPSS. Thin films and alloys based on Ni and Pd have spe-
cific physico-chemical as well as mechanical characteristics, like
high corrosion resistance, durability and high tensile strength and
due to its mechanical characteristics and the catalytic activity, the
applications range from catalyst and hydrogen storage material to
holography [19]. In this work, we have demonstrated the genera-
tion of sub-wavelength periodic structures on the multilayer Ni/Pd
thin films by the scanning low-fluence femtosecond laser beam.
The structures have been identified as HSFL probably caused by the
SPP. The influence of the scanning direction to the spatial period of
HSFL is seen in the phase difference increase between the incom-
ing and induced oscillations for scanning direction approaching the
perpendicular to the polarization direction.
2. Experimental setup

The experimental setup is based on a femtosecond laser (Coher-
ent Mira 900). The laser beam was  focused by a GF Panachromium

dx.doi.org/10.1016/j.apsusc.2017.03.141
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.03.141&domain=pdf
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Fig. 1. Upper left part of the pattern (double arrow indicates polarization direction);
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bjective (40x/0.65) on the specimen. The wavelength of the beam
as monitored with the fiber coupled spectrometer (Ocean Optics
R2000CG-UV-NIR). Irradiated samples were Ni/Pd bilayers, with
ve layers of each metal, deposited on the silicon (100) wafer.
he depositions were performed by the Balzers Sputron II appara-
us using 1.3 keV argon ions and with 99.9% of Ni and Pd targets
urity. Each layer (Ni or Pd) was of ∼13 nm thickness reaching
he total thickness of bilayer group of ∼130 nm.  The irradiations
f the top (Ni) layer of the Ni/Pd bilayer system were performed in
ir with focused femtosecond laser beam under normal incidence.
he laser beam properties were: wavelength 760–880 nm, pulse
uration ∼100 fs, repetition rate 76 MHz, power of 175–195 mW,

inear polarization in the horizontal plane, Gaussian-like profile,
pot diameter ∼200–1000 nm.  Femtosecond laser interactions have
een performed in two modes, with laser beam being static or scan-
ing. The results of the interactions have been analyzed by scanning
lectron microscopy (SEM) – the TESCAN MIRA3 system.

. Results and discussion

In order to examine the response of the material to irradiations
n both static and dynamic modes, the beam was moved from point
o point over the surface of the sample by computer-controlled pair
f galvo-scanning mirrors. When irradiating the samples, two time
ntervals have been used as experimental parameters: the “dwell
ime”, or the time the beam is at the same point, and the “flight
ime” or the time for travelling between two points. The pattern
rawn by the scan of the beam is a matrix, consisted of 80 points

n the 8 by 10 scheme (Fig. 1).
The beam was positioned in the center of the area – central hole

n Fig. 1, where it dwelled for predefined dwell time. It then scanned
uring flight time to the top left point (top left hole) and waited
or dwell time. Point by point, the beam scanned and dwelled, thus
ngraving the pattern in the predefined area. The distance between
wo points was 7.5 �m in the direction parallel to the polarization
irection and 8.5 �m in the direction perpendicular to the polar-

zation direction.
The sample has been irradiated with femtosecond beams of

ingle-pulse fluences below 146 mJ/cm2 which is single-pulse
blation threshold for 5x(Ni/Pd)/Si multilayer system [20]. For

ingle-pulse fluences below the ablation threshold and shorter
xpositions, the LIPSS are typically formed. For longer expositions,
he accumulation of pulses would lead to melting in some materials,
ut in some materials the LIPSS would remain stable.

ig. 2. SEM micrographs of irradiated areas (wavelength 880 nm,  power 175 mW,  dwell tim
erpendicular to polarization direction; b) scanning parallel to polarization direction; c) s
wavelength 880 nm,  power 175 mW,  fluence 135 mJ/cm , dwell time 20 ms,  flight
time 20 ms.

The main objective was to investigate the appearance of LIPSS
(HSFL) during scanning. During static irradiation, the number of
pulses delivered to the irradiated area (the spot) is dependent on
the exposition time. During scanning, the number of pulses that
irradiate the area of the same size as in static irradiation (the spot)
depends on the scanning rate.

For examining the influence of the scanning direction to the
spatial frequency of the induced HSFL, the sample was irradiated
in similar pattern, with inter-point distances of 7 �m (direction
parallel to polarization) and of 8.3 �m (direction perpendicular
to polarization). The laser beam parameters were: wavelength
880 nm,  power 175 mW,  single pulse fluence ∼142 mJ/cm2, dwell
time 10 ms,  flight time 10 ms.  Scanning rate was 830 �m/s  (direc-
tion parallel to polarization), 700 �m/s (direction perpendicular

to polarization) and 4015 �m/s  (direction oblique to polarization,
∼38◦). Static irradiation led to hole drilling, while scanning modi-
fied the material surface.

e 10 ms,  flight time 10 ms, double arrow shows polarization direction): a) scanning
canning oblique to polarization direction.
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ig. 3. SEM micrographs (higher magnification) of irradiated areas presented in Fig. 

hows  polarization direction): a) corresponding to Fig. 2a; b) corresponding to Fig. 

During dwell time of 10 ms  the spot area was  irradiated with
60,000 pulses (static). For scanning rate of 830 �m/s, the same
rea was irradiated with ∼92,700 pulses, which is ∼8 times
ess accumulated energy. For scanning rates of 700 �m/s  and
015 �m/s, the number of pulses was 110,000 and 19,200, respec-
ively.

The image analysis (Gwyddeon program) from the figures shows
hat the LIPSS height is 15–35 nm (Fig. 2a), 4–12 nm (Fig. 2b) and
0–15 nm (Fig. 2c) above the average level measured at the unmod-

fied area, while the LIPSS depth is 5–10 nm (Fig. 2a), 2–4 nm
Fig. 2b), and 5–9 nm (Fig. 2c) below it.

Optical penetration depth for Ni depends on the irradiation
avelength and is ∼18 nm [21,22]. Thermal penetration depth,
hile being high for high fluences, for low-fluence regime is close to

he optical penetration depth [23]. Due to the exponential decrease
f the intensity, it is most likely that only the first (top) layer (Ni)
s affected in LIPSS formation.

In Fig. 2 is presented that static irradiation not only enabled

rilling, but also melting and the molten material dispersion around
he crater as well. The HSFL are more prominent for scan direc-

ig. 4. SEM micrographs of the HSFL generated by: a) scanning oblique to polarization
canning oblique and parallel to polarization, wavelength 760 nm,  power 180 mW,  dwell
elength 880 nm,  power 175 mW,  dwell time 10 ms, flight time 10 ms,  double arrow
corresponding to Fig. 2c.

tion perpendicular (Fig. 2a) to the polarization direction than for
direction parallel (Fig. 2b) to the polarization direction.

The areas presented in Fig. 2a–c are presented in Fig. 3a–c with
higher magnification. The parallel structures (HSFL) are aligned in
the irradiated area. The direction of the structures is parallel to
the polarization direction and the spatial frequency is ∼300 nm for
scanning direction perpendicular to the polarization direction (Figs.
2a and 3a), ∼135 nm for scanning direction parallel to the polariza-
tion direction (Figs. 2b and 3b) and ∼180 nm for scanning direction
oblique, ∼38◦, to the polarization direction (Figs. 2c and 3c).

The irradiation on different wavelengths also generated HSFL:
for 800 nm,  scanning direction oblique to polarization (Fig. 4a) and
for 760 nm scanning directions oblique and parallel to polariza-
tion (Fig. 4b). In Fig. 4a, only scanning part is presented. Single
pulse fluence of 175 mJ/cm2 and 570,000 pulses, delivered to the
area equivalent to the spot area in static irradiation, generated the
HSFL of spatial frequency of ∼250 nm.  In Fig. 4b, different pattern
has been used, with ∼2 �m of distance between two consecutive

points. The single pulse fluence of 175 mJ/cm2 and 36500 pulses,
delivered to the area equivalent to the spot area in static irradia-

, wavelength 800 nm,  power 188 mW,  dwell time 500 ms,  flight time 5 ms  and b)
 time 40 ms,  flight time 2 ms.
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ig. 5. SEM micrograph of hole drilled by the beam of parameters: wavelength 88
nd  surroundings, b) magnified central area of the crater.

ion, generated the HSFL of spatial frequency of ∼170 nm during
blique scanning.

In Fig. 5, the static irradiation which led to hole drilling is pre-
ented. The material migrated from the area of highest fluence and
as displaced around the crater, with the appearance of smaller

rains.
Higher magnification (Fig. 5b) of the hole shows that the newly

ormed smaller nanoparticles (diameter < 40 nm)  have even smaller
anoparticles (diameter < 10 nm)  on their surface. For lesser sin-
le pulse fluences (16.3 mJ/cm2, Fig. 6), the effects of modifications
ere strongly suppressed. Only during static irradiation the mate-

ial showed the emergence of the surface modification in the
rradiation area. The original grain structure of ∼200 nm (smooth
rains) changed. At the surface of each grain, smaller grains of less
han 40 nm,  appeared (Fig. 6b and c).

The scanning direction parallel to the polarization direction
auses the HSFL to be of higher spatial density (∼135 nm,  though
ot so pronounced) compared to oblique (∼180 nm), and especially
o perpendicular direction (∼300 nm spatial period), Figs. 2a–c and

a–c. The cause might be linked to the causes of the HSFL direc-
ion. When the beam scans in various directions over the periodic
istribution of energy at the material, the phase difference of the

Fig. 6. SEM micrograph of areas irradiated by the beam of parameters: wav
power 175 mW,  fluence 135 mJ/cm2, dwell time 20 ms,  flight time 20 ms; a) crater

coupling between incoming and induced waves increases when the
scanning direction approaches the perpendicular direction to the
polarization direction, in that way  increasing the spatial period of
the HSFL.

In Fig. 6, the process of greater nanoparticles size reduc-
tion could be noticed. The greater nanoparticles (crystal grains)
(∼200 nm diameter), which existed on the surface before the inter-
action, experienced some changes upon the beam irradiation. On
the particle surface, nanoparticels of smaller diameter (less than
40 nm) appeared. Supposedly, smaller nanoparticles, Figs. 3 and 4,
regroup and form elongated particles arranged in the form of
parallel periodical structures. Since the signs of melting are not
pronounced in the area where HSFL appeared, it could be that some
non-resonant processes like dry dewetting and non-thermal melt-
ing took part [24–31]. Due to the ablation and high accumulated
energy during static irradiation, it is probable that the material was
ejected out of the crater, while material mixture occurred inside the
crater.

The existence of the craters for static irradiation point to exces-

sive deposited energy, which ablated the material (Fig. 5). On the
other hand, scanning reduced the average energy the surface unit
received thus prevented overheating and simple thermal melt-

elength 800 nm,  power 195 mW,  dwell time 250 ms,  flight time 5 ms.
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Surface nanopatterning of Al/Ti multilayer thin films and Al single layer by a
low-fluence UV femtosecond laser beam, Appl. Surf. Sci. 326 (2015) 91–98.
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ng. In this case, possibly the processes of non-thermal melting
ook place. The presence and the characteristics of the underneath
ayer play an important role in the formation of parallel structures.
he evolution of the surface morphology upon the irradiation of

 femtosecond laser beam into a LSFL via HSFL and the difference
etween LIPSS formation on the single layer and on the multi-layer
urfaces is explained in [32].

Ni and Pd have similar thermo-physical properties suggesting
hat the heat would smoothly transfer from one layer to the other.
owever, slightly lower thermal conductivity of the underneath

ayer would support the propagation of heat along the interface
laterally) [20]. The differences in electron-phonon coupling lead
o different evolution of the reflectivity and absorption coefficients
uring the irradiation [33]. While quickly transferring the energy to
he electrons of the inner layer, excited electrons of the upper layer
ouple less effectively with the lattice inducing the increase of the
attice temperature of the interface and lateral propagation of heat.

 delay in response between the layers is induced with the reflec-
ion of light at the internal interface. The interplay between heat
ocalization and transferring the heat away from the interaction
one forms the lattice temperature.

. Conclusion

We  have irradiated the multilayer Ni/Pd thin films by the low-
uence femtosecond laser beam. The beam induced the SPP on the
urface, which most probably generated the sub-wavelength peri-
dic structures on the surface, the HSFL. The scanning direction in
espect to the polarization direction influences the spatial period
f the HSFL: the period increases for the phase difference increase
etween the incoming and induced oscillations; this increases
s the scanning direction approaches the perpendicular direction
owards the polarization. The HSFL structures are most probably
aused by the SPP, where the mechanisms of dry dewetting and
on-thermal melting took place.
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a b s t r a c t

Bismuth germanium oxide Bi12GeO20 (BGO) has very interesting electrical, optical and magnetic prop-
erties. In order to make devices based on this material more flexible, its powder was used for preparing
polymer composites. This study reports investigation of the effects of using different solvents and
polymers in preparation of BGO composite on the microstructural and optical behaviour of the resulting
material. Preparation of such composites by a solution casting method is described. Poly (methyl
methacrylate) (PMMA) and polystyrene (PS)) were used as matrix materials and acetone and chloroform
as solvents. Their microstructure and the quality of BGO dispersion and deaggregation in polymer matrix
were analyzed by SEM, Raman, XRD and optical spectroscopy. The influence of particle size distribution,
their shapes, and concentration on the optical transmission is calculated based on Mie scattering theory
and discussed, too.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

As a member of sillenite single crystals, Bismuth germanium
oxide, Bi12GeO20 (BGO) has only one non-bismuth metal atom in a
formula unit of 33 atoms. Its structure with only one Ge atom for
every 12 Bi atoms and only four of 20 oxygen atoms involved in
GeO4 tetrahedron is foundation for many interesting properties
such as photoconductivity, magneto-optical effect, electro-optical
effect, piezoelectricity, electrogyratory effect and photorefractivity
[1e3]. These properties are applicative in the fields of optical sen-
sors, optical memories, holography, etc. [4e8]. Composites with
polymer matrix are materials of great interest because their prop-
erties can be adjusted by: controlling the content, morphology and
composition of the particle reinforcement, different processing
techniques and modification of the polymer matrix [9e11].

Using BGO powder as reinforcement for creating composite
).
materials would potentially broaden and technologically improve
its applications.

BGO large refraction index compared to the matrix polymers
leads to high scattering on powder particles and radiation loss.
Although high loss can be acceptable for sensing applications it is of
interest to find a suitable technological procedure to make samples
homogenous in particle size distribution and more transparent.

In this paper preparation and characterization of composites
with poly (methyl methacrylate) (PMMA) or polystyrene (PS) ma-
trix and milled BGO powder as reinforcement are described.

The solution casting method is chosen since it gives the better
transparency of the samples compared with melt compounding
methods [12]. For PMMA based samples two solvents were used
acetone and chloroform, and for preparing PS sample chloroform is
used as solvent. Particle size distribution of powder itself and of
prepared composites based on their SEM images is used to compare
homogeneity of samples, as well as, the size and shapes of their
particles and aggregates. X-ray diffraction (XRD) and Raman
spectra analysis of the samples were done to authenticate

mailto:brajovic@grf.bg.ac.rs
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powdered single crystal BGO in the composite samples and to
investigate how different preparing procedure influence the ob-
tained spectra. Besides characterization of the samples the optical
spectroscopy was used for comparing the measured and calculated
transmission of samples based on Mie scattering theory.

To the best of our knowledge, the selected Bi12GeO20-PMMA and
Bi12GeO20-PS composite systems has not been previously reported
in the literature.

2. Experimental

2.1. Materials

Bi12GeO20 single crystals were grown by the Czochralski tech-
nique using a MSR 2 crystal puller controlled by a Eurotherm. The
charge for preparing this yellow crystal was a stoichiometric
mixture of Bi2O3 (99.999 wt%) and GeO2 (99.9999 wt%). Details of
the preparation are presented in Ref. [13]. Powdering of synthe-
sized single crystals was done by milling in planetary high energy
ball mill (Fritsch Pulverisettes).

The polymer components of the composites were: a) commer-
cially available heat resistant injection grade PMMA pellets,
Acryrex_ CM-205 (Mw¼ 90400, Chi Mei Corporation, Taiwan).with
no detected solute according to RoHS Directive, b) commercially
available Polystyrene (PS) pellets, Empera®251 N, Ineos Nova, c)
acetone purchased at Beta Hemm and d) chloroform purchased at
Fisher Scientific from UK.

2.2. Preparation of composite samples

The composite samples were prepared with a solution casting
method. Three samples with different polymer or solvent are pre-
pared, but all with the same BGO mass fraction of 1.0 wt%.

The first sample (in following text denoted as no.1) was obtained
by dissolving PMMA in acetone for 24 h, and then by adding BGO
powder to the solution with continuous magnetic stirring. The
mixture was poured in the Petri dish through a 5 mm mesh sieve to
prevent bubbling and left inside an oven at constant temperature of
50 �C for another 24 h, and then in a vacuum drying oven for 8 h at
50 �C.

The second sample (no.2) was prepared by dissolving PMMA in
chloroform and then adding BGO powder to the solution with
continuous bath ultrasound (15min) andmagnetic stirring for 24 h.
Themixturewas then poured into 50mmdiameter Petri dishes, left
inside an oven at constant temperature of 50 �C for another 24 h,
and then in a vacuum drying oven for 8 h at 50 �C.

The sample no.3 was obtained by dissolving Polystyrene (PS) in
chloroform and then adding BGO powder to the solution with
continuous bath ultrasound (15min) andmagnetic stirring for 24 h.
The mixture was then poured into 50 mm diameter Petri dishes,
and the further procedures were the same as for sample no.2. The
thickness of all prepared samples was 0.6 mm.

2.3. Characterization methods

The particle size distribution (PSD) of BGO powder was deter-
mined by a laser light-scattering particle size analyzer (PSA). The
used instrument was Mastersizer 2000 (Malvern Instruments Ltd.,
UK) particle size analyzer based on laser diffraction, covering the
particle size range of 0.02e2000 mm. For the PSA measurements,
the powder was dispersed in distilled water, in ultrasonic bath
(low-intensity ultrasound, at a frequency of 40 kHz and power of
50 W), for 20 min.

SEM imaging of BGO polymer composites was performed using
field emission scanning electron microscope FESEM (TESCANMIRA
3) in order to investigate differences in dispersion and deag-
gregation of particles in composite samples. The size distribution of
particles in the composites was obtained through manual mea-
surements and analysis of SEM images using program Image Pro
Plus 6.0 (Media Cybernetics).

X-ray diffraction (XRD) analyses of powdered single BGO crys-
tals and composite samples were performed on a Philips 1050 X-ray
powder diffractometer using a Ni-filtered CuKa radiation and
Bragg-Brentano focusing geometry. The patterns were taken in the
10�< 2q < 100� range with the scanning step of 0.05� and exposure
time of 5 s per step.

The Raman spectra of polymer composites were obtained by the
micro-Raman and were analyzed using Jobin Yvon T64000 spec-
trometer, equipped with nitrogen cooled charge-coupled device
detector. The measurements were performed at 20 mW during
200 s at room temperature. The spectral range of Raman was from
50 to 900 cm�1, in back scattering geometry.

Optical transmission spectra of the single crystal, composite
samples and pure polymer films as a control were measured in VIS
and IR ranges using DU 720 General purpose UVeVIS spectrometer
(300e1100 nm).

3. Results and discussion

3.1. Powder particle size distribution

The particle size distribution, based on number, of the analyzed
BGO powder is presented in Fig. 1. The particle size distributionwas
relatively narrow (span ¼ 2.243) where 10% of particles, d (0.1),
have diameter smaller than 0.125 mm, 50% of particles possess
diameter of d (0.5) ¼ 0.240 mm, while 90% of particles, d (0.9), are
smaller than 0.670 mm.

3.2. SEM analysis and obtaining the PSD of composite samples

Three SEM of sample no.1 with different magnifications (6.17k,
11.3k and 40.0k) are presented in Fig. 2. The first one shows the
broad area of composite and distribution of various powder particle
sizes in composite. The second micrograph shows the marked
detail of the first one in order to establish shapes and sizes of
various kinds of powder particles and aggregates that are formed.
The third one shows structure of aggregates for micrograph detail
marked in the second one. It is obvious that the aggregates have
mostly round shapes and their size is up to 10 mm.

Similar three micrographs of sample no.2 are presented in Fig. 3
whose magnifications were 4.08k, 26.1k and 83.9k respectively.
This sample has more homogeneous structure compared to sample
no.1, the particle and aggregate sizes are up to 4 mm and their
shapes are mostly round.

In Fig. 4, three micrographs of sample no.3 are presented with
magnifications of 3.77, 8.64k and 29.1k. The particles and aggre-
gates are pretty uniformly distributed, but their shapes are quite
different compared to other two samples. Shapes of aggregates and
particles are not spherical in the majority, but more ellipsoidal,
sometimes even pyramidal and their size is up to 9 mm.

Additional SEMmicrographs of all sample types are presented in
the Supplement data.

In order to compare samples, PSD analysis is obtained. Since the
shapes of particles are different as well as their visibility, the
analysis was done manually using Image ProPlus 6.0. The measured
values denoted as d were the longest dimensions of the particles.

The histograms presenting size count probabilities for all three
samples for the sizes up to 8 mm are presented in Fig. 5.

The number of analyzed particles N, minimum and maximum
observed size, mean size value, standard deviation, as well as
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d (0.5) and d (0.9) values are shown in Table 1.
Comparing the powder PSD from paragraph 3.1 and PSDs of

prepared samples, it is obvious, that although all preparing pro-
cedures have some kind of particles dispersion in the polymer so-
lution, during evaporation of the solvent and forming the
composite, the various aggregates of particles were formed. The
values of d (0.5) and d (0.9) have higher values for the prepared
samples no.1 and no.3 than in powder PSD which illustrates those
statement. The best homogeneity and the smallest aggregates have
sample no.2.
3.3. XRD characterization of pure crystal and composite samples

XRD characterization was performed to authenticate powdered
single crystal BGO in the composite samples. The presented graphs
in Fig. 6 show XRD patterns of powdered single BGO crystals and of
composite samples. XRD pattern of pure PMMA is recognizable in
graphs for the samples no.1 and no.2 by their broad amorphous
maximums observed around 2q ¼ 15�, 30.2� and 42.2� as reported
in the literature [14]. The specific broad diffraction peaks of pure PS
around 2q ¼ 20� and 43� observed in XRD pattern of sample no.3
are characteristic for pure PS [15]. From the graphs presented in
Fig. 6., the BGO crystal characteristics are very good recognized
both for samples no1 and no.3, but some peaks
(2q ¼ 49.3�,79�,80.3� and 81.6� are clearly visible only at XRD
pattern of the sample no.3. The reasons are most probably that the
particles of BGO at the top of the samples no.3 and no.1 are larger
than those in sample no.2. and the broad XRD pattern peaks of PS
do not coincide with those from pure crystal BGO.
3.4. Raman spectra

The Raman spectra of BGO single crystal and composite samples
are presented in Fig. 7. In order to differentiate composite samples
from polymers, observed modes were also compared with Raman
spectra of pure PMMA and PS. Intensity modes at 553, 600, 730,
810, 965e999 (broad peak), 1180, 1237, 1450 cm�1 in the Raman
spectra of samples no.1 and no.2 are characteristic for pure PMMA
as it is presented in literature [16,17]. In Raman spectra of sample
no.3 intensity modes at 366, 405, 621, 796, 1001, 1031, 1450 and
1584 cm�1, belong to pure PS, as it is described in Refs. [18e20].

The frequencies of the peaks observed in Raman spectra of the
yellow Bi12GeO20 single crystals and the symmetry types of
Fig. 1. Particle size distribution of BGO powder.
corresponding vibrations are presented in the first and second
column of the Table 2 based on the results presented in previous
article [13] and literature [21]. The registered intensity modes for
composite samples are presented in Table 2, where notation s
indicate that the peak is of low intensity or hardly to differentiate
from the broad peak of the pure polymer.

In Raman spectra of the sample no.1 the intensity modes are
weakly perceived. Sample no. 2 have two well defined intensity
modes and they are 269 and 538 cm�1 both of symmetry A which
shows 00breathing00 of Bi and O1 and O2 atoms [13]. In sample no.2
the other intensity modes of symmetry A as well as of other sym-
metry types are observed. Sample no.3 have best observable in-
tensity maximum at 620 cm�1, of symmetry E, which shows Bi and
O1, O2, O3 vibrations elongating the cluster along either <100> or
<001>, <100> or <010>, respectively.
3.5. Optical transmission spectra

The described composite samples were prepared with high
mass fraction in order to obtain XRD and Raman measurements
that clearly distinguish BGO particles from polymer matrix and in
this way investigate whether powder particles in such composites
keep their crystal characteristics.

Optical transmission spectra were measured for the single
crystal BGO plate, pure polymer samples and composite samples.

Single crystal plates of size 4 mm � 4 mm � 10 mm were cut
from the boule with cutting plane perpendicular to the crystal
growth direction and mechanically and chemically polished. The
transmission spectrum of such a plate is presented in Fig. 8a). The
pure BGO crystal plate is almost not transparent for wavelengths
less than 500 nm. This is in agreement with literature [22], since the
energy gap of crystal BGO is about 3.2 eV and the yellow color of
this crystal is due to a broad absorption shoulder in the photon
energy range from 2.3 eV to 3.2 eV (corresponding to the wave-
lengths from 539 to 387 nm). At the same graph in Fig. 8a) the
optical spectra of pure PMMA and pure PS polymer 0.6 mm thick
plates are presented, too.

Optical transmission spectra of composite samples are pre-
sented in Fig. 8b). All presented spectra are normalized to the air
transmission spectra.

The similar shapes of spectra for the samples no.1 and no.2
reassemble to pure PMMAmeasured spectra. Although the samples
no.1 and no.2 have the same initial BGOmass fraction 1wt% the real
mass fraction of the sample no.1 is most probable smaller than
initial because of the filtering during preparation. Particles in
sample no.2 have smaller sizes then those in sample no.1, according
to the presented SEM analysis (paragraph 3.2.), so the light scat-
tering is more intensive in this sample and since its real mass
fraction is higher, its transmission is worse. Sample no.3 has low
but almost linear transmission spectra versus wavelength.

The composite samples, thanks to polymer matrix, have wider
transmission spectra than the BGO crystal. This allows using this
material for double-wavelength techniques, where one of the
wavelengths is chosen to be outside BGO transmission spectra. In
case of using this material for fiber optic sensors this signal can be
used as the normalization signal which compensates the effects of
fiber bending and vibration.
3.6. The calculations of composite sample transmission

The described composite samples were prepared with high
mass fraction, as previously explained and for this reason their
measured transmissions were low, as expected. Those measured
values were used therefore for comparison with calculated, based



Fig. 2. SEM micrographs of the sample no.1 with different magnifications.

Fig. 3. SEM micrographs of the sample no.2 with different magnifications.

Fig. 4. SEM micrographs of the sample no.3 with different magnifications.
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on Mie scattering theory, in order to check at what extent they
correlate and if it is possible to predict the initial mass fraction of
BGO for preparing the samples with sufficient transmission for the
optical applications.

The electromagnetic radiation incident at the particle can be
partially scattered and partially absorbed and the transmission of a
material with dispersed particles depends on both processes. The
amount of scattered and absorbed energy related to the incident is
expressed in terms on scattering and absorption cross sections. The
total energy loss based of both processes is called extinction and it
is presented by extinction cross section as a sum of scattering and
absorption cross sections. In the case of non-absorbing medium the
scattering and extinction cross section are the same. One way of
presenting both propagating and absorbing properties of a material
for some kind of electromagnetic radiation is to introduce complex
index of refraction. The existence of imaginary part shows that the
material is absorbing for that kind of electromagnetic radiation and
its value directly influences the absorption coefficient of the
material.

The scattering cross section is ratio of scattered radiation power
on the particle and incident intensity of radiation. Mie scattering
theory presents the solution for the electromagnetic scattering by a
sphere of radius R embedded in a homogeneous and isotropic
medium illuminated by a plane wave. If the index of refraction of a
particle material is np, and of medium nm, for some electromagnetic
radiation of wavelength l0 in vacuum the scattering cross section
depends on: size parameter which compare dimension of a particle
and medium wavelength, given as c ¼ 2,p,R,nm/l0, for spherical



Fig. 5. Particle size distribution based on SEM analysis a) sample no.1, b) sample no.2
and c) sample no.3.

Table 1
Statistics parameters of PSD in composite samples based on SEM analysis.

Sample N min d, mm max d, mm me

no.1 484 0.044 9.34 0.8
no.2 483 0.082 3.61 0.3
no.3 425 0.071 7.93 0.9

Fig. 6. XRD patterns of powdered BGO single crystal and composite samples.

Fig. 7. Raman spectra of BGO single crystal and composite samples.
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particle, and from the ratio of indices of refraction of particle and
medium given as m ¼ np/nm.

The calculations were done using Mie calculator software
[12,23] for spherical particles. Input data for the calculations were:
mass density of PMMA rPMMA ¼ 1.18 g/cm3, mass density of PS
rPS ¼ 1.0 g/cm3 and mass density of BGO rBGO ¼ 9.23 g/cm3. Based
on those data the total volume fraction fV of BGO in composite
samples is calculated based on equation (1):

fV ¼ rpol$fW
ð1� fW Þ$rBGO þ rpol$fW

(1)

In the equation (1) rpol denotes mass density of used polymer
(rPMMA or rPS) and fW denotes mass fraction of BGO powder in the
an d, mm st. dev., mm d (0.5), mm d (0.9), mm

02 0.897 0.532 1.65
89 0.280 0.325 0.659
60 0.796 0.639 2.25



Table 2
Raman frequencies observed in single crystal BGO [13] and samples.

BG0 single crystal wave number, cm�1 Symmetry type Sample no.1 wave number, cm�1 Sample no.2 wave number, cm�1 Sample no.3 wave number, cm�1

168 A 166e170
190 F (LO) 190s
204 F (TO) 204
234 E 234s
268 A 269 269s
322 A 322s 322 wide peak
454 E 454s
486 F (TO þ LO) 488s 488s
538 A 538 538
619 E 620 s 620
677 F (TO) 676s 677s, 682s
715 A 716s

s-small, hardly visible intensity peak.

Fig. 8. Transmission spectra of: a) single crystal BGO, pure PMMA and pure PS, b)
composite samples.
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samples that was 0.01 (i.e. 1.0 wt%). Spectral dependences of index
of refraction of the polymers and BGO were taken from the
refractive index database [24]. Since the data for BGO are only
available in the spectral range from 450 to 700 nm and the crystal is
not or low transparent for wavelengths below 500 nm, the calcu-
lations of transmission of samples are derived for 500 nm, 600 nm
and 700 nm.

The scattering cross sections siM were calculated for spherical
particles of diameter di, where di was taken in the range 100 nm -
0.8 mm at 20 nm steps and in the range 0.8 mme10 mm at 0.1 mm
steps for each of those three wavelengths.

Assumed that the number of particles with diameter di is Ni, the

total volume of those particles was calculated as NiVi ¼ Ni$p$
d3
i
6 .

Using total volume fraction of BGO in the sample from equation (1)
the number concentration ni of particles having diameter di is:

ni ¼
fV$NiPK

i¼1ðNi$ViÞ
(2)

where K is the number of different diameters of particles used in
calculations. The scattering coefficient of the polymer composite
sample at one wavelength gS is than obtained as:

gs ¼
XK

i¼1

nisiM (3)
Since the imaginary parts of indices of refraction for BGO and
polymers were zero, obtained scattering coefficients are the same
as the extinction coefficients of the samples.

If two parallel planes, at distance L, inside a polymer composite
are imagined and if I0 is the intensity of light incoming at first plane
and I is intensity of transmitted light reaching the second plane, the
transmission coefficient T can be calculated as:

T ¼ I
I0

¼ e�gS$L (4)

Thus obtained value T in equation (4) is the transmission or
transmission coefficient of the composite sample normalized to the
transmission of the pure polymer sample of the samewidth and for
the samewavelength. In order to calculate the transmission spectra
of a sample normalized to the air, calculated transmission T is
multiplied with the measured transmission coefficient of corre-
sponding pure polymer sample for that wavelength. In case of
comparing composite samples based on the same polymermatrix it
is more often to measure or calculate transmission normalized to
transmission of pure polymer. Since our composite samples are
based on different polymer matrices, their transmissions, normal-
ized to the air, are compared.

The calculations based on the described procedure were applied
to various PSD:

a) In order to evaluate the transmission coefficients in an 00ideal00

case, i.e. the case that particle size distribution in the polymer
composite is the same as in the powder, the values for Ni and di,
were taken from the paragraph 3.1. The transmissions were calcu-
lated for L ¼ 0.6 mm thick plates and the results were presented
also in Table 3 All calculated values were higher than measured
since the particles were not ideally spherical and ideally dispersed.
For the used mass fraction of 1 wt%, the maximum obtained values
are around 17%, which means that input mass fraction of such BGO
particles should be lower in order to get better transmissions. The
measured transmission values for sample no.2 and no.3 (from
Table 3) are five to six times lower from those maximums. Thus, to
achieve sample the transmission of 50% of those samples, the
number concentration of particles should be about five times lower
(based on equations (3) and (4)) for both samples, which corre-
sponds to particle mass fraction of 0.2 wt%.

b) The calculations based on PSD from SEM analysis of polymer
samples (results presented in paragraph 3.2.) were calculated, too.
In these calculations the measured longest dimension of a particle
was assumed as a diameter di of the particle. The results are pre-
sented in Table 3. The obtained values for samples no.1 and no.3
differ significantly frommeasured values and those for sample no.2
show the best match, slightly higher than measured.

One of the reasons for this mismatch of measured and calculated



L.M. Brajovic et al. / Journal of Alloys and Compounds 695 (2017) 841e849 847
values is that PSD based on SEM analysis, which is in fact two-
dimensional and relevant to the top of sample, was used as vol-
ume PSD. The PSD inside the sample could be different from that on
the top. It seems from comparison of calculated and measured
values that real partition of smaller particles (size up to 0.5 mm
diameter) is higher than from SEM analysis since their presence
increases scattering volume and hence decreases transmission. The
other reason for this mismatch is that in this type of modelling the
aggregates are taken as spheres of pure crystal BGO, not as a group
of very close connected particles. The light scattering process is
more intensive on those particles group than on the homogeny
sphere of the same diameter. For these reason, the aggregates have
more significant influence on scattering loss, and some kind of their
effective scattering cross sections are larger than obtained in this
modelling.

The best match between calculated and measured results is for
sample no.2 since the most of the powder volume in it is uniformly
dispersed in small particles.

Sample no.1 has bettermeasured transmission than sample no.2
because its real particle mass fraction is in fact less than 1 wt% due
to filtering On the other hand its larger particles and aggregates
whose influence increases the transmission are not only round but
sometimes with very complex structure. In calculations based on
maximum particle length taken as a diameter of sphere, calculated
volumes of large particles could be much higher than real and thus
the calculated small particle size mass concentration based on (2) is
lower than real. Since the input mass fraction of sample no. 1 is
changed due to filtering during preparation procedure, the real
mass fraction for the sample no.1 is not known, as well as, all the
input values based on it. Sowith not known number concentrations
of particles, as amain input data, the calculated influence of particle
shape could not give valuable information for comparison with
measuring data.

The dispersed particles in sample no.3 were mostly not spher-
ical, so the concentration of smaller particles and their scattering
cross sections were calculated with the errors. The scattering cross
section calculations for non-spherical arbitrary shape particles are
much more complicated than those based on Mie theory for
spherical ones. There are lot of researches that compare the scat-
tering cross sections of non-spherical and some kind of equivalent
spherical particle [25e28]. They have presented their results
through comparing graphs or by correction factors that show how
to choose equivalent spherical particle that have similar scattering
cross section as corresponding non-spherical one.

The dispersed particles and aggregates in sample no.3 could be
in the first approximation taken as spheroids. The longest axis of
such spheroids ci equals the half of their measured longest
dimension di and their perpendicular axis ai is in average twice
Table 3
Measured and calculated optical transmission of the composite samples for three wavele

Sample Method of obtaining results

no.1 Measured
Calculated (Mie-spheres) Based on powder PSD

Based on PSD from SEM
no.2 Measured

Calculated (Mie-spheres) Based on powder PSD
Based on PSD from SEM

no.3 Measured
Calculated (Mie-spheres) Based on powder PSD

Based on PSD from SEM
Based on PSD from SEM a
shorter than ci i.e. di ¼ 2ci ¼ 4ai. In this case the spheroid particle

volume can be calculated as ViSRD ¼ pd2
i

24 . In literature [28] the scat-
tering efficiency QSRD for spheroid and QS for related sphere, i.e.
sphere whose radius equals the length the smaller axis of the
spheroid were presented for different size parameters, and for
different elongation factors g ¼ ci/ai of the spheroid. For the par-
ticles in sample no.3 this factor was taken as g ¼ 2. The size pa-
rameters for wavelengths l0 ¼ 500, 600 and 700 nm were

calculated as ci ¼ 2p$nPSðl0Þ
l0

ai, where nPS (l0) was index of refraction

of PS for thewavelength l0. From the PSD based on SEM analysis for
the sample no.3 values of ci were mostly bigger than 3 except for
the particles that have di smaller than 0.4 mm. The relation of
scattering efficiencies for the spheroid and the sphere versus ci
taken from the literature (graph in Fig.12b fromRef. [28]) was fitted
with the curve

Qrel ¼
QSRD

QS
¼ A$c�B

i (5)

for 0.1�ci � 4, where A ¼ 1.59903, and B ¼ 0.32823. For ci > 4,
based on the same literature [28], Qrel ¼ 1.

Since the cross section of the spheroid is two times bigger than
the cross section of the sphere in the direction of the incident light
and based on the definition of scattering efficiency [28] scattering
cross section for the spheroid particle siSRD was calculated as

siSRD ¼ 2$Qrel$siM (6)

The equations from (2)e(4) were applied for spheroids in a way
that ViSRD is used instead of Vi, and siSRD instead of siM for every
wavelength. The transmissions of sample no.3 based on spheroid
particles are presented in Table 3 too, and are much smaller than
obtained for spherical particles, but still higher than measured,
since real particle shape is more complex than spheroidal and the
influence of aggregates is not taken into account, probably because
the SEM analysis in the case of sample no.3 did not represent real
PSD in the whole sample.

c) Another type of idealized backward calculation based on Mie
scattering for spherical particle was done. It was supposed that the
crystal BGO powder was ideally milled into spherical particles of
the same diameter deff, and so the concentration of particles with

the volume fraction fV became neff ¼ fV

p
d3
eff
6

. Scattering coefficient of

such material is gSeff ¼ neff,sieff and using previously calculated
scattering cross sections siM for different diameters as sieff, the
dependence gSeff versus deff could be calculated based on (3) for
each wavelength. Comparing those values with obtained gS from
measured transmission using equation (4), deff for each sample
ngths.

Transmission T,%

Wavelength l0, nm

500 600 700

11.63 12.03 12.56
16.91 16.86 17.42
42.6 42.5 42.1
2.3 2.6 3.0
16.9 16.9 17.4
4.46 3.9 3.96
3.3 4.6 6.2
16.8 18.4 19.1
31.9 34.7 37.3

nd spheroid correction 14.6 14.8 16.1
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could be estimated for those three wavelengths. Averaging such
obtained values over all wavelengths the calculated deff for sample
no.1 is 1.41 ± 0.11 mm, for sample no.2 the corresponding value is
0.87 ± 0.11 mm and for sample no.3 is 0.79 ± 0.05 mm. The value of
deff for sample no.2 is similar to its d (0.9) value from Table 1. In case
of sample no.3 obtained deff is significantly smaller of its d (0.9)
from SEM analysis (Table 1) and this could indicates that the vol-
ume fraction of small particles is higher than evaluated from SEM
analysis or the scattering of aggregates is more similar to scattering
at small particles.

4. Conclusion

In this work it is shown that solution casting method is suitable
for preparing polymer composites withmilled BGO powder as filler.
In such composites the BGO crystal structure should be preserved,
the particles uniformly distributed and the samples enough
transparent for potential electro-optical and magneto-optical
applications.

The investigations of three prepared samples based on two
polymer matrix (PMMA and PS) and two solvents (acetone and
chloroform) pointed out that the dispersion of particles was very
good in both PMMA and PS samples with chloroform as solvent but
particles and agglomerate sizes were smaller in PMMA. The
dispersed particles and agglomerates in PMMA are alsomore round
than in PS. Two methods of dispersion and deaggregation of BGO
powder were used in this study (filtration and sonication) and next
researchwill be focused on the application of ultrasonic irradiation.

Powdered BGO particles keep their crystal characteristics in the
composites and XRD measurements best recognize BGO charac-
teristics in PS sample (no.3) while Raman spectroscopy was more
efficient in detecting vibrational modes in the PMMA sample with
chloroform as solvent.

Optical transmission of prepared sampleswas low since the BGO
particles mass fraction was intentionally high (1 wt%) in order to
have XRD and Raman measurements that clearly distinguish BGO
particles in polymer matrix. The transmission of samples based on
Mie theory scattering calculations for spherical particles was ob-
tained based on PSD in the BGO powder, and on SEM analysis of the
samples. In case of ideal powder particles dispersion when their
PSD in the composite sample is the same as in the powder, it is
shown that maximum obtained transmission would be 17%, when
particle mass fraction is 1 wt % and in order to increase the trans-
mission of such prepared samples the mass fraction of BGO parti-
cles should be lower. The real transmission values for sample no.2
and no.3 are five to six times lower from those maximum. To
achieve the transmission of 50%, the number concentration of
particles should be about five times lower for both samples, which
corresponds to particle mass fraction of 0.2 wt%.

When the calculations are based on SEM analysis the obtained
values of PMMA/chloroform composite have good match with
measured because the particle sizes are the smallest and mostly
round. On contrary, in the PS polymer composite particles have
irregular shapes, and the approximation with spheroids with
elongation factor 2 gave better results but still higher than
measured.

The difference between calculated and measured transmission
values is caused mainly because this type of modelling treats ag-
gregates as pure crystal BGO spheres or spheroids, not as groups of
very close connected particles. The light scattering process is more
intensive on those multi-particles aggregates than on the homo-
geny crystal particles of the same dimension. So, comparing of
calculating and measured transmission could be used to indicate
level of agglomeration of particles in the samples.

The same Mie scattering calculations were used for some sort of
backward modelling in order to find the equivalent diameter of the
identical BGO powdered spherical particles that would gave the
same transmission as prepared samples, with the same BGO mass
fraction.

Acknowledgments

This work was supported by the Ministry of Science and Tech-
nological Development of the Republic of Serbia, Projects No. TR
34011 and III 45003.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jallcom.2016.10.140.

References

[1] V.M. Skorikov, Yu F. Kargin, A.V. Egorysheva, V.V. Volkov, M. Gospodinov,
Growth of sillenite-structure single crystals, Inorg. Mater. 41 (1) (2005)
S24eS46.

[2] N.C. Deliolanis, I.M. Kourmoulis, G. Asimellis, A.G. Apostolidis, E.D. Vanidhis,
N.A. Vainos, Direct measurement of the dispersion of the electrogyration co-
efficient of photorefractive Bi12GeO20 crystals, J. Appl. Phys. 97 (2005) 023531.

[3] R.A. Ganeev, A.I. Ryasnyansky, B. Palpant, S. Debrus, Third-order nonlinearities
of Bi12GeO20 crystal measured by nanosecond radiation, J. Appl. Phys. 97
(2005) 104303.

[4] E. Weidner, G. Pauliat, G. Roosen, Wavefront buffer memory based interfer-
ometric camera with a photorefractive crystal as the active medium, J. Opt. A
Pure Appl. Opt. 5 (6) (2003) S529.

[5] S. Sayuri Sato, J.C. Santos, Modeling residual thermal stress-induced integrated
optical waveguides on Bi12GeO20 substrate for electrooptic modulation
application, in: SBMO/IEEE MTT-S International Microwave & Optoelectronics
Conference (IMOC 2009), 2009, pp. 669e672.

[6] O. Pe~na-Rodríguez, J. Olivares, I. B�any�asz, Optical properties of crystalline and
ion-beam amorphsed Bi12GeO20: relevance for waveguide applications, Opt.
Mater. 47 (2015) 328e332.

[7] P.M. Mihailovic, S.J. Petricevic, J.B. Radunovic, Compensation for temperature-
dependence of the faraday effect by optical activity temperature shift, IEEE
Sens. J. 13 (2) (2013) 832e837, http://dx.doi.org/10.1109/JSEN.2012.2230322.

[8] L. Labrunie, G. Pauliat, G. Roosen, J. Launay, Simultaneous acquisition of pi/2
phase-stepped interferograms with a photorefractive Bi12GeO20 crystal:
application to real-time double-pulse holography, Opt. Lett. 20 (15) (1995)
1652e1654.

[9] D.R. Paul, L.M. Robeson, Polymer nanotechnology: nanocomposites, Polymer
49 (2008) 3187e3204.

[10] D. Stojanovic, A. Orlovic, S. Markovic, V. Radmilovic, Petar S. Uskokovic,
R. Aleksic, Nanosilica/PMMA composites obtained by the modification of silica
nanoparticles in a supercritical carbon dioxideeethanol mixture, J. Mater. Sci.
44 (2009) 6223e6232.

[11] R.M. Dukali, I. Radovic, D.B. Stojanovic, P.S. Uskokovic, N. Romcevic,
V. Radojevic, R. Aleksic, Preparation, characterization and mechanical prop-
erties of Bi12SiO20ePMMA composite films, J. Alloys Compd. 583 (2014)
376e381.

[12] D.B. Stojanovi�c, L. Brajovi�c, A. Orlovi�c, D. Dramli�c, V. Radmilovi�c,
P.S. Uskokovi�c, R. Aleksi�c, Transparent PMMA/silica nanocomposites con-
taining silica nanoparticles coating under supercritical conditions, Prog. Org.
Coat. 76 (4) (2013) 626e631.

[13] Z.�Z. Lazarevi�c, P. Mihailovi�c, S. Kosti�c, M.J. Rom�cevi�c, M. Mitri�c, S. Petri�cevi�c,
J. Radunovi�c, N.�Z. Rom�cevi�c, Determination of magneto-optical quality and
refractive index of bismuth germanium oxide single crystals grown by Czo-
chralski, Opt. Mater. 34 (11) (2012) 1849e1859.

[14] R. Baskaran, S. Selvasekarapandian, N. Kuwata, J. Kawamura, T. Hattori, Con-
ductivity and thermal studies of blend polymer electrolytes based on
PVAcePMMA, Solid State Ionics 177 (2006) 2679e2682.

[15] N. Zhang, X. Yu, J. Hu, F. Xue, E. Ding, Synthesis of silver nanoparticle-coated
poly(styrene-co-sulfonic acid) hybrid materials and their application in
surface-enhanced Raman scattering (SERS) tags, RSC Adv. 3 (2013)
13740e13747.

[16] B. Schneider, J. �Stokr, P. Schmidt, M. Mihailov, S. Dirlikov, N. Peeva, Stretching
and deformation vibrations of CH2, C(CH3) and O(CH3) groups of poly(-
methylmethacrylate), Polymer 20 (1979) 705e712.

[17] X. Xingsheng, M. Hai, Z. Qijing, Z. Yunsheng, Properties of Raman spectra and
laser-induced birefringence in polymethyl methacrylate optical fibres, J. Opt.
A Pure Appl. Opt. 4 (2002) 237e242.

[18] A. Palm, Raman spectrum of polystyrene, J. Phys. Chem. 55 (8) (1951)
1320e1324.

[19] B. Jasse, L. Monnerie, Far-infrared and Raman spectra of polystyrene model
molecules, J. Phys. D. Appl. Phys. 8 (1975), 863e861.

http://dx.doi.org/10.1016/j.jallcom.2016.10.140
http://dx.doi.org/10.1016/j.jallcom.2016.10.140
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref1
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref1
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref1
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref1
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref2
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref2
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref2
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref2
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref2
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref3
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref3
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref3
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref3
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref3
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref4
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref4
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref4
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref5
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref6
http://dx.doi.org/10.1109/JSEN.2012.2230322
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref8
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref8
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref8
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref8
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref8
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref8
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref8
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref9
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref9
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref9
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref10
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref10
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref10
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref10
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref10
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref10
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref11
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref11
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref11
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref11
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref11
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref11
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref11
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref12
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref13
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref14
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref14
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref14
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref14
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref14
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref15
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref15
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref15
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref15
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref15
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref16
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref17
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref17
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref17
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref17
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref18
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref18
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref18
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref19
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref19
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref19


L.M. Brajovic et al. / Journal of Alloys and Compounds 695 (2017) 841e849 849
[20] A. Serafim, R. Mallet, F. Pascaretti-Grizon, I-C. Stancu, D. Chappard, Osteoblast-
like cell behavior on porous scaffolds based on poly(styrene) fibers, Biomed.
Res. Int. 2014 (2014) 609319.

[21] S. Venugopalan, A.K. Ramdas, Raman spectrum of bismuth germanium oxide*,
Phys. Lett. 34A (1971) 9e10.

[22] R. Oberschmid, Absorption centers of Bi12GeO20 and Bi12SiO20 crystals, Phys.
Stat. Sol.(a) 89 (1) (1985) 263e270.

[23] Mie scaterring by Scott Prahl, http://omlc.org/calc/mie_calc.html, 2016
(accessed 14.03.2016).

[24] Refractive index database, www.refractiveIndex.info, 2015 (accessed
17.12.2015).
[25] M.I. Mishchenko, Electromagnetic scattering by nonspherical particles: a
tutorial review, J. Quant. Spectrosc. Radiat. Transf. 110 (2009) 808e832.

[26] X. Li, Z. Chen, A. Taflove, V. Backman, Equiphase - sphere approximation for
analysis of light scattering by arbitrarly shaped nonspherical particles, Appl.
Opt. 43 (2004) 4497e4505.

[27] K. Muininen, T. Pieniluoma, Light Scattering by Gaussian random ellipsoid
particles: first results with discrete dipole approximation, J. Quant. Spectrosc.
Radiat. Transf. 112 (2011) 1747e1752.

[28] V. Rysakov, M. Ston, Light scattering by spheroids, J. Quant. Spectrosc. Radiat.
Transf. 69 (2001) 651e665.

http://refhub.elsevier.com/S0925-8388(16)33260-1/sref20
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref20
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref20
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref21
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref21
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref21
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref22
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref22
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref22
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref22
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref22
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref22
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref22
http://omlc.org/calc/mie_calc.html
http://www.refractiveIndex.info
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref25
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref25
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref25
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref26
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref26
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref26
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref26
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref27
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref27
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref27
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref27
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref28
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref28
http://refhub.elsevier.com/S0925-8388(16)33260-1/sref28


N
n

U
V
a

S
b

c

d

a

A
R
R
A
A

K
S
A
C
T

1

c
a
t
c
F
b
q
c
f
t
a
n
a

a
a

h
0

Applied Surface Science 434 (2018) 540–548

Contents lists available at ScienceDirect

Applied  Surface  Science

journa l h om epa ge: www.elsev ier .com/ locate /apsusc

anospectroscopy  of  thiacyanine  dye  molecules  adsorbed  on  silver
anoparticle  clusters
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a  b  s  t  r  a  c  t

The  adsorption  of  thiacyanine  dye molecules  on citrate-stabilized  silver  nanoparticle  clusters  drop-cast
onto  freshly  cleaved  mica  or highly  oriented  pyrolytic  graphite  surfaces  is  examined  using  colocalized
surface-enhanced  Raman  spectroscopy  and  atomic  force  microscopy.  The  incidence  of  dye  Raman  sig-
natures  in  photoluminescence  hotspots  identified  around  nanoparticle  clusters  is considered  for  both
citrate-  and  borate-capped  silver  nanoparticles  and  found  to be substantially  lower  in  the former  case,
eywords:
urface enhanced Raman scattering
tomic force microscopy
itrate capped silver nanoparticles
hiacyanine dye

suggesting  that  the  citrate  anions  impede  the efficient  dye  adsorption.  Rigorous  numerical  simulations
of  light  scattering  on random  nanoparticle  clusters  are  used  for estimating  the  electromagnetic  enhance-
ment  and  elucidating  the hotspot  formation  mechanism.  The  majority  of  the  enhanced  Raman  signal,
estimated  to  be more  than  90%,  is  found  to originate  from  the  nanogaps  between  adjacent  nanoparticles
in  the  cluster,  regardless  of the cluster  size  and  geometry.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Dye coated metallic nanoparticles (NPs) exhibit interesting opti-
al properties provided by the interaction between the metal core
nd dye shell. Depending on the interaction mechanism between
he two, the optical properties of dye molecules and NPs can be
hanged separately or jointly within the adsorbate–NP complex [1].
or example, the NP surface plasmon frequency can be changed
y the presence of adsorbate while the dye fluorescence can be
uenched or enhanced by the NP [2,3]. Ultimately, under special
onditions, these complexes can exhibit unique characteristics dif-
erent than those of either isolated dye molecules or NPs. Owing to
he variety of mechanisms by which dyes can interact with met-
lic NPs, dye–NP complexes can lead to applications ranging from
anoscale sensing [4] to advanced composite materials for novel
ctive and nonlinear optical devices [5].
Many of the recent studies have been focused on dyes which
re able to self-assemble in highly oriented structures called J-
ggregates on the surface of the NPs [6–14]. J-aggregates have a

∗ Corresponding author.
E-mail address: isicg@ipb.ac.rs (G. Isić).

ttps://doi.org/10.1016/j.apsusc.2017.10.148
169-4332/© 2017 Elsevier B.V. All rights reserved.
strong and narrow excitonic absorption band that is red-shifted
with respect to the monomer absorption band [15]. The special way
of molecular stacking, responsible for the formation of Frenkel exci-
tons, has been extensively studied [16–24] as these aggregates are
the most famous spectral sensitizers of silver halides for the photo-
graphic industry [25]. On the other hand, it has been shown that the
combination of J-aggregates and silver or gold NPs provides a plat-
form for the fundamental studies of excitons and their interaction
with high electromagnetic fields, as well as a way  to utilize optical
properties of such a hybrid system for nanoscale optical devices.

A necessary condition for the interaction to occur is that the
dye molecules are adsorbed on the surface of the NPs. Therefore,
the adsorption process plays one of the key roles in these systems.
The most common way  in which the dye–NP hybrid systems are
prepared is by mixing the appropriate colloid and dye solutions and
letting the resulting mixture reach its metastabile or stabile state
in which the NPs have dye molecules adsorbed on their surface.
The dynamics of the adsorption process is quite complex as it the
depends on various factors including the target concentration of

the constituents, affinity of the dye molecules to bind to the NP
surface and the type of capping anions protecting the surface of the
NPs. For instance, the spectrophotometric studies of thiacyanine
(TC) dye coated silver nanoparticles (AgNPs) in Refs. [26,12–14]

https://doi.org/10.1016/j.apsusc.2017.10.148
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.10.148&domain=pdf
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how that the capping anions can influence the mechanism of the
dsorption process and therefore its efficiency.

The influence of capping anions on the adsorption process can
e studied on a nanoscopic level by exploiting very strong localized
lasmonic fields at the NP surface and employing surface-enhanced
aman scattering (SERS) [27,28]. SERS has already been used for

dentification of TC J-aggregates and for studying their dynamics
n the surface NP clusters in solutions [29–36].

In view of the significance of the dye-to-NP adsorption mech-
nism, here the mechanism of TC dye adsorption on the surface
f AgNP clusters with citrate anion stabilization is investigated. In
rder to probe the presence of TC dye molecules on the nanoscale
i.e. on individual AgNP clusters), Ag colloids are mixed with TC dye
olutions, and subsequently drop-cast onto freshly cleaved mica
r SiO2 substrates and, after drying, investigated using colocalized
aman microspectroscopy and atomic force microscopy (AFM). The
ey mechanism used for the identification of a small amount of TC
ye molecules adsorbed on AgNP clusters is SERS [32]. The mea-
urements are complemented by rigorous numerical simulations of
lane wave scattering on AgNP clusters, showing that the electro-
agnetic enhancement of the Raman signal originates dominantly

rom the nanogaps between adjacent AgNPs within the clusters.
he analysis of the SERS spectra acquired at the AgNP clusters on
ica substrate and the fact that the majority of the SERS signal

omes from the nanogaps indicate that the citrate anions impede
he efficient dye adsorption.

. Materials and methods

.1. Chemicals

Silver nitrate (AgNO3), potassium chloride (KCl), and sodium
orohydride (NaBH4) trisodium citrate (Na3C6H5O7 × 3H2O) of the
ighest purity were purchased from Sigma Aldrich and used as
eceived.

Thiacyanine dye (3,3-disulfopropyl-5,5-dichlorothiacyanine
odium salt, TC) was purchased from Hayashibara Biochemical
aboratories, Okayama, Japan.

.2. Samples

Aqueous solutions of borate- and citrate-capped AgNPs
ere synthesized by NaBH4 reduction of AgNO3, as described

n Refs. [12,14]. For the synthesis of citrate-capped AgNPs,
a3C6H5O7 × 3H2O was used as a stabilizing agent. The solution
f borate-capped AgNPs was prepared immediately before use as
he colloid is stable only up to a few hours. Oppositely, the solu-
ion of citrate-capped AgNPs is stable for a longer period of time,

easured in months, due to the protective citrate anion mantle.
he average diameter of both borate- and citrate-capped AgNPs is
round 10 nm (see Section S1 of the Supplementary information).
he nominal concentration of citrate-capped AgNPs in water solu-
ion is cAg = 16 nM (see Fig. S1 for the related absorption spectra).

Aqueous TC dye solution with nominal concentration
TC = 50 �M of TC and 1 mM of KCl was prepared by dissolv-
ng the solid TC in water and by adding KCl afterwards. Water
urified with a Millipore Milli-Q water system was used in all
ases. The absorption spectra of the TC dye is given in Fig. S1 in the
upplementary information.

The Ag colloid and the TC dye solution are mixed, and the
esulting mixture (see Fig. S1 in the Supplementary information

or the related absorption spectra) is drop-cast on a substrate.
he adsorption of TC molecules on the surface of borate-capped
gNPs happens almost instantaneously [13,12], and the mixture
as therefore drop-cast on the substrate a few minutes after mix-
cience 434 (2018) 540–548 541

ing the two  solutions. On the other hand, the adsorption of TC dye
on the surface of citrate-capped AgNPs is a much slower process
[26,14] and for that reason the mixture was  left overnight and
afterwards drop-cast on a substrate.

For the investigation of TC/citrate-capped AgNP clusters, as well
as for initial characterization of pristine citrate-capped AgNP clus-
ters, mica was used as a substrate. Mica has an atomically flat,
hydrophilic surface on which the AgNPs are easily deposited, while
its contribution to the total Raman signal is small (see Section S2
of the Supplementary information). In addition to mica, highly ori-
ented pyrolytic graphite (HOPG) and SiO2 substrates were used as
their surfaces are hydrophobic and, therefore, facilitate the forma-
tion of large, closely spaced AgNP clusters as well as more efficient
aggregation of the TC dye on their surface. In particular, HOPG is
used for Raman characterization of concentrated TC dye, since the
dye efficiently aggregates on its surface. The SiO2 is used for the
control study of AgNPs having dye/borate anions conformed to their
surface, since the large closely spaced AgNP clusters are required for
fast Raman/SERS characterization of the initially unstable borate-
capped AgNPs. Raman spectra of the TC dye, Mica, Si and HOPG are
shown in Fig. S2 in the Supplementary information.

2.3. Methods

The AgNP clusters on a substrate are investigated using colo-
calized Raman microspectroscopy and AFM. The two techniques
are used simultaneously thus providing spatially resolved chemi-
cal information of the sample along with its surface topography at
the same place. In this way one is able to identify and assert the
size of the SERS active AgNP clusters while obtaining the chemi-
cal identity of the analyte adsorbed on the surface of AgNPs. The
AFM is operated in tapping mode in order to minimize the lateral
force between the tip and the sample induced by lateral move-
ments of the tip across the sample. The cantilever-tip system is
oscillated at the characteristic first order resonance which is usually
in the 90–230 kHz range. For Raman spectroscopy and SERS mea-
surements a linearly polarized semiconductor laser operating at a
wavelength of 532 nm is used. The laser power was  varied from 2 to
0.2 mW within the ∼0.3 × 0.3 �m sized focus. The experiments are
performed using commercial NTegra Spectra system from NT-MDT.

To numerically solve the classical Maxwell equations we have
used the finite element method implemented within the Comsol
Multiphysics software package [37]. We  consider clusters of AgNPs
having a diameter of 10 nm on a substrate under plane wave illu-
mination. The Ag dielectric constant is taken from Rakic et al. [38].
The substrate is assumed to be semi-infinite and isotropic with
a dielectric constant of 2.25, which roughly corresponds to the
dielectric constants of both mica and SiO2 at visible frequencies.
The surrounding medium is vacuum and its dielectric constant is 1.
For purposes of efficient meshing, AgNPs are assumed to lie 1 nm
above the substrate. The clusters are formed in the plane which is
parallel to the substrate by allowing AgNPs to have random posi-
tion but enforcing the following conditions: (i) there is a certain
minimal allowed distance d between two AgNPs; two  AgNPs sep-
arated by the minimal distance are said to be adjacent; (ii) each
AgNP must be adjacent to at least one other AgNP, thus ensuring
that each randomly generated cluster is connected. By imposing
these two  conditions, we were able to randomly generate various
cluster geometries and mimic  the lack of control over the clusters
morphology in the experiment.

The absorption �a(�), scattering �s(�) and extinction �ext(�)
cross sections are calculated as a function of wavelength �,

according to their well-known definition [39]. The electric-field
enhancement f(r, �) is defined as the squared ratio of magnitudes of
the local electric field EL(r, �) and the incoming electric field E0(�),
with r denoting the coordinate at which the former is evaluated.
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ollowing Kerker et al. [40], the SERS enhancement factor is defined
s F(r, �inc, �) = f(r, �inc)f(r, �) with �inc and � denoting the laser and
tokes wavelength, respectively. Since the measured PL/Raman sig-
al being reported in this paper originates from large (relative to

 cluster), diffraction limited, spots of 300 nm approximate diame-
er, it cannot be directly related to the spatially-resolved field and
ERS enhancement factors. Instead, we consider their integrals over
he cluster surface S and the corresponding cluster-averaged SERS
actor 〈F(�inc, �)〉 defined as

F(�inc, �)〉 = 1
S

∫
S

F(r, �inc, �)dS. (1)

. Results and discussion

.1. Surface-enhanced Raman spectroscopy of pristine
itrate-capped AgNPs

Fig. 1(a) shows an AFM topograph of pristine AgNP clusters
n mica surface. The corresponding PL/Raman map  is shown in
ig. 1(b). The intensity of every pixel in the PL/Raman map  is
btained by dividing the sum of PL/Raman intensities across the
ntire spectral range (100–2000 cm−1) with the number of spec-
ral points. The color bar in panel (b) thus enumerates the average
hoton count. Bright areas in Fig. 1(b) represent the regions of
nhanced signal, henceforth referred to as hotspots. These regions

oincide with AgNP clusters consisting of a large number of AgNPs
with diameters in the 10–50 nm range), as seen by comparing the
L/Raman map  with the AFM topography image. In fact, we  find
hat the hotspots are dominantly formed within larger AgNP clus-

ig. 1. (a) AFM topograph of pristine AgNP clusters drop-cast onto a freshly-cleaved mica
ithin  two hot spots in panel (b). The spectra were measured consecutively with a 40 s ti
cience 434 (2018) 540–548

ters, such as those in Fig. 1(a), regardless of the substrate which is
used (mica, SiO2 or HOPG).

Fig. 1(d) and (e) shows two  sets of consecutively acquired spec-
tra with a 40 s time step taken at two  hotspots from Fig. 1(b) using
532 nm laser with intensity of ≈200 �W/�m2. The spectra in panels
(c) and (d) are similar, but cannot be quantitatively compared. Both
sets feature a wide background which spreads over the entire spec-
tral range, and a pronounced band blinking in the 1000–1800 cm−1

range (shaded region) which hinders a quantitative analysis. Con-
sidering that citrate anions are used for stabilizing the AgNPs, our
hypothesis is that the blinking spectra is the SERS signal from the
citrate anion mantle, sensitive to local heating in hotspots due to
the small size of citrate anions, while the wide background is PL
coming from the AgNP clusters.

3.2. Numerical simulations of light scattering on random AgNP
clusters

In order gain an insight into hotspot formation and assess the
Raman enhancement factors, we  employ a numerical model to
calculate the electromagnetic fields scattered on randomly gener-
ated AgNP clusters. The motivation for considering random AgNP
clusters is to get an idea on the variability of the electric field
enhancement upon changing the cluster geometry and to identify
any invariants which could be used to interpret SERS measure-
ments on clusters whose exact geometry is unknown. A typical

cluster consisting of 20 AgNPs is shown in Fig. 2(a). In this example
we set the minimal AgNP distance at d = 0.8 nm while the adjacent
AgNPs are indicated by solid (red) lines Fig. 2(a). The extinction
cross-section of the AgNP cluster in panel (a) is plotted in Fig. 2(b),

 substrate. (b) Corresponding PL/Raman map. (c), (d) Typical SERS spectra acquired
me step. The excitation laser wavelength is 532 nm.
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Fig. 2. (a) Sketch of a typical cluster geometry used in the numerical model. Normal incidence is assumed for the incoming wave while its electric field is polarized parallel
to  the plane of the cluster and oriented as indicated by the arrow. The incident field intensity is set to 200 �W/�m2. (b) Extinction spectra of the cluster in panel (a). The
inset  shows the electric field magnitude distribution at 532 nm.  (c) Surface integrals of the intensity enhancement over the entire cluster surface (solid black line) and over
the  entire gap area (dashed red line) plotted as the function of the wavelength. (d) Surface integrals of the total field enhancement (solid, black) and the ratio of the field
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omponent perpendicular to the AgNP surface (dashed, red) both taken over the ent
s  referred to the web version of the article.)

s a function of the incident wavelength. For the considered cluster,
he scattering cross-section is negligible with respect to the absorp-
ion cross-section and therefore �ext ≈ �a. The two  peaks observed
t 365 and 435 nm,  represent the single particle and cluster surface
lasmon, respectively. Below we find that the wavelength of the

ormer is virtually independent on the presence of other AgNPs,
hile the cluster plasmon wavelength redshifts with increasing

luster size. Upon the excitation of a cluster plasmon, the electric
eld is resonantly enhanced over the entire cluster. Although the
istribution of resonant fields is highly dependent on the details of
gNP arrangement [41], the highest enhancement is known [42,43]

o be invariably reached within the gaps between adjacent AgNPs,
hich is corroborated by our numerical simulations of many ran-

om AgNP arrangements.
The inset of Fig. 2(b) shows the spatial distribution of the elec-

ric field magnitude in the plane containing the NP centers, excited
t 532 nm which is far from the cluster plasmon at 435 nm.  This
ints that the highest field enhancements are reached in NP gaps

or any wavelength and not just for resonances. Fig. 2(c) shows the
urface integral of the field enhancement evaluated over: (i) the
ntire cluster surface, consisting of the surfaces of all AgNPs and
ii) over the entire gap area, consisting of the sum of gap areas of
ndividual AgNPs, defined as parts of the NP surface located very
lose to the adjacent AgNP, as indicated by the (red) shading in
ig. 2(c) inset. According to this definition, the surface over which
he (ii) integral is evaluated is a small fraction of the (i) integral.
owever, the spectra in Fig. 2(c) show that these integrals have
irtually the same value away from surface plasmon resonances.
he difference around the cluster plasmon wavelength is also not
ignificant, being of the order of 10%. This shows that regardless of
he cluster geometry, the majority of the SERS signal of any species

dsorbed uniformly on AgNPs is likely to come from the gap region
see also Fig. S3 in the Supplementary information).

Another important question regarding the fields on AgNP clus-
ers is their orientation with respect to the AgNP surface, as
ster surface. (For interpretation of the references to color in this legend, the reader

it determines the SERS cross section of vibrational modes of
molecules adsorbed on the AgNP surface. To evaluate the extent
to which the electric field is perpendicular to the local surface, in
Fig. 2(d) we  evaluate the surface integrals (taken over the entire
cluster) of (i) the square of the normalized total electric field mag-
nitude, which equals f(r, �) by definition (solid, black), and (ii) the
square of the normalized magnitude of the electric field component
perpendicular to the AgNP surface (dashed, red). The comparison of
the two  spectra in Fig. 2(d) shows that the contribution of the tan-
gential component of the local electric field is negligible, indicating
that in such clusters the perpendicular component of the electric
field is the principal source of the SERS signal.

Having established that for an arbitrarily chosen AgNP cluster
the large majority of the SERS signal comes from gaps between
AgNPs and is associated with the perpendicular electric field com-
ponent, we  now focus on the cluster-averaged SERS enhancement
factor 〈F(�inc, �)〉 and investigate how is it affected by the clus-
ter size and geometry. The typical case is illustrated in Fig. 3(a) in
which we  consider a hierarchy of 3 NP clusters shown in the inset,
each having twice as many AgNPs as the previous one. The first one
represents a randomly chosen connected arrangement of 5 AgNPs
with d = 0.8 nm.  The second is obtained by adding 5 more AgNPs
so that each new AgNP is adjacent to one of the existing AgNPs.
Finally, the third and largest cluster is obtained by adding 10 more
AgNPs to the second one. The corresponding 〈F(�inc, �)〉 spectra in
Fig. 3(a) shows two main effects of the cluster size increase. First,
the enhancement peaks associated with the cluster plasmon under-
goes a gradual redshift. Second, the surface-average enhancement
〈F(�inc, �)〉 increases, meaning that the actual SERS signal enhance-
ment given by S × 〈F(�inc, �)〉 will increase even more rapidly with
adding new particles to the cluster. For example, a cluster having 5

AgNPs exhibits an average Raman enhancements of the order of 10
in the 532–600 nm range, whereas a cluster having 20 AgNPs yields
10 times higher values in the same range. In previous studies on
AuNP chains [44], the increase of particle number has been found
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Fig. 3. (a) The average Raman enhancement calculated as a function of the emission wavelength for clusters having 5 particles (dotted orange line), 10 particles (dashed
red  line) and 20 particles (solid black line). (b) The average Raman enhancement calculated as a function of the emission wavelength for a cluster with 8 particles when the
minimal distance between the particles is varied. Particles connected by lines, in the inset, are at the minimal distance d from each other. Solid (black) line corresponds to
d  = 0.5 nm,  whereas dash-dotted (gray) line, dashed (orange) line and dotted (red) line correspond to d = 1 nm,  d = 2 nm and d = 5 nm,  respectively. (c) The left panel shows
some  of the 150 considered cluster variants and the electric field polarization direction. All the clusters have 8 particles, with the minimal distance d = 0.8 nm. The right panel
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eb  version of the article.)

o either increase or decrease the average Raman enhancement,
epending on the relative position of the incident wavelength and
he cluster (chain) plasmon.

In Fig. 3(b) we consider the role of the spacing d between adja-
ent AgNPs. For a cluster comprising 8 AgNPs decreasing d from

 nm down to 0.5 nm is seen to result in drastic changes of 〈F(�inc,
)〉. The cluster plasmon is rapidly blueshifted and approaches the
ingle-particle plasmon as the AgNPs are moved further apart (see
lso panel (c) of Fig. S3 in the Supplementary information). Simi-
ar conclusions have been previously reported for the AuNP linear
hains embedded in a dielectric medium [42,45]. Meanwhile, the
eak values of 〈F(�inc, �)〉 are seen to decrease very rapidly since
he gap field enhancement becomes less effective with increasing
. For example, the lowest considered minimal distance of 0.5 nm
ields SERS enhancements as high as 104 in the 532–600 nm range.

Lastly, by evaluating the average Raman enhancement at
he excitation and Stokes wavelengths of 532 nm and 550 nm,
espectively, for a 150 randomly generated 8 AgNP clusters, we
valuate how the cluster morphology affects the non-resonant SERS
nhancement value. The variety of clusters that have been consid-
red in the 150 member ensemble, is represented by 25 typical
embers sketched in the left panel of Fig. 3(c). The histogram

f 〈F(�inc, �)〉 values is shown in the right panel, where the col-
mn  colors are selected so that they correspond to the color of the
ssociated cluster in the left panel. The distribution is quite wide,
panning the range from 50 to 600. By comparing the two  panels

f Fig. 3(c), we see that the highest enhancements are reached in
hain shaped clusters having the chain axis aligned with the inci-
ent electric field, such as the one illustrated in Fig. 3(c) by filled
ircles. The effect of disorder of the linear AuNP chain on the Raman
length 550 nm for all 150 cluster variants. In all calculations normal incidence at a
terpretation of the references to color in this legend, the reader is referred to the

enhancement was  studied in Ref. [43], where increasing disorder
was found to diminish the Raman enhancement. In this case, the
highest Raman enhancements were found for AuNP chains, when
the incident electric field is oriented along the chain axis.

The brief numerical analysis of light scattering on random
AgNP clusters made in this section shows that the overall SERS
enhancement is highly dependent the cluster geometry and its ori-
entation relative to the electric field polarization. The sensitivity
of 〈F(�inc, �)〉 to fine details, such as the gap spacing, makes its
exact evaluation very difficult even when electron microscopy is
used for determining the AgNP arrangement with nanometer spa-
tial resolution [46]. In the present case, the possibility of resonant
enhancement cannot be excluded, since the cluster plasmon res-
onances are seen to redshift in elongated clusters with a larger
number of particles than the ones considered here [42,43]. How-
ever, beside the well elaborated enormous Raman enhancements
having a resonant origin [42], we have shown that in the non-
resonant case enhancement factors in the range of 102–103 are to
be expected.

3.3. Surface-enhanced Raman spectroscopy of TC coated AgNPs I:
influence of citrate capping anions on the TC dye adsorption

In the TC/AgNP mixture, the AgNPs may  have the J-aggregates or
dye monomers or dimers adsorbed on their surface, or even remain
pristine. Therefore, it is expected that AgNP clusters drop-cast

from the mixture would have a variety of SERS spectra corre-
sponding to those of different dye conformations, citrate anions
and even their combinations. To make a clear distinction between
the non-aggregated and aggregated molecules one must have an
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Fig. 4. (a) AFM topograph of TC dye coated Ag NP clusters which are drop-cast on
mica. (b) Corresponding PL/Raman map. (c) and (d) Typical SERS spectra acquired
within the hot spots, by consecutive measurements with 40 s time step. The exci-
tation laser wavelength is 532 nm.  In the lower parts of panels (c) and (d) shown
are  the SERS spectra obtained by summation of the corresponding consecutively
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cquired spectra, and the Raman spectra of the drop-cast TC dye. (For interpretation
f  the references to color in this legend, the reader is referred to the web version of
he article.)

xcitation resonant with the absorption of either aggregated or
on-aggregated dye molecules [32,47]. Here we use a non-resonant

aser line at 532 nm which does not allow identification of differ-
nt dye conformations. However, AgNP clusters are very efficient
nhancers at this wavelength, as it is shown in Section 3.1 and thus
hrough the SERS effect alone we are able to determine if the TC
ye molecules are adsorbed on AgNPs or not.

Comparison of the AFM topograph and the corresponding
aman map  in Fig. 4(a) and (b) reveals that the hot spots are located
ithin the larger AgNP clusters, as in the case of pristine AgNPs

n Section 3.1. The SERS spectra acquired at these hot spots can
e unambiguously categorized in two groups: one featuring stable
aman bands during successive measurements and the other hav-

ng blinking Raman bands. The wide background from the AgNP
lusters exists in this case as well. Fig. 4(c) and (d) shows the two
istinct spectra types. The recording time step is 40 s and the laser

ntensity is ≈200 �W/�m2.
The consecutively measured SERS spectra having stable Raman

ands are reminiscent of the drop-cast TC dye Raman spectrum.
he similarity between the two becomes even more convincing
fter summation of ten consecutively measured spectra, six of
hich are displayed in Fig. 4(c). By applying markers to the three

ave-number regions, I (300–1000 cm−1), II (1050–1250 cm−1), III

1400–1600 cm−1), where the TC dye has its characteristic Raman
ands (see Fig. S2 in the Supplementary information), we find
hat in region I around 600 cm−1 the summed SERS spectrum has
cience 434 (2018) 540–548 545

two bands matching those of a drop-cast TC dye, which is plot-
ted again, for clarity, below the summed spectrum. The modes
around 400 cm−1 and 900 cm−1 are, however, absent in the related
TC dye SERS. In the remaining regions II and III the two  spectra
have, more or less, the same Raman bands and even similar back-
grounds. Hence, our experiments corroborate the fact that the dye
molecules are adsorbed on the surface of the AgNPs, and point out
another interesting possibility – the dye molecules drop-cast on the
surface of HOPG may  be similarly organized as the dye molecules
on the surface of the AgNPs.

Panel (d) in Fig. 4 displays SERS spectra characterized by a pro-
nounced band blinking in the 1000–1800 cm−1 range, as indicated
by gray (orange) region. The resemblance of the spectra in Fig. 4(d)
and those of pristine AgNPs in Fig. 1(c) and (d) suggests that the TC
dye molecules are not adsorbed on the surface of the AgNPs. How-
ever, the sum of the consecutive recordings, shown in the lower part
of Fig. 4(d), reveals certain SERS bands in region II and III which are
overlapping the drop-cast TC dye bands. Occasional emergence of
Raman bands which could belong to the TC dye bands in regions I,
II and III, however, is a common event even for the SERS spectra of
pristine AgNPs. Having in mind that practically the entire enhanced
Raman signal originates form the analyte located in the nanogaps,
the blinking SERS signal can be interpreted as a consequence of
mixing of the pristine AgNPs blinking SERS and the TC dye SERS
which are collected at different nanogaps where the former has the
dominant contribution. Consequently, we  are unable to conclude
whether the AgNP clusters exhibiting blinking SERS bands have the
dye molecules adsorbed on their surface or not. However, the exis-
tence of the two  distinct SERS spectra clearly points out that the
AgNPs are partially covered by the TC dye molecules. This further
indicates that during the adsorption process, the TC dye molecules
are either competing with citrate anions in order to replace them on
the surface of AgNPs or that the TC dye molecules have a difficulty
conforming over the citrate anion mantle. Hence, we  proceed fur-
ther by changing the concentration of TC dye in the mixture while
maintaining the concentration of AgNPs constant at cAg = 16 nM.

The blinking and TC dye SERS spectra observed for
0.01cTC = 0.5 �M,  0.1cTC = 5 �M,  and 0.5cTC = 25 �M of TC, are
shown in Fig. 5(a)–(c), respectively. By analyzing spectra at the
hotspots within various Raman maps, we find that the AgNP
clusters deposited from the solution with the lowest dye concen-
tration yield no clear dye SERS spectra, whereas the AgNP clusters
deposited from the solution with the two higher dye concentration
provide a number of distinct TC dye SERS spectra at the hotspots,
shown in Fig. 5. Comparison of the summed SERS spectra, in the
lower parts of panels (a), (b) and (c) in Fig. 5, and the concentrated
TC dye Raman spectra corroborates that the SERS spectra in panels
(b) and (c) correspond to the one of the TC dye. As expected,
using TC dye concentrations of 0.01cTC = 0.5 �M, 0.1cTC = 5 �M in
the final solution yields either pristine or partially covered AgNP
clusters, a fact that concurs with the results in Ref. [14]. However,
observation of the blinking type SERS within the AgNP clusters
derived from the mixture with the highest TC dye concentration of
0.5cTC = 25 �M,  for which all of the AgNPs in the solution should be
covered by the dye molecules [14], further indicates that the citrate
anion mantle impedes the adsorption of the TC dye molecules.

3.4. Surface-enhanced Raman spectroscopy of TC coated AgNPs II:
influence of borate and citrate capping anions on the TC dye
adsorption

In order to examine if the citrate anions impede the TC dye

adsorption, we have performed an additional set of measurements
on a control sample – borate–capped AgNPs mixed with the TC dye
and deposited on the surface of 300 nm thick SiO2, which is ther-
mally grown on the Si wafer. Meanwhile, the borate-capped AgNPs
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ig. 5. Blinking and TC dye SERS spectra (acquired by consecutive measurements w
C-Ag  NP mixture: (a) 0.5 �M,  (b) 5 �M and (c) 25 �M. All shown spectra were take

re unstable with the average lifetimes of the order of couple of
ours in the colloid dispersion and are usually stabilized by sodium
itrate (or rather by the citrate anions which replace the borate
nions while conforming to the surface of the AgNPs), as explained
n Ref. [14]. The related lifetimes are much shorter upon deposition
f these AgNPs on a substrate. The SiO2 surface is hydrophobic, and,
herefore, promotes formation of closely spaced clusters larger than
hose observed on mica, since the droplet drop-cast of the former
ries over a certain area rather than spreading all over the surface.
uch an arrangement, along with the enhanced contrast between
he SiO2 surface and the clusters, is absolutely necessary for fast
cquisition of the SERS signal from the unstable, dye/borate-capped
gNP clusters.

Fig. 6(a)–(c) shows the three Raman maps corresponding to:
i) AgNP clusters deposited on mica from a solution having

 (citrate-capped) AgNP to the TC dye concentration ratio of
2 nM/17 �M≈1.3 × 10−3, (ii) AgNP clusters deposited on mica
rom a solution having a (citrate capped) AgNP to the TC dye con-
entration ratio of 16 nM/25 �M ≈ 0.64 × 10−3, (iii) AgNP clusters
eposited on SiO2/Si from a solution having a (borate-capped) AgNP
o the TC dye concentration ratio of 10 nM/16 �M≈0.63 × 10−3,
espectively. The (red) diamonds mark the spatial positions within
he hotspots where the blinking type of Raman spectra is observed,
hereas the (green) squares mark the pixels having the TC dye type

f Raman spectra. These maps share the color bar which is located
elow them. Panels (d), (e) and (f) of Fig. 6 display examples of the
pectra collected at the hotspots within the corresponding maps
n panels (a), (b) and (c), respectively. For comparison, the concen-
rated TC dye Raman spectra is plotted in each panel, below all the

ther spectra.

The dye/borate-capped AgNPs deposited on the SiO2/Si, form a
igher number of larger clusters than the dye/citrate-capped AgNPs
n mica, as seen by comparing the Raman maps in panels (a), (b)
0 s time step) at hotspots on the samples made by varying the TC concentration in
er the same conditions using 532 nm laser with intensity of 200 �W/�m2.

and (c), as expected. The SERS spectra acquired at these clusters is
exclusively of the TC dye type, as seen in panel (c). In fact, we find
this to be the case for every recorded Raman map. In contrast, the
dye/citrate-capped AgNP clusters exhibit both the blinking and the
TC dye SERS, even when the ratio of the citrate-capped AgNPs and
the TC dye concentrations in solution is approximately the same as
the one of the borate-capped AgNPs and the TC dye (compare panels
(b) and (c) in Fig. 6). The adsorption of the TC dye seems to be more
efficient if the AgNPs have borate anions initially conformed to their
surface and, therefore, we conjecture that the citrate anions indeed
interfere with the adsorption process of the TC dye molecules.

Our findings are in agreement with the previous spectrophoto-
metric study of J-aggregation of TC dye on the surface of AgNPs
[26,13,14,12], where is found that the capping anions (borate
or citrate), as well as added KCl, have an important role in the
adsorption and J-aggregation of the dye molecules. In case of
borate-capped AgNPs, the J-aggregation is found to be a fast pro-
cess (kapp = 4.97 s−1) whose kinetics can be explained in terms of
autocatalysis. Differently, kinetics measurements of J-aggregation
on the surface of citrate-capped AgNPs has shown that the J-
aggregation occurs via a two-step slower process (adsorption and
aggregation, kapp1 = 0.008 s−1 and kapp2 = 0.11 s−1). Also, in the case
of citrate-capped AgNPs was found that the quantity of added KCl
has an important role in the adsorption of TC dye molecules.

This conclusion is further supported by the analysis of the DFT
calculated adsorption energies of the TC dye, borate and citrate
anions on the surface of Ag, reported in our previous work [26]
(see also Section S4 of the Supplementary information).
4. Summary

In summary, the analysis of SERS enhancement based on rigor-
ous simulations of Maxwell equations for the case of plane wave
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Fig. 6. Raman maps of (a) clusters deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 22 nM/17 �M ≈ 1.3 × 10−3, (b) clusters
deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 16 nM/25 �M ≈ 0.64 × 10−3 (c) clusters deposited on SiO2/Si from a
s  �M ≈
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olution having a (borate capped) NP to the TC dye concentration ratio of 10 nM/16
aman  maps, displayed below the corresponding Raman maps.

cattering on random silver nanoparticle clusters on various sub-
trates has shown that, for the investigated nanoparticles and the
32 nm excitation laser, typical enhancement factors in the range
f 102–103 can be expected. The highest field enhancement factors
re reached at collective nanoparticle plasmon resonances, which
ie in the 400–500 nm range for medium sized clusters (around 20
anoparticles), and become redshifted in elongated clusters with
n increasing number of particles. From an inspection of electro-
agnetic field distribution on nanoparticle surfaces, a conclusion is

eached that at least 90% of the SERS total enhancement originates
rom nanogaps between adjacent nanoparticles, implying that the
xperiments are sensitive only to adsorbates located in these gaps.

Combined AFM and PL mapping of citrate-capped AgNP clus-
ers with dye molecules adsorbed from solutions of variable TC
oncentration have shown that, even at highest TC concentrations,
ot all hotspots exhibit Raman signatures characteristic of TC dye
olecules, indicating that the clusters are only partially covered

y dye molecules. In contrast, the control experiment carried out
ith borate-capped AgNP clusters, with similar nanoparticle and

ye concentrations, has shown a complete dye-coverage of AgNP
lusters.
These results are a direct demonstration that the citrate anions,
hile useful for stabilizing the colloid, impede the efficient TC dye

dsorption.
 0.64 × 10−3. (d)–(f) Examples of the blinking and dye SERS spectra observed in the
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48 U. Ralević  et al. / Applied Su

[5] M.A. Noginov, G. Zhu, A.M. Belgrave, R. Bakker, V.M. Shalaev, E.E. Narimanov,
S.  Stout, E. Herz, T. Suteewong, U. Wiesner, Demonstration of a spaser-based
nanolaser, Nature 460 (2009) 1110–1112.

[6] N. Kometani, M.  Tsubonishi, T. Fujita, K. Asami, Y. Yonezawa, Preparation and
optical absorption spectra of dye-coated Au, Ag, and Au/Ag colloidal
nanoparticles in aqueous solutions and in alternate assemblies, Langmuir 17
(3) (2001) 578–580.

[7] A. Yoshida, N. Kometani, Effect of the interaction between molecular exciton
and localized surface plasmon on the spectroscopic properties of silver
nanoparticles coated with cyanine dye J-aggregates, J. Phys. Chem. C 114 (7)
(2010) 2867–2872.

[8] V.S. Lebedev, A.S. Medvedev, D.N. Vasil’ev, D.A. Chubich, A.G. Vitukhnovsky,
Optical properties of noble-metal nanoparticles coated with a dye J-aggregate
monolayer, Quantum Electron. 40 (3) (2010) 246.

[9] Y. Kitahama, M.  Kashihara, T. Itoh, Y. Ozaki, Surface-enhanced
phosphorescence measurement by an optically trapped colloidal Ag
nanoaggregate on anionic thiacarbocyanine H-aggregate, J. Phys. Chem. C 117
(6)  (2013) 2460–2466.
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Highlights 

 Low Angle Grain Boundaries (LAGBs) present in Spark plasma sintered Sb-doped 

BaSnO3. 

 Loss of potential barrier at LAGBs drastically decreased electrical resistivity. 

 Doping of BaSnO3 with Sb led to linearization of I-U characteristic. 

 BaSn0.92Sb0.08O3 can be used as linear resistor even at higher temperatures. 

 

 

Abstract 
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Antimony doped barium-stannate dense ceramic materials were synthesized using spark 

plasma sintering technique out of mechanically activated precursor powders. The influence of 

various Sb concentrations (x = 0.00 – 0.10) on properties of BaSn1-xSbxO3 ceramics was 

investigated. Relative densities of prepared samples were in the range of (79 – 96) %. TEM 

analysis revealed the presence of many dislocations in undoped BaSnO3, and their significant 

reduction upon doping with Sb. All samples except BaSn0.92Sb0.08O3 exhibit non-linear I-U 

characteristic, typical for semiconductors with potential barrier at grain boundaries. Low 

angle grain boundaries found only in BaSn0.92Sb0.08O3 caused the loss of potential barrier at 

grain boundaries which was confirmed by AC impedance spectroscopy measurements. 

Consequently, BaSn0.92Sb0.08O3 showed the lowest electrical resistivity and linear I-U 

characteristic. UV-Vis analysis confirmed the increasing of band gap (Burstein–Moss shift) 

values in all doped samples. 

Keywords: BaSnO3; Spark plasma sintering; Potential barrier; Low angle grain boundaries; 

Electrical conductivity 

 

1. Introduction 

 

In polycrystalline metal oxide ceramic materials common intrinsic defects are oxygen 

vacancies making these materials n-type semiconductors, while the grain boundary interfaces 

are p-type due to existence of trapping states. As a result, the potential barrier is formed at 

grain boundary, influencing the charge carrier transport and dominating the electrical 

properties of such semiconductor. In order to obtain highly conductive metal oxide ceramic 

material with linear I-U characteristic in a wide voltage range, the formation of potential 

barrier should be avoided [1]. 
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The electroceramic materials with perovskite structure (AMO3) exhibit diverse physical 

properties such as superconductivity, colossal magnetoresistance, ferroelectricity, 

ferromagnetism and piezoelectricity [2, 3]. These properties offer many possible applications 

of perovskite materials in the fabrication of resistors, electrodes, components of heating 

devices [4], perovskite solar cells, photocatalysts or gas sensors [5 – 7]. 

Barium stannate, BaSnO3 (BSO), belongs to the perovskite-type alkaline earth stannates, 

ASnO3 (A = Ca, Sr, Ba) [5, 6 – 9] and it crystallizes in an ideal cubic perovskite structure 

(space group: 𝑃𝑚3̅𝑚). The larger Ba2+ cations coordinated with twelve O2- anions form a 

cubic close-packed lattice, while smaller Sn4+ cations occupy octahedral holes formed by 

oxygen anions. As a result, the crystal structure of BSO consists of a 3D network of corner-

sharing [SnO6] octahedra with Ba2+ ions occupying the 12-fold coordination site formed in 

the middle of the cube of eight such octahedra [10 – 12]. Chemical and thermal stability at 

temperatures up to 1000 °C, optical transparency in the visible region [7, 13, 14], simple 

fabrication and non-toxicity make BSO suitable for many applications: as a photocatalyst, 

photoanode material for dye-sensitized solar cells [5, 13 – 16], dielectric capacitor [5, 6, 9, 

15, 16], proton conductor [12,13], protective coating or catalyst support [5], gas sensor [5 – 7, 

9, 13, 15 – 19] etc. Its high electron mobility enables the use of BaSnO3 in electronics, 

especially in Field-effect transistors as an active channel material [20]. For all 

aforementioned purposes, BaSnO3 has been synthesized in the forms of ceramic materials [2, 

4, 6, 8, 9, 19, 21 – 26], single crystals [20, 27, 28] and thin films [29, 30], using various 

synthetic approaches such as solid state reaction [2, 4, 6, 9, 19, 21 – 24, 26], flux method [20, 

27, 28], pulsed laser deposition [29], chemical solution deposition (CSD) [30] and molecular 

beam epitaxy [31, 32]. 

BSO is a wide band-gap semiconductor [5, 13, 19], but appropriate doping can alter its 

electrical characteristics. Replacement of tin with yttrium or indium (M-site doping) changes 
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BSO into a proton conductor [33]. On the other hand, after replacement of Ba2+ with La3+ (A-

site doping) or Sn4+ with Sb5+, BSO becomes n-type semiconductor with high electrical 

conductivity at 25 ºC [2, 4, 8, 21]. 

The synthesis of the single phase Sb-doped BSO raises several problems. The electrical and 

optical properties of BSO are strongly correlated with the amount of antimony since these 

ions induce the formation of defects and local distortions within the BSO crystal lattice. 

According to the literature, the maximum solubility of Sb in BSO can reach 20 mol % [2, 4, 

22, 23], whereas for the single crystals, the doping level is 10 mol% [27]. It is known that Sb 

ions can be segregated at the particle surface, forming Sb-rich secondary phase and inhibiting 

the grain growth [34]. High Sb concentration present in the system can also result in the 

formation of BaSb2O6 and SnO as secondary phases, thus affecting the phase composition [4, 

24, 27]. Another problem, which hinders the preparation of single phase BSO-based 

ceramics, is the formation of the tetragonal phase Ba2SnO4, with large band gap and high 

electrical resistivity [25, 35]. 

The major drawback of BSO-based ceramics is its low density [6, 9]. The conventional solid 

state procedure requires long thermal treatments with several intermittent grinding and 

heating steps at temperatures up to 1600 °C [6, 9]. Still, these conditions cannot sufficiently 

enhance the densification process of the ceramic material, even with the use of sintering aids 

like polyvinyl alcohol or SiO2 [4, 6, 9, 25]. In order to overcome these problems, an 

alternative sintering method should be used. The spark plasma sintering (SPS) technique, 

which includes simultaneous application of high pressure and heat during a short period of 

time, is known as an efficient method for the preparation of dense ceramic samples. SPS 

lowers the sintering temperature and shortens the overall processing time in comparison with 

the conventional sintering process [36]. It was successfully used in the preparation of various 

perovskite ceramic materials like BiFeO3, BaTiO3, SrTiO3 [36 – 38] including La-doped 

Jo
ur

na
l P

re
-p

ro
of



BaSnO3 [8], but, to the best of our knowledge, there are no literature reports about its use for 

the Sb-doped BaSnO3. 

The attention has been previously focused on the structural, electrical or optical properties of 

BaSnO3-based ceramics, but with the lack of information about the microstructural 

properties, especially for the Sb-doped BaSnO3 [2, 4, 8, 14, 16, 21 – 23]. The aim of this 

work was to prepare BaSn1-xSbxO3 ceramics with linear I-U characteristic, large electrical 

conductivity and higher density. The precursor powders obtained from mechanically 

activated BaCO3, SnO2 and Sb2O3 were sintered using SPS technique. In this process, the low 

melting point of Sb2O3 (656 °C) [6] enabled sintering in the liquid phase, thus providing 

better contact between particles and improving material transport within the liquid phase. 

Structural, microstructural, electrical and optical characterizations of BaSn1-xSbxO3 ceramic 

samples were performed. For the first time, I-U characteristics of the obtained ceramics were 

observed at temperatures above 25 °C and the electrical conductivity of BaSn1-xSbxO3 

ceramics was investigated. The correlation between structural, microstructural and electrical 

properties was established. 

 

2. Materials and methods 

 

The precursor powders of BaSn1-xSbxO3, (x = 0.00, 0.04, 0.06, 0.08, and 0.10) were prepared 

by mechanical activation using BaCO3 (99.95 %, Alfa Aesar), SnO2 (99.9 %, Alfa Aesar) and 

Sb2O3 (99 %, Merck) powders as starting reagents. The starting powders, weighed in 

appropriate stoichiometric ratios, were activated in a planetary ball mill (Fritsch Pulverisette 

5) using isopropanol as the medium. The mixture of starting powders and tungsten carbide 

(WC) balls were placed in a WC cylindrical vial, with the 25:1 ball-to-powder weight ratio. 

The milling time was 8 h, and the rotational speed of disc was 120 rpm. Dried powders were 

calcined at 900 °C for 4 h in air.  
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Sintering was performed in a SPS furnace (FAST, Dr. Sinter FAST 515-S, Sumimoto FAST 

Syntex Ltd., Japan) under vacuum conditions using a graphite die with the diameter of 10 

mm. The calcined powders were heated with the heating rate of 100 °C/min and sintered at 

1200 °C for 5 minutes. Uniaxial pressure of 60 MPa was applied before the heating process 

and maintained until the sample was cooled to room temperature. For the characterization of 

ceramic materials thin slices of the sintered samples were cut from the both parallel sides. 

Afterwards, the surfaces were polished by sandpaper and annealed at 700 °C for 2 h in air in 

order to remove the surface carbon contamination and compensate the oxygen deficiency 

formed during sintering in reduction atmosphere [36, 37].  

The X-ray powder diffraction (XRD) analysis was determined on Rigaku Ultima IV, Japan, 

with CuKα radiation (λ = 0.154 nm) from 20  to 90 ° (2θ) with a step-width of 0.02 º and 

scanning rate of 0.2 /min. PowderCell (version 2.4) software was used for the phase 

composition and crystallite size analysis. The unit cell parameters were calculated by the least 

squares methods using the LSUCRI software [39]. The contents of Ba, Sb and Sn were 

determined by inductively coupled plasma optical emission spectrometry (ICP-OES). ICP-

OES measurement was performed using Thermo Scientific iCAP 6500 Duo ICP (Thermo 

Fisher Scientific, Cambridge, United Kingdom). The digestion of samples was performed on 

Advanced Microwave Digestion System (ETHOS 1, Milestone, Italy) using HPR-1000/10S 

high pressure segmented rotor at temperature of 160 ºC for 15 minutes. The microstructure 

was investigated by the Field Emission Scanning Electron Microscope (FESEM, MIRA3 

FEG-SEM, Tescan), Scanning Electron Microscope (SEM, TESCAN Vega TS5130MM) 

equipped with the Energy dispersive spectroscopy (EDS, Oxford Instruments, model INCA 

PentaFETx3). FESEM analysis was examined on fractured cross-sections of sintered 

samples, while SEM and EDS analyses were performed on the polished cross-section of the 

pure sintered sample after thermal etching at 1100 °C for 20 minutes in the air atmosphere. 
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The average grain size was measured as the mean linear intercept method using the ImageJ 

software. For the Transmission Electron Microscopy (TEM) analysis pellets were cut into 3 

mm discs using an ultrasonic cutter (SONICUT380, SBT, USA) and further mechanically 

thinned to 100 μm. The discs were then dimpled down to 20 μm in the center (Dimple grinder 

656, Gatan Inc., USA), and finally ion-milled (PIPS 691, Gatan Inc., USA) using 4 kV Ar+ ions 

at an incidence angle of 8 ° to obtain large transmissive areas for the TEM investigations. TEM, 

High Resolution Transmission Electron Microscopy (HRTEM) and Selected Area Electron 

Diffraction (SAED) analyses were performed using a 200 kV ultra-high-resolution field-

emission gun (FEG) transmission electron microscope (JEM 2010F, Jeol, Japan). 

The DC electrical conductivity of samples coated with Au electrodes was measured using 

Keithley 237 High Voltage Source Measure Unit. These measurements were performed in air 

in the temperature range of (25 – 150) °C, with the step of 25 °C.  

The AC impedance spectroscopy measurements were performed in the frequency range of 5 

kHz – 5 MHz on the HIOKI 3532-50 impedance analyzer at 25 ºC in air. EIS Spectrum 

Analyzer software was used for the fitting of experimental data collected for samples with x = 

0.00 and 0.04. 

Hall effect measurements were performed at 290 K, in magnetic fields -5 T to 5 T 

perpendicular to the current through the sample. Samples were cut for the Hall-bar geometry 

with typical dimensions 10 mm × 2 mm × 1 mm. Two current contacts and three pairs of Hall 

contacts were made by applying DuPont 4929N silver paint. Hall signal was 

antisymmetrized, Vyx = [Vyx(+B)−Vyx(−B)]/2, in order to eliminate the possible mixing of the 

magnetoresistance component. Hall resistance, Ryx = Vyx/I, was found to be linear with 

magnetic field B for all samples and the Hall coefficient was obtained as RH = Vyx t/(IB), 

where I is the current and t the sample thickness. 
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Ultraviolet-Visible diffuse reflectance spectra (UV-Vis DRS) of pulverized pellets were 

measured using Shimadzu UV-2600 Spectrophotometer. 

 

3. Results and discussion 

 

3.1. XRD and ICP-OES analyses 

 

According to the XRD patterns, all calcined BaSn1-xSbxO3 powders consist of cubic BaSnO3 

(space group: 𝑃𝑚3̅𝑚, PDF # 89-2488), with the presence of small amounts of unreacted 

SnO2 (space group: 𝑃42 𝑚𝑛𝑚⁄ , PDF # 88–0287) and BaCO3 (space group: 𝑃𝑚𝑐𝑛, PDF # 71-

2394) (Figure 1). 

Fig.1.  

After the sintering process, small soft silvery gray beads were observed on the top of the 

graphite die. ICP-OES analysis revealed that these are mainly composed of tin with traces of 

antimony and barium. Resulted molar ratio Sn : Ba : Sb in the beads (for the sample 

BaSn0.96Sb0.04) was 5.6 : 0.6 : 0.03. The presence of these elements was also confirmed by 

BS-SEM and EDS analyses (see Supplementary material). During the SPS process the 

reaction between graphite die and oxygen from the sample can occur at temperatures lower 

than 600 C [36], leading to the formation of CO phase. Vacuum atmosphere, high pressure 

and non-uniform temperature distribution from the center to the edge of sample together with 

created reduction atmosphere can cause the reduction of metal ion even to elementary state, 

i.e. Sn4+ can be reduced to Sn2+ or metallic Sn [40 – 43]. We can assume that Ba, Sn and Sb – 

cations in our samples are partially reduced to their elementary state. The low melting 

temperatures (Tm (Sn) = 232 C, Tm (Sb) = 631 C, Tm (Ba) = 727 C) [44] of these metals 

enable the formation of the liquid phase while the vacuum atmosphere with high uniaxial 

pressure induces its partial evaporation and promotes the injection of the liquid phase out of 
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the die. Since tin has the highest vapor pressure, it was expected that tin would evaporate 

with the highest rate. 

Figure 2 shows the XRD patterns for pulverized annealed BaSn1-xSbxO3 ceramic samples 

after the SPS treatment. They reveal the presence of the cubic BaSnO3 (space group: 𝑃𝑚3̅𝑚, 

PDF # 89-2488) as a dominant phase, and tetragonal Ba2SnO4 (space group: 𝐼4 𝑚𝑚𝑚⁄ , PDF # 

74-1349) as a secondary phase, with no reflections belonging to SnO2 or BaCO3. Upon 

doping, the amount of secondary phase changes from 15 wt % in undoped samples to 7–8 wt 

% in doped ones (Table 1). However, the reduced content of tin in BSSO samples, due to its 

volatilization during SPS process led to the non-stoichiometry and enabled the formation of 

barium-rich phase Ba2SnO4. 

Fig. 2. 

In comparison with the undoped BaSnO3, all reflections of doped samples are shifted towards 

lower 2 angles as a consequence of the increased unit cell parameter a (Figure 2b, Table 1). 

The increase of the Sb concentration led to the expansion of unit cell, as was previously 

reported [2, 21, 24, 26]. Having in mind that in the six-coordinated geometry, the ionic radius 

of Sn4+ (r = 0.069 nm) lies between the values of Sb3+ (r = 0.072 nm) and Sb5+ (r = 0.060 nm) 

ionic radii, one could assume that the unit cell expansion is a result of Sb3+ ions present in the 

crystal lattice. However, in this case it could not be explained only by consideration of ionic 

radii, but it should be correlated with the electronic band structure of BaSn1-xSbxO3. First-

principles calculations along with the experimental data provided by Kim et al. [27] pointed 

out that this kind of unit cell expansion is a result of equilibrium ions’ arrangement due to the 

achievement of the minimal Coulomb energy, because the electronic states in the antibonding 

conduction band of BaSnO3 cause repulsive forces between Sn and O upon Sb-doping [27]. 
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The values of crystallite size for BaSn1-xSbxO3 samples are in the range (37–57) nm (Table 1). 

The observed differences in crystallite size and unit cell parameter among doped samples are 

the result of lattice distortion and internal stress caused by Sb-doping. 

Table 1. 

Taking into account densities of the samples and the results of preliminary electrical 

characterization, three samples (x = 0.00, 0.04 and 0.08) were selected for ICP-OES analysis 

in order to determine the amount of antimony present and overall molar ratio of constituent 

cations. In all BSSO samples the content of Sn is significantly lower than experimentally 

targeted, as a result of the its volatilization during SPS treatment (Table 2). Based on 

presented results it is expected that volatilization of all cations, together with the presence of 

Ba2SnO4, will affect properties of obtained ceramic samples. However, ICP results indicate 

that ratio between Ba and Sb is almost the same as experimentally defined, suggesting that 

the electrical properties of doped BaSnO3, should be improved upon doping despite of partial 

material loss due to volatilization.  

Table 2. 

 

3.2. Microscopy analyses 

 

3.2.1. FESEM and SEM analyses 

 

Relative densities of all BaSn1-xSbxO3 ceramic samples were in the range of (79–96) % (Table 

1). FESEM micrographs of the fractured cross-sections of undoped BSO showed well-

densified microstructure, but non-homogeneous grain size distribution (Figure 3a). The Sb-

doped ceramics showed more homogenous microstructure than the undoped one, with the 

decrease of the grain size upon increasing the dopant concentration (Figure 3b-e). The 

average grain size of all BSO samples is presented in Table 1. Even though the grain growth 
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inhibition could be correlated with the structure defects and Sb segregation on the surface of 

the grains [34], the latter was not confirmed by means of electron microscopy or XRD 

analyses. 

Fig. 3. 

In order to define location, morphology and composition of secondary phase, BS-SEM and 

EDS analyses were performed on the undoped BSO sample since it showed the highest 

content of the Ba2SnO4 phase. This phase was not detected in fractured and polished sample, 

but thermal etching revealed the presence of secondary phase on the surface of the sample 

(Figure 4). Comparing the FE-SEM and BS-SEM micrographs we could conclude, that the 

Ba2SnO4 phase was uniformly distributed through the sample’s volume, and that thermal 

etching induced its diffusion to the sample’s surface. EDS analysis of undoped BSO sample 

(Figure 4, Table 3, Spectra 1 and 2) showed the atomic ratio between constituent elements 

(Ba, Sn, and O) corresponding to the BaSnO3 phase. Still there are positions on the sample’s 

surface having higher content of Ba in comparison to tin, indicating the presence of 

secondary phase (Figure 4, Table 3, Spectra 3 and 4).  

Fig. 4. 

Table 3. 

 

3.2.2. TEM, HRTEM and SAED analyses 

 

Additional microstructural analyses, using TEM and HRTEM techniques, were performed on 

BaSn1-xSbxO3 (x = 0.00, 0.04 and 0.08) ceramic samples with densities higher than 85 %. 

TEM analysis of the undoped BaSnO3 revealed the presence of many dislocations caused by 

the internal stress (dislocations are marked with white arrows on Figure 5a) and also a layer 

of amorphous phase (up to 2 nm thick) present in the grain boundary region. This amorphous 

phase is probably formed as a result of the changes in the grain orientations (Grain 1 and 
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Grain 2) and the formation of the high angle grain boundary (HAGB) between these 

differently oriented grains. HRTEM micrograph of the same sample, shows two grains, Grain 

1 is oriented along [100] direction with visible (010) and (001) lattice planes, whereas the 

Grain 2 is not exactly, but close to [110] orientation with (1-10) and (001) planes (Figure 5b). 

The angle between the (001) planes of Grain 1 and Grain 2 is roughly 27°which makes the 

interface a high-angle tilt boundary. The interplanar distance of 0.292 nm, measured from the 

same HRTEM micrograph (Grain 2, Figure 5b) corresponds to the (1-10) crystal planes of 

BSO according to PDF card # 89-2488. 

Fig. 5. 

Sb-doping of BSO resulted in a more ordered microstructure with higher crystallinity. Also, 

the significant reduction of the grain size and the concentration of dislocations were observed 

in the BaSn0.96Sb0.04O3 sample (Figure 6a). HRTEM micrograph of BaSn0.96Sb0.04O3 sample 

showed Grain 1 oriented along [001] direction (Grain 1, Figure 6b) with diffractions from 

(200) and (110) crystal planes, and the Grain 2 with the only calculated d-spacing of 0.239 

nm, corresponding to the (111) crystal planes of cubic BSO (space group 𝑃𝑚3̅𝑚). 

Considering the facts that (111) crystal plane of the Grain 2 is almost parallel to the (200) 

crystal plane of the Grain 1 (Figure 6b), and that angle between these planes in space group 

𝑃𝑚3̅𝑚 is 54.74 º, we can conclude that the angle between these two grains is close to 54 º, 

forming the HAGB.  

Fig. 6. 

Figure 7 presents TEM micrograph of BaSn0.92Sb0.08O3sample which revealed well-

crystallized structure with the crystallite size in the range of (47–300) nm. All diffractions 

corresponding to cubic BSO phase were detected on the SAED pattern (Figure 7, Inset) and 

the most intense reflection (110) of cubic BSO appeared at d-spacing of 0.293 nm. Other, 
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weaker diffraction reflections (220), (211), (321), were also found and marked on SAED 

patterns. The overlapping of diffractions originates from the neighboring grains.  

Fig. 7. 

HRTEM micrograph of BaSn0.92Sb0.08O3 ceramic sample presented in Figure 8a revealed the 

presence of grains with [110] and [111] orientation. It also revealed the presence of Low 

Angle Grain Boundaries (LAGBs) between two grains oriented along [110] direction (Grain 

1 and Grain 2), with the formed angle of ~ 4.43 °. In literature, LAGBs are described as series 

of dislocations stacked one above the other with a low tilt formed between the grains on the 

opposite sides of the grain boundary [45, 46]. However, the grain boundaries existing 

between two grains oriented along different directions, [110] and [111] (Figure 8a), cannot be 

described as LAGB since the angle between them is at least 35 o [47]. The facets of interface 

between two grains on Figure 8b indicate that there is some special crystallographic 

relationship. 

The lattice fringes in Grain 2 correspond to (110) planes of cubic BSO phase with d-spacing 

of 0.293 nm. LAGBs are also formed between two grains oriented along [111] direction with 

angle being ~ 7.11 °. 

Fig. 8. 

 

3.3. Electrical characterization (I-U characteristic), AC impedance spectroscopy and 

Hall effect 

 

Electrical measurements conducted on spark plasma sintered BaSn1-xSbxO3 samples 

confirmed the assumption that Sb-doping can improve the electrical properties of BSO.  

As mentioned previously, the BaSn1-xSbxO3 (x = 0.00, 0.04 and 0.08) samples were selected 

for further examination. 
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The undoped BaSnO3 revealed non-linear I-U characteristic (Figure 9, Inset) typical for 

semiconductors with double Schottky barrier at grain boundaries. After doping with lower 

concentration (x = 0.04) of Sb the electrical resistivity was decreased, but the sample retained 

non-linear I-U characteristic (Figure 9). 

Fig. 9. 

The change from non-linear to linear I-U characteristics was observed for the 

BaSn0.92Sb0.08O3 sample, indicating the loss of potential barrier at grain boundaries (Figure 

9). This change is primarily ascribed to the existence of LAGBs in this sample. The formed 

LAGBs do not possess potential barriers because of almost negligible change in the grains 

orientation. Owing to their low activation energy, they provide energetically more favorable 

path for the charge carriers’ transport, having the highest impact on the electrical properties 

of BaSn0.92Sb0.08O3 sample [45]. The DC electrical resistivity of all ceramic samples, 

measured at 25 ºC, decreased with the increase of antimony concentration and these values 

are presented in Table 4. The sample with x = 0.08 showed the lowest electrical resistivity of 

1.09 cm. 

Table 4. 

To the best of our knowledge, there are no literature reports about electrical characteristics of 

Sb-doped barium stannate at temperatures above 25 ºC. Electrical resistivity of BaSn1-xSbxO3 

(x = 0.00, 0.04 and 0.08) samples observed in the temperature range of (25 – 150) °C is 

shown on Figure 10. It can be seen that Sb-doping also improves electrical properties of 

BaSnO3 ceramics at higher temperatures. The introduction of Sb (x = 0.04) into BaSnO3 

reduced the influence of temperature on sample’s electrical resistivity (Figure 10b). 

Furthermore, BaSn0.92Sb0.08O3 sample showed the lowest electrical resistivity, which 

remained almost constant in the specified temperature range (Figures 10b and 10c). 

Fig. 10. 
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In order to confirm the absence of potential barrier at grain boundaries in some of the 

samples, and to separate the contribution of grains and grain boundaries on the electrical 

properties of BaSn1-xSbxO3 samples (x = 0.00, 0.04 and 0.08; at 25 °C) the AC impedance 

spectroscopy was used, and the results are presented in Figure 11. The existence of one 

semicircle was confirmed in the case of undoped and BaSn0.96Sb0.04O3 samples. The 

equivalent circuit used for fitting consisted of two resistors (Rb and Rgb, where “b” and “gb” 

denote bulk and grain boundary region) and a constant phase element (CPE) (Figure 11, 

Inset). The obtained results of grain and grain boundary resistivity, capacitance and 

coefficient of CPE are shown in the Table 5. 

Fig. 11. 

Table 5. 

We can assume that impedance results for the samples with x = 0.00 and 0.04 originate 

mostly from the grain boundaries. The values of total electrical resistivity from AC 

impedance spectra are in agreement with the values of DC electrical resistivity obtained from 

I-U measurements (Table 4). On the other hand, the spectrum of BaSn0.92Sb0.08O3 could not 

be fitted since all measured resistivity values in the applied frequency region were almost 

identical, and amounted about 1.12 Ωcm. This significant drop in the resistivity, noticed by 

DC measurements as well, originates from the loss of potential barrier at low angle grain 

boundaries. It manifested through the complete loss of semicircle in the impedance spectrum. 

The results of Hall measurements are presented in Table 6. The negative value of the Hall 

coefficient at 290 K confirmed that prepared BaSn1-xSbxO3 ceramic samples show n-type 

conductivity indicating the replacement of Sn4+ with Sb5+ in the BaSnO3 lattice. The 

magnitude of Hall coefficient at 290 K decreases monotonously with Sb concentration. 

Taking into account that oxygen vacancies intrinsically dope this system, in order to estimate 

charge carrier density and mobility we can assume a single n-type carrier is responsible for 
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electric transport. Its density n and mobility μ can then be obtained from room temperature 

bulk resistivity ρb, Hall coefficient RH, and electron charge e as n = 1 / |e RH|, μ = |RH / ρb| 

(Table 6). In this simplified picture the decreased resistivity of polycrystalline 

BaSn0.92Sb0.08O3 sample stems from increased mobility of charge carriers compared to the 

parent compound, but predominantly from the loss of potential barrier due to the presence of 

low angle grain boundaries. 

The electrical resistivity of the BaSn0.92Sb0.08O3 polycrystalline ceramic sample is still higher 

than achieved in the BSSO thin films [29] and single crystals [20, 27], which showed the 

lowest electrical resistivity of 2.43×10-3 Ωcm and 0.66×10-3 Ωcm, respectively, measured at 

RT. Also, the values of charge carrier density and electrical mobility of the BSSO ceramic 

samples are lower than values achieved in the BSSO thin films [29] and single crystals [20, 

27]. The highest charge carrier density of 1.65×1021 cm-3 and electron mobility of 1.75 

cm2/Vs were found in the BaSn1-xSbxO3 thin film with x = 0.07 obtained by pulsed laser 

deposition (PLD) [29]. On the other hand, the charge carrier density and electron mobility of 

BaSn1-xSbxO3 (x = 0.03) single crystals obtained by molten flux [20, 27], reached 1.02×1020 

cm-3 and 79.4 cm2/Vs, respectively. 

Table 6. 

 

3.4. UV-Vis spectroscopy 

 

UV-Vis Diffuse Reflectance Spectra of BaSn1-xSbxO3 pulverized ceramic samples are shown 

in Figure 12 as a Tauc plot, which presents a modified Kubelka-Munk function 

[F(R)hversus photon energy h. (Kubelka-Munk function is given by F(R) = (1–

R)1/2/2R, where R represents measured reflectance relative to a standard [48, 49]). For each 
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sample Eg value was obtained as the point of intersection of the tangent line on Tauc plot and 

the horizontal axis. 

Based on literature data BSO has a clear absorption edge at approximately 400 nm, 

corresponding to the band gap of 3.1 eV [2]. In our case, the undoped sample showed the 

absorption edge at lower energy and the band gap was 2.92 eV, which is in accordance with 

some previously reported results [28, 50]. DRS of doped BaSn1-xSbxO3 samples showed a 

reduction of slope, revealing that their absorption edge is moved to larger energies in 

comparison with BSO. This phenomenon known as a blue shift, or Burstein–Moss effect is 

noted in some other n-type doped BaSnO3-based materials [2, 14, 27, 51]. Upon doping with 

Sb, the number of electrons filling the lower energy levels in the conduction band (CB) of 

BSO is increased, and more energy is needed for the electron transfer from the valence band 

(VB) to the higher unoccupied energy states in the CB [51]. As a result of this change in 

electronic states, the Fermi level energy (EF) moves to the higher energy values [51]. But,  

for the BaSn0.9Sb0.1SbO3 sample the Fermi level is shifted to the lower energies in 

comparison with the BaSn0.92Sb0.08SbO3. Doping with the highest Sb concentration led to the 

formation of electrically inactive Sb, which behave like electron traps for the carriers 

showing a decrease in carrier density [29]. Furthermore, the created scattering centre 

originating from electrically inactive Sb can block the electron transport to the conduction 

band (CB) [29], which results in the decrease of electron mobility. This caused a decrease in 

the electrical conductivity of BaSn0.9Sb0.1O3 ceramic sample and the loss of linearity in its I-

U characteristic. 

In our samples, as the Hall measurements confirmed, Sb-doping increased the carrier 

concentration and mobility of the charge carriers, which resulted in the band gap widening. 

The transparency of visible light for the undoped BSO sample was approximately 80 %, but 

doping with Sb resulted in a loss of transparency to the visible irradiation. We could conclude 
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that presented doped BaSn1-xSbxO3 can’t find application as a transparent conducting oxide. 

However, Sb-doping increased the electrical conductivity of BaSn1-xSbxO3 samples, and it led 

to the linearity of I-U characteristic, making the BaSn1-xSbxO3 samples good candidates for 

linear resistors.  

Fig. 12. 

4. Conclusions 

 

Spark plasma sintering method enabled the preparation of Sb-doped barium stannate 

ceramics in shorter times and at lower temperatures in comparison with the conventional 

sintering processes. Well densified polycrystalline samples of BaSn1-xSbxO3 (x = 0.00, 0.04, 

0.06, 0.08 and 0.10) show homogeneous microstructure with reduction of the grain size with 

the increase of Sb concentration.  

Sb-doping of SPS BaSnO3 proved to be useful for tailoring the presence of potential barrier at 

grain boundaries in ceramic materials. Samples with lower dopant concentration exhibited 

non-linear I-U characteristic typical for semiconductors having potential barriers at grain 

boundaries. On the other hand, BaSn0.92Sb0.08O3 sample (x = 0.08) showed linear I-U 

characteristic in the whole temperature measurement range and significant drop in the 

electrical resistivity due to the loss of potential barriers at grain boundaries as a consequence 

of LAGBs present in this ceramic sample. 

Sb-doping also increased n-type carrier concentration and charge carriers mobility in the 

ceramic samples, resulting in the increase of their electrical conductivity, especially for the 

BaSn0.92Sb0.08O3. Doping with Sb increased the band gap values, revealing the Burstein–

Moss shift (i.e., blue shift) in all doped samples. Hence, BaSn0.92Sb0.08O3 ceramic sample can 

be used as a linear resistor owing to its appropriate microstructural, electrical and optical 

properties.  
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Figure 1. XRD patterns of BaSn1-xSbxO3 powders calcined at 900 °C for 4 h in air. 
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Figure 2. (a) XRD patterns of the pulverized BaSn1-xSbxO3 ceramic samples after the SPS 

treatment; (b) Shifting of the strongest (110) reflection of BaSn1-xSbxO3 ceramic samples. 
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Figure 3. FESEM micrographs of the fractured cross-sections of BaSn1-xSbxO3 ceramic 

samples: (a) x = 0.00, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08 and (e) x = 0.10. Jo
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Figure 4. BS-SEM micrograph of the undoped BSO ceramic sample’s polished surface 

thermally etched at 1100 °C/20 min. 

 

Figure 5. (a) TEM micrograph of the undoped BaSnO3 pellet with marked dislocations (b) 

HRTEM micrograph of the undoped BaSnO3 pellet (The insets present the fast Fourier 

transform (FFT) of micrographs of both grains tilted into zone axis). 
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Figure 6. (a) TEM micrograph of the BaSn0.96Sb0.04O3 pellet, (b) HRTEM micrograph of the 

BaSn0.96Sb0.04O3 pellet (The insets present FFT, of Grain 1 oriented along [001] direction and 

Grain 2 out of zone axis). 

 

Figure 7. TEM micrograph of BaSn0.92Sb0.08O3 sample. The inset shows SAED pattern of 

grain oriented along [111] direction. 
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Figure 8. HRTEM micrographs of the BaSn0.92Sb0.08O3 ceramic sample showing LAGB 

formed between pairs of grains oriented along: (a) [110] and [111] direction; (b) [111] 

direction. (The insets present FFT of grains micrographs). 

 

Figure 9. I-U characteristic of BaSn1-xSbxO3 (x = 0.04 and 0.08) ceramic samples measured 

in air at 25 ºC. Inset: I-U characteristic of undoped BSO ceramic sample measured under the 

same conditions. 

Jo
ur

na
l P

re
-p

ro
of



 

 

 

Figure 10. Electrical resistivity as a function of temperature for BaSn1-xSbxO3 samples: (a) x 

= 0.00; (b) x = 0.04 and 0.08. (c) I-U characteristic of BaSn0.92Sb0.08O3 sample, measured in 
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the temperature range (25–150) °C. Inset graph: I-U characteristic of BaSn0.92Sb0.08O3 sample 

in the range of (0.7-1.1) V/cm. 

 

Figure 11. AC impedance data fitted to the circuit (shown as the inset) for the x = 0.00, 0.04 

and 0.08 samples measured at 25 °C. 

 

Figure 12. Tauc plots of pulverized BaSn1-xSbxO3 (x = 0.00 – 0.10) ceramic samples. 

 

Table 1. The phase content of cubic BaSnO3 phase, unit cell parameter (a), average crystallite size, grain size, 

and relative density for BaSn1-xSbxO3 ceramic samples. 

BaSn1-xSbxO3 

BaSnO3 

phase content 

[wt %] 

Unit cell 

parameter, a 

[Å] 

Crystallite size 

[nm] 

Grain 

size 

[nm] 

Rel. 

density 

[%TD] 

x = 0.00 85.00 4.1227(4) 57 1500  96 

x = 0.04 93.10 4.1287(9) 49 650 95 

x = 0.06 92.38 4.1301(9) 39 112 84 
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x = 0.08 92.21 4.1321(9) 43 44  86 

x = 0.10 92.11 4.1302(4) 37 53  79 
TD: theoretical density 
 

 

 

 

Table 2. The comparison of theoretical and ICP experimental molar ratios of Ba, Sn and Sb in annealed ceramic 

BaSn1-xSbxO3 samples. 

BaSn1-xSbxO3 
Ba : Sn : Sb  

molar ratio theor. 

Ba : Sn : Sb  

molar ratio ICP 

x = 0.00 1 : 1 : 0 1 : 0.79 : 0 

x = 0.04 1 : 0.96 : 0.04 1 : 0.75 : 0.036 

x = 0.08 1 : 0.92 : 0.08 1 : 0.72 : 0.08 

 

 

 

 

Table 3. EDS analysis of undoped BSO sample. 

Spectra 
Atomic % of elements 

Ba Sn O 

Spectrum 1 20.35 20.74 58.91 

Spectrum 2 19.17 19.85 60.98 

Spectrum 3 19.72 15.51 64.77 

Spectrum 4 20.17 17.24 62.59 
 

 

 

 

Table 4. The dependence of DC electrical resistivity on the antimony concentration for BaSn1-xSbxO3 ceramic 

samples. 

BaSn1-xSbxO3 x = 0.00 x = 0.04 x = 0.08 

DC electrical resistivity 

[Ωcm] 
56.81 41.27 1.09 

 

 

 

 

Table 5. The calculated values for bulk resistivity (ρb), grain boundary resistivity (ρgb), capacitance (P), 

coefficient of constant phase element (p) and total electrical resistivity (ρ) for BaSn1-xSbxO3 ceramic 

samples. 

BaSn1-xSbxO3 

Bulk 

resistivity  

ρb 

[Ωcm] 

Grain boundary 

resistivity  

ρgb 

[Ωcm] 

Capacitance  

P 

 [nF] 

Coefficient 

of CPE 

CPE-p 

Total 

electrical 

resistivity 

ρ[Ωcm] 

x = 0.00 5.1 52.79 1.4372 0.92 57.89 

x = 0.04 2.77 38.89 2.8681 0.95 41.66 
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x = 0.08 - - - - 1.12 
 

 
 

 

Table 6. The values of electrical bulk resistivity, Hall coefficient, charge carrier density and mobility for  

BaSn1-xSbxO3 ceramic samples. (Charge carrier concentration and carrier mobility are shown in a 

single-carrier-type picture). For comparison, corresponding values for thin films [29] and single 

crystals [20, 27] are included in the Table. 

 

Ceramic materials 

Thin films 

[29] 

Single 

crystals 

 [20, 27] 

Sb-content, x [mol] 0.00 0.04 0.08 0.07 0.03 

Electrical bulk  

resistivity, ρb [Ωcm] 
5.10 2.77 1.12 2.43×10-3 0.66×10-3 

Hall coefficient  

[cm3/C] 
-0.8±0.1 -0.64±0.02 -0.33±0.02 - - 

Carrier density 

[×1018 cm-3] 
8±1 9.7±0.3 19±1 1.65 × 103 102 

Carrier mobility  

[cm2/Vs] 
0.16±0.02 0.231±0.007 0.29±0.02 1.75 79.4 
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A B S T R A C T   

The purpose of this study was to investigate the influence of different radiopacifiers on the physicochemical and 
biological properties of novel calcium silicate based endodontic ceramic enriched with bioactive nano- 
particulated hydroxyapatite – ECHA. Namely, ECHA was used as a basis for mixing with the following radio
pacifiers: strontium fluoride (SrF2), zirconium dioxide (ZrO2) and bismuth oxide (Bi2O3). For comparison, 
Portland cement (PC) and mineral trioxide aggregate (MTA) were used. The following physicochemical char
acteristics were examined: the radiopacity, setting time, compressive strength, porosity, wettability and pH 
value. The biocompatibility of the cements was assessed by crystal violet, 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl-tetrazolium bromide (MTT) and cell adhesion assays. The highest radiopacity was obtained for the 
ECHA + Bi2O3 mixture and MTA that were statistically significant in comparison to other materials (p < 0.05). 
Both initial and final setting times as well as compressive strengths were statistically lower for experimental 
cements than for PC and MTA (p < 0.05). The lowest total porosity was observed in the ECHA + ZrO2 group 
when compared with the other two experimental cements (p < 0.05), but not when compared with PC and MTA 
(p > 0.05). Experimental cements exhibited statistically higher contact angles of glycerol than PC and MTA (p <
0.05). For blood plasma, a statistical difference was found only between ECHA + Bi2O3 and PC (p < 0.05). All 
investigated materials had alkalization ability. Cell viability assays revealed that the extracts of tested cements 
did not exhibit cytotoxic effect on L929 cells. Scanning electron microscopy had shown a high degree of cell 
proliferation and adhesion of cells from apical papilla on experimental cements’ surfaces. Novel endodontic 
ceramics with nano-hydroxyapatite addition have satisfactory biological and physicochemical properties when 
compared to MTA and PC controls. Considerable lower setting time of experimental cements might present a 
huge advantage of these synthesized materials in clinical practice. SrF2 presents a novel promising radiopacifying 
agent for dental cements manufacturing.   

1. Introduction 

The invention of calcium silicate (CS)-based endodontic ceramic 
(EC) has led to great progress in treatment of tooth diseases in 

endodontics and root-end surgery [1]. The first CS-based dental EC – 
mineral trioxide aggregate (MTA) was developed at Loma Linda Uni
versity in the early 1990s, received acceptance by the US Food and Drug 
Administration (FDA) and commercialized as ProRoot MTA by Tulsa 
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Dental, OK, USA [2]. It is composed of type 1 ordinary Portland cement 
(PC) with a fineness in the range of 4500–4600 cm2/g and bismuth oxide 
(Bi2O3) added for radiopacity, in 4:1 proportion [3]. The main advan
tages over previously used pulp capping, retrograde root canal filling 
and perforation repair materials, i.e. calcium hydroxide (Ca(OH)2) and 
super ethoxybenzoic acid (Super EBA), are its bioactivity, increased 
mechanical resistance and low solubility [4,5]. However, MTA showed 
several drawbacks such as long setting time, decreased biocompatibility 
owing to presence of Bi and poor handling properties that cause 
discomfort to the practitioner and patient [5]. Attempts have been made 
to circumvent some of these downsides by replacing Bi2O3 with alter
native radiopacifiers such as barium sulphate (BaSO4) [6,7], titanium 
dioxide (TiO2) [6], gold (Au) [6,7], calcium tungstate (CaWO4) [8,9], 
zirconium dioxide (ZrO2) [8–10], ytterbium fluoride (YbF3) [11], 
tantalum pentoxide (Ta2O5) [12] and niobium pentoxide (Nb2O5) [8,9, 
13,14]. 

Despite the huge progress attained in this realm, lowering the setting 
time of CS and finding the most appropriate radiopacifying agent remain 
a major issue when it comes to design an EC composition able to satisfy 
all clinical needs. Recently, some products with short setting time have 
been developed in root-end surgery [15–17]. The problem with many 
radiopacifiers arises from the fact that their addition inhibits material 
setting reactions and bioactive behaviour [7]. Another undesirable issue 
related to the use of radiopacifiers is their possible toxicity in contact 
with human tissues [18]. Thus, the addition of radiopacifier has to be 
carefully balanced in order to obtain adequate radiopacity without 
negative influence to the CS’s beneficial biological and mechanical 
characteristics. Our research group have demonstrated the satisfactory 
properties of two novel ECs formulations: one consisting of CS, 
nano-particulated hydroxyapatite (nano-hydroxyapatite, nHA) and 
BaSO4 – ALBO MPCA1 and another composed of CS, calcium carbonate 
(CaCO3) and Bi2O3 – ALBO MPCA2. Their physicochemical suitability 
and in vivo safety, after both acute and subchronic administration, are 
documented previously [19–25]. The beneficial effects of nHA addition 
into EC include decreased setting time, increased pH value, good 
biocompatibility and enhanced neutralization of the bacterial biofilm 
[11,19,26,27]. In previous experiments, ECHA was associated with 
BaSO4 and YbF3 as radiopacifiers leading to adequate physicochemical 
and biological characteristics [11,25]. However, the issues of solubility 
of BaSO4 and biological safety of Yb are still under discussion [28,29]. 

The current paradigm in EC manufacturing advocates that the added 
radiopacifier has to be inert in contact with human tissues [3,4]. The 
present paper raises the question whether a bioactive radiopacifier can 
be added into bioactive ceramics for improvement of regenerative ca
pacity of the resulting mixture. It is hypothesised that strontium fluoride 
(SrF2) may simultaneously serve as a promising radiopacifying and 
biologically desirable agent in newly formulated EC. The hypothesis 
takes into account positive proofs of osteoproliferative and odontopro
liferative effects of strontium (Sr) [30]. In addition, fluoride incorpo
ration into ECs has contributed to their advantageous properties [11, 
31]. The assumption is also rooted in the observations that Sr stimulates 
bone formation and angiogenesis, inhibits cell differentiation and ac
tivity of osteoclasts and evokes human dental pulp stem cells by pro
moting their odontogenic differentiation, proliferation and 
mineralization [32,33]. The aim of this study was to investigate the 
influence of the following radiopacifiers on physicochemical and bio
logical properties of nHA-enriched endodontic ceramic: SrF2, as poten
tially bioactive radiopacifier, ZrO2, as biologically inert ceramic 
material and Bi2O3, commonly used in many CS formulations. 

2. Materials and methods 

2.1. Synthesis of calcium silicates containing nano-hydoxyapatite 

EC with the addition of bioactive nHA (ECHA) was used as a basis for 
mixing with radiopaque agents. For synthesis of CS-based EC, calcium 

chloride pentahydrate (CaCl2⋅5H2O) (Merck, Germany) and silica sol 
obtained by hydrothermal treatment were used. The stoichiometric 
quantities of CaCl2⋅5H2O (42.41 g) and silica sol (15 g of 30% sol so
lution), corresponding to the ratio tricalcium/dicalcium silicate C3S/b- 
C2S = 2:1 (C––CaO, S––SiO2, C3S = 3CaO⋅SiO2, C2S = 2CaO⋅SiO2), were 
used to obtain silicate active phase (CS). Aluminium acetate (Al 
(CH3OO)3) was added to the mixture to provide the production of a 
small amount (3.01%) of active tricalcium aluminate (C3A) phase 
(C––CaO, A = Al2O3, C3A = 3CaO⋅Al2O3). The nHA was produced by a 
hydrothermal method from the shells of chicken eggs using a two so
lutions procedure: Ca(OH)2 (solution 1) and diammonium hydrogen 
phosphate (NH4)2HPO4 (solution 2). Detailed procedure of used CS and 
nHA synthesis is given in the Supplement 1 and elsewhere by Jokanović 
and colleagues [21,22]. The nHA was added into CS mixture using C3S to 
C2S ratio of 2:1 to produce the basis of each experimental endodontic 
ceramic mixture (ECHA). It was composed of 34% of CS and 66% of 
nHA. 

2.2. Specimens preparation 

Experimental cements were manufactured by replacing 30% of the 
cement powder by weight with the following radiopacifiers: SrF2 
(Sigma-Aldrich, St. Louis, Missouri, USA), ZrO2 (Sigma-Aldrich) and 
Bi2O3 (Alfa Aesar, Karlsruhe, Germany). PC (Aalborg, Denmark) and 
MTA+ (thereafter referred to as MTA) (Cerkamed, Stalowa Wola, 
Poland) served as controls. All experimental cements and PC were hand- 
mixed at a powder/liquid ratio of 1 g cement/0.3 ml distilled water, 
while MTA preparation was performed in accordance with manufac
turer’s instructions. A glass mixing pad and stainless steel spatula were 
used for hand mixing. The specimens were made using polytetra
fluoroethylene (PTFE) ring moulds incorporating a cavity of various 
internal diameter and height depending on the test performed. Moulds 
were filled to a level surface with mixed cement. 

2.3. Radiopacity 

The radiopacity of the specimens was determined according to ISO 
6876 standard [34]. The specimens (8 mm in diameter and 1 mm thick) 
were radiographed with a charge-coupled device (Trophy Radiology, 
Cedex, France) alongside an aluminium step-wedge, used as a reference. 
The step-wedge was made of aluminium plates graduated from 1 to 10 
mm by 1 mm increments. The x-ray unit operated at 70 kV, 4 mA, dis
tance of 33.5 mm and an exposure time of 0.077 s. Image J for Windows 
software (National Institutes of Health (NIH), Bethesda, MD, USA) was 
employed to calculate the grayscale values of each specimen and of each 
aluminium step-wedge thickness. The mean grey scale values of speci
mens were plotted against the number of aluminium steps and re
gressions were used to convert the grayscale values of the cements into 
millimeters of aluminium (mm Al) [35]. Five specimens per group were 
tested. 

2.4. Setting time 

Setting time was determined according to ISO 6876 standard using a 
Gilmore needle with a mass of 100 ± 1 g and an active tip of 2 ± 0.1 mm 
in diameter for measuring initial setting times and a needle with a mass 
of 400 ± 1 g and active tip of 1 ± 0.1 mm in diameter for measuring final 
setting times. The needles were vertically placed against the horizontal 
surface of the specimens (8 mm in diameter and 2 mm thick) every 
minute to observe indentations. The needles were cleaned between each 
test. The moment when the needle failed to create an indentation onto 
the surface of the material after being allowed to settle for 5 s was 
considered as an initial (100 g mass) and final (400 g mass) setting times. 
Three specimens per group were tested. 
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2.5. Compressive strength 

The specimens (8 mm in diameter and 1 cm thick) were kept in 
phosphate buffer saline (PBS) (Sigma-Aldrich) for two weeks and 
thereafter placed vertically on the lower steel plate of a universal testing 
machine (AUTOGRAPH AG-IS, Shimadzu, Kyoto, Japan). The upper 
plate was moving at a distance of 1 mm per 1 min. Specimens were 
subjected to compression loads until fracture. The fracture load was 
recorded and compressive strength was calculated in terms of mega
pascals (MPa) using the following formula:  

C = 4P/πD2                                                                                          

where “P” represents the maximum load recorded in Newtons (N) and 
“D” represents the diameter of the specimens in millimeters. Five spec
imens per group were tested. 

2.6. Porosity 

The porosity of the cements was determined by scanning the speci
mens (5 mm in diameter and 1 mm thick) with a high-resolution micro- 
computed tomographic (μCT) system (SkyScan 1172 x-ray Micro
tomography; SkyScan, Kontich, Belgium) operated at 100 kV, 100 mA, 
an exposure time of 1150 ms with use of a copper/aluminium filter. 
Scanning was performed in 0.4◦ rotation steps, 10 μm isotropic resolu
tion and 2048 × 2048 pixels per slice. The acquired images were 
reconstructed with NRecon v.1.6.9.8 software (SkyScan) using a ring 
artefact correction of 3%, beam hardening correction of 40% and no 
smoothing. Finally, images were analysed with CT. An 1.14.4.1 software 
(SkyScan) applying a global threshold of 23/255. The parameters 
calculated were as follows: porosity (total, open and closed), average 
pore size (μm) and the number of closed pores per volume (1/mm3). Five 
specimens per group were tested. 

2.7. Wettability 

The cements’ wettability was assessed with a contact angle (CA) 
analyser (Vinča Institute, Belgrade, Serbia). The CAs of the glycerol and 
human blood plasma were measured by placing the 2 μl liquid droplet on 
the specimens surface [36,37]. Since ISO 6876 does not stipulate the 
wettability measurements requirements, specimens measuring 10 mm in 
diameter and 2 mm in thickness provided enough space to succesfully 
place reference liquids on the cements’ surfaces. The CAs were calcu
lated using ImageJ software (NIH, Bethesda, MD, USA) by fitting the 
contour of the droplet placed on the surface (tangent method). Six 
specimens per group were tested. 

2.8. pH determination 

The cylinder specimens (4 mm in diameter and 6 mm thick) were 
immersed in distilled water and maintained at 37 ◦C for 30 min, 1 h, 3 h, 
6 h, 12 h, 24 h and 7 days. At each time point, specimens were removed 
from the flasks and put into a new flask with 7 ml distilled water. The pH 
of the solutions was measured using a calibrated pH meter (Hanna 
precision pH meter Model pH 211, Sigma-Aldrich). Five specimens per 
group were tested. 

2.9. Cell viability analysis 

Preparation of the materials extracts. Cell viability was carried out in 
accordance with the ISO Standard 10993-5/2005 [38]. All materials 
were manipulated under sterile conditions. Immediately after mixing, 
materials were placed into pre-sterilized PTFE moulds (5 mm in diam
eter and 3 mm thick) to set for 24 h in a humidified atmosphere. Sub
sequently, discs were sterilized by ultraviolet irradiation for 2 h, then 
immersed in 1 ml complete medium – Dulbecco’s modified Eagle 

medium (DMEM; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 5% fetal bovine serum (FBS), 2 mM L-gluta
mine and penicillin/streptomycin (all from Capricorn Scientific, Ebs
dorfergrund, Germany) and incubated for 24 h at 37 ◦C. Subsequently, 
the discs were discarded and the supernatants (extracts) were collected. 
To prepare eluents for treatment, extracts were diluted with complete 
culture medium which was used for cultivation of control/non-treated 
cells. 

Cell culture and treatment. The mouse fibroblast L929 cell line (Eu
ropean Collection of Animal Cell Cultures, Salisbury, UK) was cultivated 
in complete medium and maintained at 37 ◦C, in a humidified atmo
sphere with 5% CO2. Cells were prepared for experiments using the 
conventional trypsinization procedure with trypsin/EDTA and seeded in 
96-well flat-bottom plates (5 × 103 cells/well) for the cell viability 
assessment. Cells were treated 24 h post-seeding with pure extract (1) 
and serial dilutions (1:2, 1:4, 1:8, 1:16 and 1:32 (v:v)). In order to 
evaluate a dose- and time-dependent response to potentially toxic sol
uble substances from investigated materials, cell viability was assessed 
after 24, 48 and 72 h treatment. 

Cell viability assessment. The number of adherent cells and mito
chondrial dehydrogenase activity was assessed using crystal violet (CV) 
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
(MTT) tests, respectively. The CV assay is based on the inability of dead 
cells to remain adherent. After treatment, the adherent, viable cells were 
fixed with methanol and stained with 10% CV solution for 15 min at 
room temperature. CV dye was dissolved in 33% acetic acid after 
rigorous washing with water. MTT test measures mitochondrial- 
dependent reduction of MTT to formazan by metabolically viable 
cells. MTT solution was added to the cell cultures in final concentration 
of 0.5 mg/ml and cells were incubated for an additional hour. There
after, the solution was removed and cells were lysed by dimethyl sulf
oxide. The absorbance of dissolved CV dye, corresponding to the number 
of adherent (viable) cells and the conversion of MTT to formazan, cor
responding to the number of cells with an active mitochondria were 
measured in automated microplate reader at 570 nm (Sunrise; Tecan, 
Dorset, UK). The results were presented as percentage of viability rela
tive to untreated control cultures, considered as 100% viable. The ex
periments were performed in triplicates. 

2.10. Cell adherence on the materials’ surface 

The cell adhesion assay was performed in accordance with the 
approval of the Ethics Committee (School of Dental Medicine, University 
of Belgrade, number 36/19). The cell’s attachment on apical dentine and 
cements surface was tested using human apical papilla stem cells as 
previously described [39]. Apical papilla tissue was obtained after 
signed informed consent from the patient (18 years of age) undergoing 
extraction of impacted third molar for orthodontic reasons. The tooth 
tissue was transferred into DMEM/F12 medium (Gibco; Thermo Fisher 
Scientific, Inc.), supplemented with 20% FBS (Gibco; Thermo Fisher 
Scientific, Inc.) and 1% antibiotic/antimycotic solution (Gibco, Thermo 
Fisher Scientific, Inc.). After 30 min of extraction, tooth tissue was rinsed 
in PBS and subjected to outgrowth isolation method. The specimens 
were prepared by filling up the root apical thirds of the upper central 
incisors with cements, as previously described [36]. Root specimens 
were obtained with signed informed consent from the patient under
going extraction of mandibular central incisors for periodontal reasons. 
Before seeding, the sterilized specimens were immersed in a growth 
medium in 12 well plate for 24 h, at 37 ◦C in 5% CO2, avoiding the pH 
variation. The next day, the growth medium was discarded from wells 
containing root tops. Roots were positioned in the wells vertically with 
the apices up, enabling cells seeding on the roots’ tops. On the apical 
tops of the roots filled with materials, 10 μl of medium with 1 × 104 cells 
was carefully placed. Plates containing roots with seeded apical papilla 
cells were cautiously placed in the CO2 incubator for 30 min allowing 
cells to attach on the apical root surface, after which 500 μl of growth 

D. Antonijević et al.                                                                                                                                                                                                                            



Ceramics International 47 (2021) 28913–28923

28916

medium was added into wells. Half of specimens were further cultured 
in the growth medium, while the other half in the osteogenic medium 
containing growth medium supplemented with 10 nM dexamethasone 
disodium phosphate, 1.8 mM monopotassium phosphate, 10 mM 
β-glycerophosphate and 50 μg/ml ascorbic acid (Sigma-Aldrich). The 
cells were cultured in growth and osteogenic medium for 21 days with 
the mediums being changed every 3 days. The specimens with cells 
grown on their surfaces were fixed with 2 vol% glutaraldehyde, dehy
drated with increasing concentrations of ethanol (50 vol%, 60 vol%, 70 
vol%, 80 vol%, 90 vol%, 95 vol%, and 100 vol%) and gold coated before 
scanning electron microscopic (SEM) evaluation (TESCAN, Mira3, XMU 
USA Inc.). 

2.11. Statistical analysis 

The SPSS software program (ver. 20, IBM Corp., Armonk, NY, USA) 
was employed for statistical analysis. The Shapiro-Wilk test was used to 
check the normality of data distribution. Afterwards, one-way ANOVA 
with Bonferroni post-hoc tests was employed to compare normally 
distributed data while Kruskal-Wallis test followed by series of pairwise 
Mann-Whitney tests with Bonferroni correction test was used to 
compare non-normally distributed outcomes (p < 0.05). 

3. Results 

3.1. Radiopacity, setting time, compressive strength, porosity, wettability 
and pH determination 

The Shapiro-Wilk test of normality found that the radiopacity, 
compressive strength, total porosity, open porosity, close porosity, pore 
size, number of closed pores per mm3, CA of glycerol and human blood 
plasma and pH data for 30 min, 1 h, 3 h, 6 h, 12 h, 24 h and 7 days were 
normally distributed and thus they were subjected to one-way ANOVA 
analysis followed by Bonferroni test. On the contrary, initial and final 
setting time and pH values obtained after 24 h were not normally 
distributed and therefore they were subjected to a Kruskal-Wallis test 
followed by Mann-Whitney test with Bonferroni correction for non- 
parametric data (p < 0.005). One way ANOVA have found statistical 
difference among tested cements’ radiopacity, compressive strength, 
porosity (all parameters) and pH values obtained after 30 min, 1 h, 3 h, 
6 h, 12 h and 7 days (p < 0.05) while Kruskal-Wallis test showed sig
nificant difference among tested cements’ initial and final setting times 
and pH values after 24 h evaluation (p < 0.05). 

The highest radiopacity values were observed for MTA (6.9 ± 0.5 
mmAl) and ECHA + Bi2O3 mixture (6.7 ± 0.1 mmAl) that were signif
icantly higher than those in the other three groups of investigated ce
ments (p < 0.05), but without statistic difference among each other (p >

0.05) (Fig. 1). 
All experimental cements showed statistically much lower initial (p 

< 0.05) and final (p < 0.05) setting times as well as compressive 
strengths (p < 0.05) than PC and MTA (Table 1). 

The lowest total porosity was found for ECHA + ZrO2 (1.7 ± 0.6%) 
that was statistically different compared to the other experimental ce
ments (p < 0.05), but not statistically different from those of PC and 
MTA (p > 0.05). The highest value of open porosity was obtained for 
ECHA + Bi2O3 (8 ± 4%) that was statistically significant in comparison 
to ECHA + ZrO2 and MTA (p < 0.05), but statistically insignificant in 
comparison to ECHA + SrF2 and PC (p > 0.05). The lowest value of 
closed porosity was found for ECHA + ZrO2 (0.3 ± 0.1%) that was 
statistically different only when compared to ECHA + SrF2 (3 ± 2%) (p 
< 0.05). Regarding the pore size, there were no significant differences 
among the investigated cements (p > 0.05). The ECHA + Bi2O3 group 
presented the greatest number of closed pores per mm3 (1.5 ± 0.3) × 107 

Fig. 1. Radiopacity of investigated cements as measured with digital radiography. Different letters mean statistical significance among cements’ specimens (one-way 
ANOVA followed by Bonferroni post-hoc test, p < 0.05). ECHA, calcium silicate hydroxyapatite; SrF2, strontium fluoride; ZrO2, zirconium dioxide; Bi2O3, bismuth 
oxide; PC, Portland cement; MTA, mineral trioxide aggregate. 

Table 1 
Initial and final setting times, compressive strength and pH values of investi
gated cements. Results with different letters within the same row are statistically 
different (one-way ANOVA with Bonferroni post-hoc test was used for 
compressive strength and 30 min, 1 h, 3 h, 6 h, 12 h and 7 days pH reported data 
(p < 0.05), while Kruskal-Wallis test (p < 0.05) followed by Mann-Whitney test 
with Bonferroni correction (p < 0.005) was used to compare setting time and 1 
day pH data). ECHA, endodontic ceramic nano-hydroxyapatite; ZrO2, zirconium 
dioxide; Bi2O3, bismuth oxide; SrF2, strontium fluoride; MTA, mineral trioxide 
aggregate; PC, Portland cement.   

ECHA +
SrF2 

ECHA +
ZrO2 

ECHA +
Bi2O3 

PC MTA 

Setting 
time 
(min) 

Initial 7.7 ±
0.6a 

5 ± 0b 8.3 ±
0.6a 

46 ± 7c 41 ± 4c 

Final 33 ± 1a 33 ± 7a 35.3 ±
1.2a 

190 ±
10b 

107.3 ±
1.6c 

Compressive 
strength (MPa) 

2.5 ± 0.9 
a 

2.7 ±
1.3a 

3.8 ±
1.9a 

27 ± 8b 23 ± 17b 

pH 30 min 7.50 ±
0.02a 

8.5 ±
0.3b 

7.60 ±
0.05a 

10.73 ±
0.02c 

10.76 ±
0.02c 

1 h 8.38 ±
0.09a 

8.73 ±
0.17b 

8.18 ±
0.02a 

10.58 ±
0.07c 

10.83 ±
0.06c 

3 h 8.97 ±
0.03a 

8.98 ±
0.12a 

8.92 ±
0.03a 

10.70 ±
0.07b 

10.99 ±
0.06c 

6 h 9.33 ±
0.06a 

9.47 ±
0.05a 

9.67 ±
0.03a 

10.57 ±
0.12b 

10.82 ±
0.19b 

12 h 9.36 ±
0.02a 

9.40 ±
0.02a 

9.62 ±
0.06a 

10.76 ±
0.07b 

11.2 ±
0.3c 

1 day 9.24 ±
0.11a 

9.67 ±
0.11a 

9.78 ±
0.05a 

10.6 ±
0.3a 

10.84 ±
0.13a 

7 days 8.95 ±
0.03a 

9.4 ±
0.3b,c 

9.08 ±
0.04a,c 

8.94 ±
0.01a 

9.15 ±
0.08a,c  
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and it was statistically higher than in other groups (p < 0.05), among 
which the statistical difference was not noted (p > 0.05) (Fig. 2). 

Experimental cements exhibited statistically higher CA of glycerol 
than PC and MTA (p < 0.05). Using blood plasma as a reference liquid, 

the statistical difference was found only between ECHA + Bi2O3 and PC 
(p < 0.05), while other three investigated cements were not different 
neither among themselves nor from ECHA + Bi2O3 and PC (p > 0.05) 
(Fig. 2). 

Fig. 2. Physicochemical properties of investigated materials. A) Porosity of investigated materials with three dimensional (3D) reconstructions and two dimensional 
(2D) presentations of representative specimens. B) Wettability of investigated materials expressed as glycerol and human blood plasma contact angles. Different 
letters mean statistical significance among cement specimens (one-way ANOVA followed by Bonferroni post-hoc test, p < 0.05). ECHA, calcium silicate hydroxy
apatite; SrF2, strontium fluoride; ZrO2, zirconium dioxide; Bi2O3, bismuth oxide; PC, Portland cement; MTA, mineral trioxide aggregate. 

D. Antonijević et al.                                                                                                                                                                                                                            



Ceramics International 47 (2021) 28913–28923

28918

All investigated materials had alkalization ability (Table 1). Experi
mental cements revealed statistically lower pH values than PC and MTA 
after 30 min, 1 h, 3 h, 6 h and 12 h (p < 0.05). On the other hand, there 
was no significant difference between experimental cements on one side 
and PC and MTA on the other side neither after 24 h (p < 0.005) nor 
after 7 days (p < 0.05). 

3.2. Cytotoxicity and cell adherence assay 

Effects of experimental cements’ eluents on L929 cell viability are 
presented in Fig. 3. Shapiro-Wilk test of normality revealed that results 
of CV assay after 24 h in pure extract, 1:2 and 1:4 eluents were not 
normally distributed and subsequently subjected to a Kruskal-Wallis test 
followed by Mann-Whitney test with Bonferroni correction for non- 
parametric data. All data obtained by MTT assay and the rest of the 
results obtained by CV assay were normally distributed and they were 

subjected to one-way ANOVA analysis followed by Bonferroni test. For 
CV assay, one-way ANOVA showed the statistical difference among 
tested cements after 24 h (1:32), 48 h (pure extracts, 1:2 and 1:4) and 72 
h (pure extracts and 1:2) (p < 0.05). Kruskal-Wallis test showed sig
nificant difference of cell viability among tested cements after 24 h (pure 
extract, 1:2 and 1:4 eluents) (p < 0.05). For MTT assay, one-way ANOVA 
showed the statistical difference for all time points/dilutions (p < 0.05) 
except after 48 h (1:8) and 72 h (1:8, 1:16 and 1:32) (p > 0.05). 

Pure extracts of experimental cements had no effect on the cell 
viability after 24 h of exposure, measured by CV (Fig. 3A) and MTT 
(Fig. 3B) assays. Although longer incubation (48 h, 72 h) with ECHA +
ZrO2 and ECHA + Bi2O3 extracts induced time-dependent decrease in 
cell viability, the number of adherent cells (Fig. 3A) and the activity of 
mitochondrial dehydrogenases (Fig. 3B) were significantly higher than 
in cultures incubated with pure extracts of MTA and PC which showed 
extremely high cytotoxic effect (>60–80%) at all time points. Further, 

Fig. 3. Cell viability (%) evaluated by the crystal violet (CV) (A) and MTT (B) assays after 24 h, 48 h and 72 h exposure of L929 cells to the cements’ eluents - pure 
extract (1) and different serial dilutions (1:2, 1:4, 1:8, 1:16, 1:32 (v:v)). The data are presented as mean ± standard deviation (SD) values of triplicates from one 
representative of three independent experiments. Different letters mean statistical significance among cement specimens (one-way ANOVA followed by Bonferroni 
post-hoc test, p < 0.05, Kruskal-Wallis test (p < 0.05) followed by Mann-Whitney test with Bonferroni correction (p < 0.005)). ECHA, calcium silicate hydroxy
apatite; SrF2, strontium fluoride; ZrO2, zirconium dioxide; Bi2O3, bismuth oxide; PC, Portland cement; MTA, mineral trioxide aggregate. 
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the presence of ECHA + SrF2 mixture eluent in 1:2 dilution potentiated 
proliferation of L929 cells – the number of viable (Fig. 3A) and meta
bolically active cells (Fig. 3B) was statistically higher than in all other 
treatments with experimental materials. Yet, in 1:2 dilution, ECHA +
ZrO2 reduced cell viability after 48 h and 72 h, while ECHA + Bi2O3 
manifested the same effect on cell viability after 72 h. The highest 
number of L929 cells (Fig. 3A) and mitochondrial dehydrogenase ac
tivity (Fig. 3B) was detected in cell culture treated with ECHA + SrF2 
and ECHA + ZrO2 mixture eluent in 1:4 dilution at all time points, as 
well as in comparison with other dilutions. Higher dilutions of all tested 
extracts (1:8, 1:16 and 1:32) did not affect the L929 cell viability, at all 
time points. 

SEM analysis of cell adhesion revealed that experimental cements 
had properties that were able to support apical papilla stem cells and 
osteoblasts adhesion and increase cell proliferation (100 × magnifica
tions). Extended cytoplasmic processes and filopodia were observed to 

spread between coronal dentine and cement material (2000 × magni
fication) (Fig. 4). 

4. Discussion 

The choice of radiopacifier capable of contributing to the radio- 
visibility of CS-based dental ceramics is important since they should 
meet both the ISO standard of radiopacity and maintain adequate bio
logical and physical properties of ECs. In the current study, novel ECs 
with incorporated nHA particles were used as a basis for mixing with 
radiopacifiers since it was previously demonstrated that the addition of 
such non-stochiometric bioactive nHA significantly decreased CS’s 
setting time [11]. All radiopacifiers were able to confer EC’s ISO radi
opacity requirements of 3 mmAl. The highest radiopacity value was 
observed in ECHA + Bi2O3 (6.7 mmAl). This is expected as Bi absorbs 
x-rays much more efficiently than Zr and Sr due to its higher atomic 

Fig. 4. Representative scanning electron microphotographs of cements’ specimens seeded in A) control growth medium and B) osteogenic medium for 21 days. The 
morphological features of osteoblast-like cells observed at lower magnification (100x) have shown flattened cells proliferated on cement and dentine surface creating 
the multilayers covering their surfaces and bridges at a cement-dentine interface (upper rows). At higher magnification (2000x), numerous cell extensions that 
anchored well onto the cement surfaces can be observed (lower rows). ECHA, calcium silicate hydroxyapatite; SrF2, strontium fluoride; ZrO2, zirconium dioxide; 
Bi2O3, bismuth oxide; PC, Portland cement; MTA, mineral trioxide aggregate. 
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number (Z(Bi) = 83 > Z(Zr) = 40 > Z(Sr) = 38) as absorption of x-rays is 
directly proportional to the third power of the atomic number of 
absorbing material [40]. The radiopacity of ECHA + ZrO2 (5.3 mmAl) 
was slightly higher than that found recently for CS with 30% ZrO2 added 
(4.2 mmAl) [9]. The radiopacity of ECHA + Bi2O3 (6.7 mmAl) was lower 
than that previously found for CS+30%Bi2O3 (~11 mmAl) [6], but close 
to that of CS+25%Bi2O3 (6.9 mmAl) [41]. The result demonstrated for 
radiopacity of MTA (6.9 mmAl) favourably agrees with those reported 
previously: 4.86 [42], 6.74 [43], 7.0 [44], 7.5 [9] and 8.0 [41] mmAl. 
The PC did not meet the ISO radiopacity requirement which is in line 
with previous studies (~0.9 mmAl) [41,42]. The influence of SrF2 on the 
radiopacity of EC has not been previously mentioned in the literature. 

Experimental cements have shown initial setting times varying from 
5 to 8.3 min, significantly lower than those of PC and MTA (46 min and 
41 min, respectively). The obtained results for experimental cements 
indicate their fast-setting property and corroborate the results found for 
fast-setting RetroMTA (2.5 min) [10], CS + CaCO3+30%YbF3 mixture 
(6 min) [11], Endocem (11.5 min) [40] and ECHA+30% YbF3 mixture 
(14 min) [11]. Literature data reported for MTA vary between 17.8 and 
50 min for initial [9,42,43,46] and between 140 and 290 min for final 
setting times [43,47]. Fast-setting was achieved mainly by incorporation 
of nano-crystalline active nHA. Such desirable behavior is expected 
since lower particle size increases the active surface for cement reaction 
with water [4]. All experimental cements had low setting time values 
indicating that the choice of radiopacifying agent did not alter the nHA’s 
capability to induce the fast setting of tested materials. 

From a mechanical point of view, the compressive strength of tested 
cements (2.7–3.8 MPa) was considerably lower than that of MTA (23 
MPa) and PC (27 MPa). The data observed for MTA was slightly lower 
than that of recent findings: 28 MPa [46], 33 MPa [48], 43 MPA [47] 
and 45 MPa [43] while that found for PC correlates with previous 
studies: 32 MPa [47] and 51 MPa [43]. The variation of results obtained 
in the present and other studies might be caused by the use of greater 
specimens size in the current research. Namely, specimens measuring 8 
mm × 1 cm were rather employed than usually used 4 × 6 mm to adjust 
measurements with used universal testing machine force range. The 
reduced compressive strength of ECHA + Bi2O3 mixture is in compliance 
with a previous study where Bi2O3 was added into PC [48], but in 
contrast to another study where excluding/eliminating Bi2O3 from MTA 
resulted in lower compressive strength [49]. Significant decrease of the 
compressive strength of mixtures is presumably not to a great extent the 
consequence of radiopacifier addition, but rather related to the addition 
of nHA in substantial portion (>60%). The nHA is an inert compound 
that affects the CS setting reaction by interposing among its particles. 
Low values of compressive strength in experimental cements are 
therefore not surprising and they go in line with previous studies where 
some other compounds replaced CS particles at high percentage: CaCO3 
(60–80%) in RetroMTA or ZrO2 (43–46%) in Endocem [10,45]. The 
consequences were similar since, for instance, the addition of 
low-reactive/inert ZrO2 into CS decreased its compressive strength to 
10.4 MPa in Endocem [45]. In the authors’ opinion, lower values of 
compressive strength of experimental cements do not play a major role 
in the clinical practice since the cements are manufactured to fulfil the 
most important requirement in retrograde root-end surgery – fast setting 
time. The same holds true for porosity. Although it is known that ce
ments’ architectural properties are important, the challenge lies in the 
clinical interpretation of obtained porosity data. Namely, lower values 
of closed porosity (ECHA + ZrO2) mainly refers to the mechanical 
resistance of materials whereas lower values of open porosity (ECHA +
ZrO2 and MTA) are more likely related to the ability of the material to 
prevent spreading of bacterial infection in the root canal system from the 
area where the bacteria are not totally eliminated during instrumenta
tion [36]. It is observed that in all experimental mixtures open porosity 
is significantly higher than the closed one. The results compare 
moderately well with previously published values demonstrating the 
increase of CS porosity after HA addition as well as no influence of ZrO2 

addition on CS porosity [50]. Results for radiopacifier additions to ECHA 
are also consistent with those reported for ECHA+30%YbF3 (5.86%) 
[11]. The outcomes found for MTA total porosity coincide with some 
previous reports: 1.3% [36], 6.5% [51], 6.9% [52] and 9% [53], but are 
lower than those reported in other studies: 14.5% [54] and 50% [55]. 
The variability of the outputs obtained arises from different setting pa
rameters among studies the scanning resolutions of which vary from 5 
μm to 20 μm [52]. For porosity evaluation by micro-CT, specimens’ size 
is not defined by ISO standard. The specimens’ size of 5 × 1 mm was 
preferred since it provided the possibility to obtain high resolution (i.e. 
visualization of smaller pore sizes) having in mind that the size of the 
specimen directly influences the maximum scanning resolution [51–55]. 

The wettability experiments demonstrated the advantage of SrF2 
over ZrO2 and Bi2O3 for manufacturing EC due to the higher activity of 
the cement surface, which is expressed as a lower CA of glycerol. Indeed, 
ECHA + SrF2 and ECHA + ZrO2 resulted in superior wettability in 
comparison with MTA, PC and ECHA + Bi2O3 after glycerol adminis
tration. Glycerol was used since researchers have documented that it 
mimics closely the viscosity of human blood plasma [11]. The innova
tive approach in this study is the use of human blood plasma for CAs 
calculations; here, it is the first time in the EC dental field. The higher 
CAs after blood plasma administration compared to glycerol adminis
tration may be related to the presence of non-polar components in the 
plasma, presumably proteins [37]. The wettability of dental materials 
has been poorly investigated and very limited contributions can be 
found in the literature. The CAs reported in the literature for different CS 
brands are as follows: Endocem = 12◦ [45], MTA = 17◦ [36], Biodentine 
= 22◦ [36] and 41◦ [56] using glycerol and CeraSeal = 18◦ [57], Bio
Root = 34.8◦ [57], Endoseal MTA = 35◦ [58] and Thera Cal = 62.3◦ [59] 
using water as a reference liquid. There are no reports for CA values of 
blood plasma on EC. Wettability is an important property of dental 
cement since it reflects the ability of the material surface to interact with 
surrounding biological tissues as well as the ability of body fluids to 
adhesively occupy the materials surface texture, i.e. osteoblasts in the 
interaction with cements surface irregularities [11]. Yet, higher wetta
bility enhances the potential of the cement to penetrate into dentinal 
tubules [36]. 

Experimental cements revealed statistically lower pH values than PC 
and MTA up to 12 h of evaluation. However, after 24 h and especially 
after 7 days of soaking in distilled water their alkalinity matched the one 
found in PC and MTA, having the ECHA + ZrO2 mixture even reaching 
the highest pH value after 7 days of evaluation. It is noteworthy that in 
PC and MTA the pH values remain relatively unchanged from 30 min to 
24 h time points and then decrease after 7 days of soaking. Conversely, 
experimental cements presented the lowest pH values after 30 min, 1 h 
and 3 h and then resulted in stable increase of pH values during the 
remaining measurements. The alkaline nature of the experimental ce
ments is the consequence of the release of calcium ions and the forma
tion of Ca(OH)2 [5]. The slow and stable release of calcium ions and 
consequently increase of pH value in experimental cements might be of 
pertinent interest in clinical practice in those situations where long term 
alkalinity is desirable for complete pulp/bone healing [60]. The source 
of Ca(OH)2 is still debatable. Some authors state that it is the product of 
tricalcium aluminate hydrolysis while other claim that dicalcium and 
tricalcium silicate in reaction with water form tobermorite 
(Ca2[SiO2(OH)2]2) and Ca(OH)2 [10,61,62]. Higher alkalinity of PC 
group solution is expected since it contains pure CS with higher per
centage of calcium-releasing components. The specimens’ size of 4 × 6 
mm was chosen since the ISO 6876 does not propose the procedure for 
pH measurements. However, both experimental cements and control 
PC/MTA materials were made in uniform size thus providing conditions 
for their comparison. The pH values observed in the literature for MTA 
are 12.5 [43] after 30 min, 12.8 [43] after 1 h, 9.09 [19] and 10.5 [9] 
after 3 h, 9.9 [9] after 12 h, 8.26 [19] and 9.3 [9] after 24 h and 10.3 [9] 
after 7 days. The values reported for PC corroborate with present find
ings having the values found after 30 min (13.1) and 1 h (13.1) [43] 
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decreased to 10.24 after 12 h and 10.2 after 24 h [63]. The results found 
for ECHA + ZrO2 are also in rough agreement to those observed for CS +
ZrO2 after 12 h – (10.0) [9] and (10.21) [63] as well as after 24 h – (9.0) 
[9] and (10.2) [63]. 

The effects of experimental cements, PC and MTA on cell viability/ 
proliferation was evaluated on mouse fibroblast L929 cell line [38], 
since it is easily manipulated, provides reproducible results without the 
individual differences [64] and the most importantly, L929 cells are 
more sensitive to toxic products than other cell lines [65,66]. The last 
feature gives L929 cells advantage when it comes to evaluation of dental 
materials toxicity. It is especially important for EC to precisely deter
mine their cytotoxic potential since, in clinical practice, they are placed 
in a direct contact with periapical tissue for many years [67]. 

Cytotoxicity analysis revealed that (biologically relevant) decrease 
in viability of L929 cells cultured with pure extract of ECHA + ZrO2 and 
ECHA + Bi2O3 was detected only after 72 h, while ECHA + SrF2 did not 
affect cell viability at all. Opposite from the results gained with exper
imental cements, the PC and MTA pure extracts displayed a strong 
toxicity toward L929 cells in all time points. While ECHA + ZrO2 eluent 
1:2 reduced cell viability over time, 1:4 eluent showed proliferative 
potential. These results are in accordance with a recent study investi
gating the ZrO2 addition to CS [9]. While the ECHA + Bi2O3 1:2 eluent 
reduced viability, 1:4 eluent showed excellent effect on L929 cell pro
liferation. As expected, effects of experimental cements and PC/MTA on 
cellular viability/proliferation diminished with dilution; no significant 
change in number of viable and metabolically active cells were detected 
in 1:8, 1:16, and 1:32 eluents. Presented results showed significantly 
lower percentage of viable cells in MTA/PC treatments than those found 
in some studies (80–150%) [9,14,68,69], but they are in accordance 
with other reports found for MTA after 24 h (7–37%) [58] and 72 h 
(20–80%) [63,69] and findings reported for PC after 24 h (10–25%) 
[69]. The differences could arise from variations in specimens size (5 × 3 
mm [69,70], 5 × 2 mm [42], 5 × 1 mm [13], 10 mg/ml [68], 0.5 g/5 ml 
[9] and 1 g/50 ml [14]) and their form (powder vs. set materials). 
Specimens measuring 5 × 3 mm were used in the present investigation 
to allow comparison to other studies where the same specimen sizes 
were used [69,70]. For PC/MTA 1:2 and 1:4 eluents, the CV and MTT 
tests showed similar outcomes and are in rough agreement with data 
documented in the literature [9,70]. Overall, cytotoxicity experiments 
revealed that results obtained by CV and MTT assays are in concordance. 
Pure extracts of experimental cements revealed significantly lower 
cytotoxic potential than PC and MTA The ECHA + SrF2 and ECHA +
ZrO2 1:4 eluents induced significant proliferation of L929 cells (>20%) 
after all time points. Finally, it should be pointed out, that ECHA + SrF2 
mixture had no toxic effect and showed the highest ability to induce the 
L929 cell proliferation among tested materials. 

Further, since the number of cells needed for cell adhesion assay is 
considerably lower than necessitated for cytotoxicity assays, osteoblasts 
derived from human apical papilla stem cells were used for cell adhesion 
experiments. This experimental set up allows to analyze cells contact 
with tested materials ex vivo and their differentiation on these materials, 
thus providing more clinically relevant environment. Great osteoblasts 
adhesion on dentine and on the surface of specimens demonstrated by 
SEM evaluation contributes to cements’ cytocompatibility and may be of 
special interest for efficient periapical healing after retrograde root 
canal surgery. Other studies have also documented that CS-based ECs 
are the excellent inductors of cell adhesion, migration and proliferation 
on the surface of experimental cements [11,42,71,72]. 

Regardless of advantages of cell-based methods, there are consider
able limitations in mapping results gained in the cell culture to in vivo 
conditions, due to significant simplification of in vitro models compared 
to living systems. For example, freshly mixed cements are used in the 
clinic, while the set ones are commonly used in the cell-based assays. 
Similarly, in an in vitro system, it is not possible to determine whether 
tested materials maintain their cytotoxicity for a long period of time or if 
their initial toxic potential declines over time [73,74]. Having in mind 

previous, it is not possible to assume with high certainty that absence of 
cytotoxicity, superior proliferative potential and good cell adhesion 
properties of investigated materials showed in the present study can be 
translated to in vivo system. However, obtained results undoubtedly 
represent a good starting point for further investigation of their benefits 
in vivo, and aftermath in long-term clinical studies. 

The novelty of this study comprises the introduction of SrF2 as a 
radiopacifier in CS-based EC. Sr may be, in traces, a normal constituent 
of dental tissues [75]. Sr incorporation into dental tissues is an endemic 
issue; it occurs in regions with high Sr concentration in drinking water 
[75]. In addition, it is a compound of dental dentifrices and restorative 
materials such as glass ionomer cements [76,77]. SrF2 addition may be 
interesting for dental practitioners for two reasons. Firstly, Sr-associated 
EC formulations may be of special interest for periapical lesions treat
ment taking into account that investigators in orthopaedics have docu
mented an abundance of promising evidences that Sr-enriched 
biomaterials accelerate the process of bone healing [32,33]. Addition
ally, researchers nowadays use Sr-doped HA to coat the surface of tita
nium implants in orthopaedic and dental surgery to increase their 
bioactivity [78]. Secondly, the potentially useful contribution of fluo
rides for strengthening of endodontically instrumented root canals and 
their ability to prevent bacterial growth is widely accepted [11]. For 
these reasons, investigators already addressed the possibility to dope CS 
with fluorides in the form of sodium fluoride or YbF3 [11,31,79]. Cur
rent experiment served to document that CS-based EC doped with both 
Sr and F satisfies the basic physicochemical and biocompatibility needs. 
What deserves to be mentioned is that SrF2 associated mixture was the 
only one of the investigated materials to meet ISO 10993-5 quantitative 
criteria of non-cytotoxicity (maximum reduction of cell viability by 
more than 30%) for both CV and MTT assays, for all time point and in all 
dilutions. In addition, lower CA values in ECHA + SrF2 than in ECHA +
ZrO2 and ECHA + Bi2O3 mixtures after glycerol and human blood 
plasma testing favour the use of SrF2 as the radiopacifying agent. Further 
detailed and more sophisticated biological studies should be conducted 
to acknowledge the true value of promising initial outcomes. 

5. Conclusion 

Collective results of this study underscore the relevance of nHA 
addition into CS-based dental ceramics. All investigated radiopacifiers 
were able to increase the radio-visibility of the ECHA to meet ISO re
quirements. Fast setting time and excellent cell adherence as well as 
good biocompatibility features indicated by mitochondrial activity and 
the number of viable cells present valuable advantages of manufactured 
formulations. Further, all experimental cements exhibited satisfactory 
wettability and porosity. The downside of fabricated materials is their 
low compressive strength. This study supports the idea that SrF2 can be a 
novel promising radiopacifying agent for manufacturing CS-based 
dental ceramics. The full spectrum of SrF2’s beneficial effects in EC 
formulations should be investigated in future studies. 
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A B S T R A C T   

Convective, conductive and radiative mechanisms of thermal management are extremely important for life. 
Photonic structures, used to detect infrared radiation (IR) and enhance radiative energy exchange, were observed 
in a number of organisms. Here we report on sophisticated radiative mechanisms used by Morimus asper funereus, 
a longicorn beetle whose elytra possess a suitably aligned array of lenslets and blackbodies. Additionally, a dense 
array of microtrichia hyperuniformly covers blackbodies and operates as a stochastic, full-bandgap, IR-photonic 
structure. All these features, whose characteristic dimensions cover a range from several hundred down to a few 
micrometres, operate synergistically to improve the absorption, emission and, possibly, detection of IR radiation. 
We present a morphological characterization of the elytron, thermal imaging measurements and a theoretical IR 
model of insect elytron, uncovering a synergistic operation of all structures.   

1. Introduction 

Colouration in the living world serves multiple purposes, such as: 
camouflage, mimicry, warning or attraction (Doucet and Meadows, 
2009; Kemp, 2007; Sweeney et al., 2003; Verstraete et al., 2019), and it 
sometimes affects the very existence of animals. Radiative heat ex
change with the environment can also be influenced by colours, through 
absorption or reflection of the visible light. There is a delicate balance 
between colouration and other mechanisms of thermal regulation: 
convection, conduction, radiation emission and absorption, evapora
tion, perspiration, internal heat generation, behaviour (Bosi et al., 2008; 
Cossins, 2012). 

Such mechanisms have also been observed in insects. Their 
exoskeleton (cuticle) serves many functions, such as: locomotion, 
providing a defence barrier (against mechanical stress, cold, hot or wet 
environment), a reservoir for the storage of metabolic waste products, 
mechano- and chemoreception, balancing radiant energy absorption in 
the visible and dissipation in the infrared (IR) part of the spectrum 
(Capinera, 2008; Gillott, 2005; Gullan and Cranston, 2004; Shi et al., 
2015). The cuticle is usually patterned on micro- and nano-scale and 
produces striking optical effects. Such photonic structures (Vukusic and 

Sambles, 2003) create structural colouration (Vukusic et al., 2001) in 
the visible, but can have an important role in the infrared part of the 
spectrum, participating in thermoregulation (Scoble, 1992; Shi et al., 
2015). 

Most insects are primarily ectothermic and rely on external heat 
sources, such as solar radiation (Nijhout, 1991). It is proven that but
terflies use physiological mechanisms to regulate the heat gain by 
orientation and posture relative to the sun (Kingsolver, 1985). On the 
other hand, structures are developed during evolution to efficiently 
reflect the visible light, simultaneously dissipating infrared radiation 
directly into the atmospheric window at mid-infrared, as in the Saharan 
silver ant, Cataglyphis bombycina (Roger, 1859) (Shi et al., 2015). This 
clever mechanism enables an insect to efficiently regulate its body 
temperature in a hostile desert environment. 

In addition, the insect cuticle can be a place where so-called extra
ocular photoreception occurs. Also known as “dermal light sense” and 
defined as a “widespread photic sense that is not mediated by eyes or 
eyespots and in which light does not act directly on an effector” (Millott, 
1968), it has been reported in several orders of insects. Some butterflies 
have such photoreceptors located at the end of their abdomens to con
trol copulation in males and oviposition in females (Arikawa and Takagi, 
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2001). In some cases, dermal light sensitivity has been confirmed from 
behavioural responses, mediated by light intensity and wavelength 
(Desmond Ramirez et al., 2011). For example the larvae of Tenebrio 
molitor avoid light even after decapitation (Tucolesco, 1933). Light 
sensitivity of the Aphis fabae antennae is responsible for the insect’s 
photokinetic activity (Booth, 1963). 

Here we highlight the specific architecture of Morimus asper funereus 
(Mulsant, 1863) (Insecta: Coleoptera: Cerambycidae) elytra, which im
plicates dermal detection of IR radiation, a feature not previously 
observed in any other species. We also study the radiative properties of 
the elytra. Electron and optical microscopy were used to reveal the 
external and internal morphology of elytra, and thermal imaging to 
establish its radiative properties in the thermal IR (7.5–13 μm) part of 
the spectrum. Theoretical analysis and 3D modelling were used to reveal 
the role of microstructures. 

2. Materials and methods 

2.1. Insect 

Morimus asper funereus (Fig. 1) (family Cerambycidae, subfamily 
Lamiinae) is a large longicorn beetle inhabiting central and southern 
Europe. The species is characterized by grey elytra with four black 
patches and a body length of 15–40 mm (Parisi and Busetto, 1992). The 
colouration and velvety appearance of the elytra comes from the dense 
tomentum of the setae, grey hairs and black scales, embedded in the 
elytral surface, which is black and shiny. The hind wings (alae) of 
M. asper funereus are reduced and the species is flightless (Solano et al., 
2013). 

M. asper funereus is a saproxylic species (Carpaneto et al., 2015; 
Hardersen et al., 2017) and depends on decaying wood during larval 
development. This process takes place in tree trunks and stumps and 
lasts approximately three or four years (Stanić et al., 1985). We noticed 
that the insects evade direct sunlight. We never found them on trunks 
that were directly exposed to solar radiation: when we subjected an 
insect to sunlight, it hid in the shadow. This was confirmed by other 
research, which found that this species is active during the evening and 
at night (Polak and Maja, 2012; Romero-Samper and Bahülo, 1993). 
Hardersen et al. (2017) determined that the highest activity of the 
species was between 20:00 and 24:00. However, the authors stated that 
M. asper funereus individuals were seen during the day, but that the 
number was only 30% of the maximum recorded in the evening and at 
night. 

The species is strictly protected in Europe (and Serbia) by Annex II of 
the Habitat Directive 92/43/CEE. In the IUCN Red List of Threatened 
Species, it is designated as vulnerable (A1c) (IUCN Red List of Threat
ened Species, 2018). We had ten, conserved and pinned, specimens at 
our disposal, collected during the summer of 2018 on Mt. Avala, near the 
city of Belgrade, with the permission of the Serbian Ministry of 

Environmental Protection (N◦:353-01 –1310/2018-04). 

2.2. Microanalysis 

A stereomicroscope (STEBA600, Colo Lab Experts, Slovenia) with 
maximum magnification up to 180X, eyepiece 20X, auxiliary objective 
2X, working distance 100 mm, reflection and transmission mode, and 
equipped with a digital camera (Canon EOS 50D, Tokyo, Japan) was 
used to examine the anatomy of the whole insect. 

The optical characteristics of the elytra and setae were analysed on a 
trinocular microscope (MET104, Colo Lab Experts, Slovenia) (maximum 
magnification 400X, polarization set, objectives Plan Achromatic POL 
Polarizing 10X/20X/40X). 

Micro-computed tomography (micro-CT) was employed to view the 
overall anatomy of the beetle and measure the thickness of the elytra. 
We had at our disposal the Skyscan 1172 system (Bruker, USA). To 
ensure the optimum signal/noise ratio during micro-CT imaging, the 
specimens were scanned without filter, with scanning parameters set as 
follows: 40 kV, 244 μA, 530 ms, rotation step 0.2◦ (pixel size 13.5 μm). 
For the purpose of this experiment, CT scanning was performed without 
any special preparation of a specimen. 

A field emission gun scanning electron microscope (FEGSEM) (Mir
aSystem, TESCAN, Czech Republic) was used for ultrastructural anal
ysis. Prior to analysis, insect elytra were removed and placed on an 
aluminium mount and coated with a thin layer (5–10 nm) of gold 
palladium (AuPd), using a SC7620 Mini Sputter Coater (Quorum Tech
nologies Ltd., UK). 

2.3. Thermal infrared (IR) analysis 

Assessment of the thermal properties of insects is normally done by 
some kind of thermometry (Heinrich, 2013). With the advent of IR 
cameras, thermal imaging (TI) becomes a method of choice. It is a 
non-invasive and non-contact technique with applications in numerous 
fields (Vollmer and Möllmann, 2010). Recently, TI become an important 
sensing technology in biological investigations (Kastberger and Stachl, 
2003). TI cameras are a relatively new tool in studying nocturnal flying 
animals: birds, bats and insects (Horton et al., 2015). So far, most TI 
studies of insects have focused on the thermoregulation of Hymenoptera 
species (Stabentheiner and Schmaranzer, 1987; Stabentheiner et al., 
2012). 

In this research, the emission of thermal radiation was analysed by 
an IR thermal camera corresponding to an atmospheric window at 
7.5–13 μm (FLIR A65, USA, 640 x 512 pixels, thermal resolution/NETD 
50 mK). Thermal measurements were corrected for surface emissivity, 
and reflected temperature, while images were acquired without binning. 
Due to the smallness of the insect, we positioned the camera as close as 
possible (at a distance between 10 and 20 cm), and sometimes used an 
additional lens to further magnify the thermal image. Under these 
conditions, the Narcissus effect (radiation emitted by the camera itself) 
was pronounced. For this reason, we positioned the elytra outside the 
thermal beam emanating from the camera objective. The rest of the 
camera body was shielded by aluminium foil. 

We manufactured an aluminium cavity and coated it with an 
absorbing, velvety material whose absorbance was measured at 0.996, 
in agreement with the calculated value (Prokhorov, 2012). It was used 
as a reference to measure elytra emissivities, as shown in Fig. 2. 

Fig. 1. Morismus asper funereus: a longicorn beetle whose most prominent 
features are black body and greyish elytra with four prominent black patches. Fig. 2. A simple experimental setup for thermal measurements.  
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3. Results 

3.1. Morphological and optical characterization of photonic structures of 
M. asper funereus 

The macroscopic anatomy of a dried specimen, visualized using 
micro-CT (Fig. 3), showed that the elytra of M. asper funereus are ellip
soidal, sclerotized and thick (between 200 and 350 μm). The hind wings 
of M. asper funereus are highly reduced and there is a large, air-filled 
space between the elytra and the insect body. 

The elytra of M. asper funereus (Fig. 1) possess a hierarchical struc
ture with a number of features ranging from macroscopic to micron and 
submicron levels. 

The inner surface (facing the insect body) looks spongy (Fig. 4(a)), 
with an array of oval zones (approx. 0.2–0.4 mm in size – see Fig. 4(b)), 
surrounded by yellowish walls. If observed in transmission, it can be 
seen that the walls are actually a complex, connected network of 
channels that transport hemolymph (Fig. 4(c)) (Unruh and Chauvin, 
1993; van de Kamp and Greven, 2010). Within each zone, there is a 
spherical-looking object with a circular opening at its centre that looks 
like a standard blackbody (BB) model found in textbooks. In trans
mission (Fig. 4(c)), BBs are deep red, doughnut-shaped features in the 
middle of each oval zone. It should be noted that the red colour is due to 
melanin, characterized by strong absorption in the blue-green part of the 
spectrum and good transmission in the red. By bleaching elytra using 
hydrogen peroxide (H2O2) we were able to reveal a network of smaller 
channels, connecting the BB to the main microfluidic channels. (Fig. 4 
(d)). 

All the structures described above are protected by an optically 
transparent layer. This layer is electron-dense (Fig. 5) and hides all the 
structures observed optically. Microtrichia (thorn-like structures, 
approx. 5 μm in height – inset in Fig. 5) are a dominant feature of the 
internal surface. As can be seen, the microtrichia are arranged in an 
ordered but not completely regular pattern (average mutual distance is 
11 μm). In many other insects, such structures are used to lock the hind 
wings to the elytra, as in the Asian ladybeetle (Sun et al., 2018). 

Outer surface of elytra is black and covered with two different types 
of microtrichiae (Fig. 6(a) and (b)). One type is transparent and covers 
most of the body, which looks greyish (grey zone) due to the scattered 

radiation. The other type is pigmented and densely covers four distinct 
areas producing characteristic black patches. However, in thermal 
infrared, the whole body looks quite uniform. 

On grey elytral zone there is also an array of shiny black, quite 
smooth, microlens-like protrusions, surrounded with hairs (compare 
optical and SEM images in Fig. 6(c), respectively). The microlenses and 
BBs have a well-defined mutual orientation, which was observed by 
simultaneously illuminating the elytron in transmission and reflection 
(Fig. 7). As observed before (Fig. 4), the BB occupies the centre of an oval 
zone, while the microlens is at its rim, directly facing a hemolymph- 
filled channel. 

The elytron directly beneath the surface (procuticle 200-μm thick) is 
well organized, as in all coleopteran (van de Kamp and Greven, 2010; 
van de Kamp et al., 2016). It is layered and possesses a number of 
laminae that envelope the BBs and microchannels (Fig. 8(a)). It is 
interesting to note a number of tiny hairs covering the internal surface of 
the blackbody (Fig. 8(b)). At the moment, we can only speculate about 
their biological function, because this can be revealed only by physio
logical investigation of live specimens, which we didn’t have at our 
disposal. However, from purely physical point of view, we note that 
hairs increase the absorbance of the black body wall due to enhanced 
scattering and trapping of radiation. 

3.2. Radiative properties of M. asper funereus 

We used thermal imaging to evaluate radiative properties of elytra. 
An elytron was placed in front of the reference cavity (with absorbance 
higher than 99% (Prokhorov, 2012)) and observed with a thermal 
camera (operating within the 8–14 μm wavelength range). In thermal 
equilibrium (room temperature), the elytron completely disappears 
from thermal image (Fig. 9(a)) and becomes visible only when heated by 
the laser beam (Fig. 9(b)). The same is true for both the outer and inner 
sides, along the entire, highly curved, elytral surface. Thus, we may 
conclude that the high directional emissivity (higher than 99%) is 
constant along the surface and has the characteristics of a Lambertian 
source. 

It is interesting to note that the emissivity of both black and grey 
areas of elytra is the same. This is because the wavelength of thermal 
radiation is close to characteristic dimensions of hairs covering the 

Fig. 3. (a)3D reconstruction of M. asper funereus from a stack of MictoCT images. (b) frontal, (c)axial and (d) longitudinal cross sections of insect showing air filled 
space between elytra and the rest of the body. 
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elytra. That is why both types of hairs efficiently scatter the radiation 
and enhance the probability of radiation being absorbed. 

3.3. Modelling of M. asper funereus elytron 

3.3.1. Blackbody array 
Based on the anatomical features described in section 3.1, we were 

able to design a model of M. asper funereus. We took the oval zone of 
Fig. 4 as an elementary unit, composed of a layered blackbody sur
rounded by walls with microchannels. Blackbody is enclosed between 
two layers, one containing microlenses and the other covered by 
microtrichia. 

We used 3D, open-source, computer graphics software (Blender, free 

under GPL) to visualize the elementary unit of M. asper funereus elytra. 
Fig. 10(a) and (b) show two aspects of an elementary cell, so that the 
spatial relations between the microlenses, walls with microchannels and 
blackbody are clearly seen. Microlenses focus radiation directly into the 
elytron and microchannel filled with hemolymph (primarily water), as 
confirmed by ray tracing (Fig. 11) within a quite large angular range 
(− 20◦ to +20◦). 

We made a more exact finite element modelling of IR wave propa
gation in the cuticle. To do that, we needed complex refractive indices of 
chemolimph and insect cuticle at thermal infrared wavelengths. Che
molimph is mostly composed of water and we used the data from Hale 
and Querry (1973) – complex refractive index was averaged to n = 1.2 +
i ⋅ 0.0343, within 3–5 μm, and n = 1.35 + i ⋅ 0.13, within 8–12 μm. 
Optical constants of insect cuticle at thermal infrared are not very well 
known and we used data extracted from Shi (2018) – within 3–5 μm 
complex refractive index was n = 1.57 + i ⋅ 0.005 and within 8–12 μm, n 
= 1.57 + i ⋅ 0.1. The absorption of melanin was not taken into account 
because it is found only in a thin superficial layer of elytra, its concen
tration is low, compared to that of chitin, and its absorption maximum is 
at UV. 

Within the 8–12 μm window, radiation is efficiently absorbed in the 
superficial layers of the cuticle due to the very high absorption coeffi
cient of chitin (see Fig. 12(b)). The situation is more interesting within 
the 3–5 μm window, where the absorption as an order of magnitude 
lower (Shi, 2018). There, the radiation is indeed focused onto the 
microchannels (Fig. 12(c)), while the multilayer structure of the BB 
efficiently reflects and expels the radiation from the central cavity. 
Within this spectral range, radiation penetrates deep and heats the in
ternal structures of cuticle (Fig. 12 (c)). If there is a constant flow of 
hemolyph through the cuticle (Unruh and Chauvin, 1993) heat will be 
convectively transferred to the central cavity of the blackbody. That is 
why we propose that tiny hairs lining the cavity might function as 

Fig. 4. (a) Optical image of inner elytral surface of M. asper funereus in its natural state, exhibiting its original pigmentation. Enlarged portion in (b) shows 
blackbody-like (BB) structures (spherical-looking, with a black spot in the centre – red arrows). (c) Transmission optical image of elytron reveals a system of channels, 
branching from the central channel and surrounding each BB. (d) Elytron bleached in peroxide reveals a network of smaller channels, connecting the BB to the main 
microfluidic channels. 

Fig. 5. SEM image of inner elytral surface of M. asper funereus with an array of 
microtrichia, enlarged in the inset. 
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sensilla, signalling the insect to search for a cooler place - which is a 
behavioural characteristic of this particular insect. 

It seems that cuticular microlenses function like the cornea of an 
ommatidium, i.e. they focus radiation onto the sensitive layer. The ar
chitecture of M. asper funereus is well organized for the purpose. 

3.3.2. Array of microtrichia 
As can be seen from micro-CT images (Fig. 3), there is a thin (less 

than a millimetre) air-filled gap between the elytra and the insect body 
(see scheme at Fig. 13). Thermal energy is radiatively exchanged be
tween those layers, thus filling the gap with infrared radiation. For the 
part of radiative energy propagating at grazing incidence, gap behaves 
as a hollow waveguide (such as those used for 10.6 μm CO2 lasers – 
(Komachi et al., 2000)) with microtrichie as subwavelength scattering 
(diffractive) structures. In such waveguides, radiation propagates in a 
whispering-gallery manner. 

In the following we will analyze their possible role in thermal radi
ation exchange of M. asper funereus. For the purpose of better under
standing, we will treat microtrichie as a forest-like structure of almost 
conical protuberances on an otherwise flat surface. Each cone is 4.4 μm 

Fig. 6. SEM of the outer surface of the M. asper funereus elytra: (a) an edge between grey and black areas (red arrows indicate microlens-like protrusions); (b) 
enlarged SEM image of black scales. (c) Lens-like structures and hairs on the outer surface of M. asper funereus. Optical image is on the left and SEM image on the 
right. The captured area with lens-like structures is from the grey zone of the elytra. 

Fig. 7. Optical microscope image of elytron, simultaneously illuminated in 
reflection and transmission. Microlenses can be seen as black circular areas, 
blackbodies are doughnut-shaped zones within the network of channels. 
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in diameter at its base and 3.8 μm in height. An observer looking from 
above will see an arrangement like that in Fig. 14, schematically drawn 
using the section of Fig. 5 as a template. Looking from the side, as if 
sitting on the substrate, densely overlapping cone projections, even for a 
small number of microtrichia surrounding the central one, are observed. 
Thus, for the large number of microtrichia on the elytron, the radiation 
propagating close to the surface has a high chance of hitting a cone and 
being absorbed. This is a purely geometric optic analysis – in the 
following we will present a wave optics perspective. 

Upon closer inspection of the spatial distribution of microtrichia 
(Fig. 5), we can see that it is neither regular nor completely random 
(rods in the chicken retina are arranged in a similar fashion (Jiao et al., 
2014)). It is characterized by a ring-like Fourier transform, as in Fig. 15 
(a). The spatial frequency of the prominent ring-like structure is 0.1/μm, 
corresponding to the average 10-μm distance between microtrichia 
(Fig. 15(b)). The amplitude of the Fourier transform goes to zero as the 
spatial frequencies approach the central Fourier peak. This is a 

characteristic of hyperuniform point distributions, which were shown to 
behave as a complete photonic bandgap structure (Florescu et al., 2009). 
The slight ellipticity of the Fourier transform observed here is possibly a 
consequence of the ellipsoidal profile of the elytron. 

For thermal radiation entrapped between the elytra and the body, A 
2-dimensional hyperuniform system behaves as a random full-bandgap 
photonic crystal. This can be inferred from the ring-like Fourier trans
form (Fig. 15(a)), which can be understood as a superposition of sinu
soidal gratings with a 10-μm period oriented in all directions along the 
plane substrate. Under grazing incidence, gratings behave as Bragg re
flectors, blocking the propagation of radiation with the wavelength: 

λ= 2d/N  

where d is a grating period, N is an integer, assuming the normal angle of 
incidence. For the 10 μm average period of microtrichia and N = 2, the 
Bragg wavelength is 10 μm, right in the middle of an 8–12 μm atmo
spheric window. Additionally, for N = 4, the Bragg wavelength 

Fig. 8. (a) Cross section of M. asper funereus elytron with clearly visible blackbody with microchannels on both sides. (b) Enlarged image reveals the hair-like 
protrusions lining the internal surface of the blackbody. 

Fig. 9. (a) Thermal image of M. asper funereus elytra positioned in front of a blackbody. Emissivity is the same and they cannot be discerned. (b) When heated, the 
elytron becomes visible. 
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corresponds to another window at 3–5 μm, but we were not able to check 
this experimentally. 

4. Discussion and conclusions 

The search for highly absorbing structures is a long-standing one and 
many structured materials have been engineered so far (Mizuno et al., 
2009), but only the vertically aligned nanotube array (VANTA black) 
(De Nicola et al., 2017) approaches the emissivity of a blackbody. In line 
with the research on silicon photonics for NIR silicon devices (Milošević 

et al., 2019), here we show that natural, less complex structures can 
achieve similar results owing to their forest-like structure and intrinsic 
curvature (Leonhardt and Tyc, 2009). A clever arrangement of hyper
uniform disordered structures efficiently competes with highly 
advanced nanotube structures. In contrast to artificial VANTA black 
material, which is fragile and complex to manufacture, the natural so
lution is robust and simple. 

At this point, we are not able to estimate how important the role of 
microtrichie is. We must stress, however, that the amount of the radia
tion entrapped between elytra and the body is non-negligible due to 
Fresnel reflections and waveguiding. Simple calculation shows that, for 
the refractive index used in this study (n = 1.57) and normal incidence, 

Fig. 10. (a) A semi-transparent 3D model of M. asper funereus elytron pre
senting internal structures hidden within the elytron (mt – microtrichia, mc – 
microchannels, ml – microlens, bb – black body, ha – hairs) (a) with micro
lenses and hairs clearly seen; (b) top view displaying alignment of microlenses 
and microchannels. The microchannel completely surrounds the blackbody and 
is connected to it via even smaller channels. 

Fig. 11. Ray tracing through a microlens and microchannel (blue rays are 
incoming at normal incidence, while red and green rays obliquely, at +200 and 
− 200, illuminate the elytron). Calculations were done at 3 μm, where refractive 
indices are as indicated in figure. 

Fig. 12. (a) A model of M. asper funereus elytron used in FEM analysis (grey 
colour corresponds to chitin and purple to water). Distribution of thermal IR 
radiation inside M. asper funereus blackbody-like cuticular structure calculated 
by FEM. Two spectral windows were analysed: (b) 8–12 μm (image at 10 μm is 
shown) and (c) 3–5 μm (image at 4 μm is shown). 

Fig. 13. M. funereus elytron and body with air filled gap acting as a hollow 
waveguide for grazing incidence thermal radiation. 
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4.99% of radiation is reflected, while for grazing incidence almost all 
radiation is reflected. Between those two extremes, due to uniform 
angular distribution of thermal radiation, it is clear that more than 
4.99% of thermal radiation is entrapped and waveguided between body 
and elytra. More detailed answer to this question will be given in further 
studies. 

In the interests of brevity and focus, several other elytral features 
that might be effective in thermal IR had to be left out of the scope of this 
paper. First of all, the chitinous lamellae of M. asper funereus have a 

characteristic dimension of 4–5 μm with the corresponding Bragg 
wavelength of 8–10 μm. Each layer contains well-oriented microfibrils 
that certainly introduce birefringence, and the orientation of microfi
brils is different in each layer (Supplement file). The exact value of the 
refractive index of chitinous structures is not very well known, in 
particular in the thermal infrared, and it is therefore difficult to make the 
correct theoretical calculations and numerical simulations. Thirdly, in
terfaces between each layer are rough and scatter radiation, so that the 
layers may act as planar waveguides to additionally absorb the 

Fig. 14. (a) An arrangement of conical structures seen from above and drawn using Fig. 2 as a template. Inset in the upper right corner shows part of the SEM image 
used as a template. Side-on view is shown at the bottom of this figure. (b) Top view of a microtrichia 3D model illuminated obliquely from the right (red arrow) shows 
that microtrichia preclude the propagation of light. 
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radiation. Finally, microtrichia can act as transmission gratings for non- 
obliquely impinging radiation and diffraction orders can be coupled into 
layers as planar waveguides. 

From a theoretical point of view, it is quite difficult to treat inher
ently random structures (such as those of M. asper funereus) using exact 
methods like FEM, RCWA or FDTD. For large structures, periodic 
boundary conditions have to be introduced, thereby violating inherent 
randomness. If a random structure is to be simulated, computer memory 
requirements become extremely large and computational time intoler
ably long. 

We performed other measurements that have revealed the excellent 
thermal insulation properties of this particular insect. By laser-heating 
one side of an elytron we observed that, in thermal equilibrium, the 
other side was approximately 20 ◦C lower in temperature. It is difficult 
to discern the contribution of radiative dissipation, with respect to other 
processes (convection and conduction) (Supplement file). However, the 
M. asper funereus elytron could be an excellent model to design similar 
thermally insulating materials. 

Furthermore, taking into account that M. asper funereus lays its eggs 
in and emerging larvae feed on decaying wood (a saproxylic way of life), 
similarly to pyrophilous insects (Klocke et al., 2011), it is important for 
an insect to detect dead trees. Thermal fingerprint of a decaying wood is 
different, compared to healthy specimens, primarily due to the reduced 
amount of water. (Pitarma et al., 2019). Based on the structures and 
properties we have observed, we postulate that a number of infrared 
detectors on the elytron is used to detect the infrared fingerprint of wood 
and discriminate between healthy and decaying tree trunks. Even 
though the number of elytral IR detectors (approx. 400) is small, it is still 
a useable one, if compared to that of FLIR ONE Gen3 smart-phone, cli
p-on thermal cameras (60 x 80 IR pixels). By making this comparison we 
emphasize the “ingenuity” of evolution, in no way endorsing any 
particular IR camera. 

It is well known that Coleoptera elytron has a complex layered 
structure with number of cavities, trabeculae, channels and pores (Sun 
and Bhushan, 2012). Research mostly dealt with mechanical signifi
cance of internal architecture of elytron (Du and Hao, 2018), and to a 
lesser degree with thermal effects (Le et al., 2019). By studying available 
literature we may say that many of structures might serve similar role in 
thermal radiation management, due to their characteristic dimensions 
being close to the wavelength of thermal radiation. 

In conclusion, we have shown that a combination of micron-sized 
blackbodies and uniformly random microstructures possesses excellent 
properties to manage thermal radiation. The range of potential 

applications is enormous and even might even extend from NIR to ter
ahertz technology. 
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Fig. 15. (a) A Fourier transform of the image in Fig. 2 depicting the arrangement of microtrichia. Note the ring-like pattern with slight ellipticity. (b) Scanning along 
two orthogonal directions (see dotted lines in (a)) shows a pronounced peak at spatial frequency close to 0.1/μm, corresponding to the average 10-μm distance 
between microtrichia. 
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Abstract
Metallic copper Cu and bimetallic copper–silver CuAg nanoparticles (NPs) are generated by the
ablation of copper bulk target in water and aqueous Ag colloidal solution, respectively. The
experiments were performed using nanosecond Nd:YAG laser operating at 1064 nm. The
generated NPs are characterized by UV–vis absorption spectroscopy, laser-induced breakdown
spectroscopy, dynamic light scattering and scanning electron microscopy. The conducted
investigations can be summarized as follows: (i) CuAg NPs colloidal solution possess the
absorption in UV–vis spectral region, which can be attributed to the Cu-component; (ii) the
primary bimetallic CuAg NPs have near uniform dimensions with diameter of about 15 nm, and
as a rule, they are grouped into larger agglomerates without defined morphology; (iii) the
obtained Cu NPs have mainly spherical form with average diameters up to 20 nm. Both types of
NPs show a tendency towards the formation of large agglomerates with different morphology.
Bimetallic NPs show the plasmon resonance in the vicinity of 640 nm with a good coincidence
with formation of the colloidal solution of pure Cu NPs. The results also demonstrate that the
core–shell structure (Ag-rich core/Cu-rich shell) is important for the formation of the bimetallic
NPs, also agreeing very well with theory.

Keywords: bimetallic nanoparticles, laser ablation in liquids, core-shell structure

(Some figures may appear in colour only in the online journal)

Introduction

Nanoparticles (NPs) with a small size of several tens of
nanometers have unique physical and chemical properties
quite different from those of larger particles of the same
material [1–3]. NPs have attracted a great interest in scientific
research and industrial applications, owing to their unique
large surface-to-volume ratios and quantum-size effects.
Today, metal NP research is an area of intense scientific study
due to a wide range of potential applications, from catalysis,
biomedicine to electronics. Nanoparticle characteristics
include shape, size, composition, crystallinity and structure,
with the unusual dimensionally dependent optical and elec-
tronic properties [4, 5]. The surface of NPs is mostly

attractive for applications using their physico–chemical
properties, such as those involving their functionalization
with different molecules for biomedical or catalytic effects.

Besides the NPs of pure metals, particularly interest has
attracted bimetallic NPs that involve alloying of metals as a
way for developing new materials. Intermetallic compounds
at nanometer scale have various structural and physical
properties caused by the increase of the solubility of alloying
components with decreasing particle size. Bimetallic NPs
composed of the transition and noble metals have unique
properties due to excellent thermodynamic stability, and
therefore, different behaviour with temperature in function-
ality applications. Mostly, bimetallic NPs have a complicated
structure, classified into a few classes based on the
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capabilities of their mutual mixing (random, cluster-in-cluster,
core–shell and nanoalloy) [6, 7]. In many cases, the specific
properties of bimetallic NPs are enhanced because of the
synergistic effects of the two distinct metals. Copper-based
NPs may be useful in applications involving conductive thin
films, lubrication and nanofluids, but also catalysis, semi-
conductors and electromagnetic wave shields. The Cu NPs
incorporated into a dielectric environment (polymer) make
this material suitable for nonlinear optical devices [8–11].
Bimetallic CuAg NPs are an effective antibacterial material,
with improved antibacterial activity against gram-positive and
gram-negative bacteria, even at a relatively low concentra-
tions of less than 0.3 mg l−1. On the other hand, CuAg NPs
have proper adsorption strength to become a new generation
of catalysts for the dissociation of oxygen [12–18].

The formation of NPs under the laser ablation of solids in
a liquid environment has been studied to a much lesser extent
compared to chemical techniques. The main advantage of this
method is that it is simple and offers pure synthesis of NPs
under ambient conditions, which do not require extreme
pressures and temperatures [19]. The colloidal solutions of
pure NPs are obtained easily and quickly and with high
efficiency [20]. It has been proven that changing different
parameters, such as laser wavelength, pulse duration, laser
fluences, ablation time, the pH of the solution, temperature of
solution and whether surfactants are added, one can control
the size of synthesized NPs, which could lead to modification
of the physical and chemical properties [21].

This paper reports on the possibilities of the synthesis of
copper and bimetallic CuAg NPs by laser ablation in liquids.
The copper targets placed in water or silver colloidal solution
were irradiated by laser beam pulses in the nanoseconds time
domain. We investigated the effect of a 1064 nm nanose-
conds-pulsed (Nd:YAG) laser on the composition and struc-
tural properties of NPs formed in different liquids. Multi-
pulse action with a focused beam and relatively medium pulse
energy was used to induce ablation/evaporation of material in
the irradiation areas. Special attention was paid to the
synthesis CuAg NPs using previously prepared Ag colloidal
solution, as a starting liquid for processing Cu targets by laser
ablation. Our emphasis was to study the experimental irra-
diation conditions for the formation of bimetallic CuAg NPs
in a form of intermetallic and/or core–shell structures.

Experimental

Colloidal metallic copper and bimetallic copper–silver NPs
were prepared by pulsed laser ablation of a bulk copper target
(figure 1). The cleaned target of copper plate with 3 mm
thickness and purity of 99.9% was placed on the bottom of a
glass vessel, filled with 5 ml of liquid, resulting in 3 mm of
liquid above the target surface. In this experiment, water and
colloidal silver solution with a concentration of 20 ppm were
used as liquids. Aqueous colloidal Ag solution was prepared
electrolytically using double-distilled water and two silver
electrodes (one positive and one negative). Voltage between
electrodes was 12 V; when the current starts to rise, the

process was stopped. A Nd:YAG laser pulse (τ = 12 ns),
operating at a repetition rate of 1 Hz and at the fundamental
wavelength (λ= 1064 nm), was focused onto the target sur-
face at normal incidence by means of a lens with a 17 cm
focal length. The distance between the lens and the target was
16.5 cm, resulting in a quite large irradiated spot, and then in
a large number of smaller particles. NPs were produced by
using the laser pulse energy of 10 mJ, corresponding laser
fluence was approximately 6.8 J cm–2 at the surface of Cu
target. Each stage of NP production lasted 60 min, during
which time the glass vessel was rotated and translated in order
to prevent the effects of crater formation and fragment
ejection.

Characteristic optical properties of metallic and bime-
tallic NPs were recorded using Perkin Elmer Lambda 35 UV–
vis spectrophotometer. The size and shape of the NPs were
determined by using a field emission (FE) scanning electron
microscope (SEM) (TESCAN, MIRA 3) operating with sec-
ondary and backscattered electron detectors. The elemental
composition of the irradiated areas was revealed by SEM
(ZEISS Supra VP) equipped with an energy dispersive spectra
analyzer (EDS, Oxford Instrument). The sample for SEM was
prepared by putting several drops of the colloidal copper
solution onto a conductive substrate and then drying under a
UV lamp for 30 min. The particle-size distribution was
measured using a dynamic light scattering (DLS) technique,
applying backscatter detection (173° detection optics), using a
Zeta-sizer Nano ZS with 633 nm He–Ne laser (Malvern, UK).
For compositional analysis and to monitor the process of NP
formation during laser ablation, time-integrated, laser-induced
breakdown spectrometry (LIBS) was used. The experimental
set up for LIBS consisted of the optical system for focusing
the laser beam and a fiber spectrometer. For collection of
plasma emission, we used fiber with the 600 mm core dia-
meter. The other end of the fiber is connected to a CCD
spectrometer (Blue wave, Stellarnet), which covered a spec-
tral range from 200–400 nm, with a resolution of 0.2 nm. This
method relies on the fact that intense plasma background

Figure 1. Schematic illustration of the experimental setup for
synthesis of NPs by pulses laser ablation in liquids.
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spectral continuum emission is mostly emitted from a region
close to the sample surface, while in further-out regions of the
plasma, the continuum emission is largely reduced. The time-
integrated measurements provide average values in the dif-
ferent plasma spatial zones. At the beginning of the experi-
ment, the copper target was covered with a very thin layer of
water and Ag colloidal silver solution; subsequently, the
LIBS spectra were recorded separately from the NP synthesis.
Also, recording LIBS spectra under water is a complex pro-
cess and requires the use of a double-pulse technique or a
single-pulse technique with longer pulse duration (more than
100 ns). If the target is covered by a very thin layer of liquid,
it is possible to obtain spectra with clear emission lines of
elements (elemental emission line) [22].

Results and discussion

After several minutes of laser irradiation, all the solutions
have become blurred due to the generation of NPs. At the
given pulse energy (∼10 mJ), the formation of a plasma
plume (primary plasma) in front of the target surface has
occurred. However, with the increasing of number of accu-
mulated laser pulses at the sample (∼100 pulses, ∼3 min),
another (secondary) plasma was created at the air–solvent
interface. This plasma can reduce the level of incoming laser
radiation to the sample surface, as well as reduce the primary
plasma.

The formation of copper and bimetallic copper–silver
NPs can be examined by optical spectroscopy. The absorption
peaks arising from the localized surface plasmon resonance
(SPR) were recorded in the UV–vis absorption spectra, as
shown in figure 2. Copper NPs obtained by laser ablation of
the Cu target in water are expected to have the SPR peak at
wavelengths around 600 nm. As seen in figure 2, absorption
spectra with Cu NPs show two SPR peaks, at 670 nm and
1000 nm. Shift of the peak towards a longer wavelength, to
670 nm, indicates that the NPs are somewhat larger. The shift

cannot be due to a high concentration of NPs, because of the
low intensity of the SPR peak. From the appearance of the
peak at 670 nm, one can conclude that NPs have a spherical
shape, while the presence of another peak, at 1000 nm, indi-
cates that some of the NPs also appear in an elliptical shape
[10]. It is known that the Cu NPs are highly chemically active
and can easily react with the vapour of surrounding liquid
and/or with oxygen dissolved in the colloid solution. On the
other hand, due to the Brownian motion of NPs in the solu-
tion, interaction between the particles is very likely, leading to
their grouping. Cu-oxide NPs usually show enhanced
absorption at lower wavelengths [8]. However, the pure Cu
NPs possess an intense narrow SPR peak at a wavelength in
the range of 590–620 nm. With the broadening of the regis-
tered SPR peak accompanied with red shift, it can be assumed
to originate from the presence of a Cu-oxide shell surrounding
the Cu metal core to form core–shell NPs. At room tem-
perature, Cu2O is the dominant product of oxidation with a
few monolayers of CuO phase at the outside interface [23].
So, in our case, the interaction between Cu NPs is likely occur
with partial oxidation at the surface of the agglomerated NPs
with metal core and metal-oxide shell structure.

The UV–vis absorption spectrum of the solution obtained
after laser ablation of the Cu target in previously prepared Ag
colloidal solution shows the peak at 640 nm with strong
resemblance to the colloidal solution of pure Cu NPs. By
comparing the absorption spectra of Ag, Cu and CuAg NPs
(figure 2), it is apparent that the peak corresponding to Ag (at
λ= 450 nm) does not exist in the spectrum of bimetallic NPs.
This could mean that individual Ag particles are not present,
while the predominant absorption arises from the Cu com-
ponent in the colloidal solution of bimetallic NPs. However,
the generated NPs in the form of nanoalloy do not exist,
because there is no SPR peak at a wavelength between the
peaks corresponding to individual Cu and Ag particles, such
as the NPs prepared by microwave-assisted chemical reduc-
tion in an aqueous medium [14]. These results suggest that the
formed NPs have a complex structure, such as a core–shell
structure with the shell made from the Cu atoms and a very
thin oxide layer.

Plasma generation near the Cu plate during irradiation, as
well as the possibility of recording the emission spectrum of
ejected excited species from the target and in liquids, means
that the components and their chemical state can be identified
during the process of NP formation. The elemental analysis is
based on the emission spectra of the neutral and ionized
excited species. Emission spectra of the Cu target irradiated in
two different ambient conditions (water and a previously
prepared Ag colloidal solution), in a narrow interval of
wavelengths where both Cu and Ag species have corre-
sponding lines, were recorded and presented in figure 3(a). In
the LIBS spectrum, only lines (tabular values) corresponding
to Cu and Ag neutral atoms and their ions were detected. The
strongest copper lines appear at 324.7 nm and 327.4 nm, but
the line at higher wavelength was overlapped with a very
strong line of Ag at 328.1 nm, so only the Ag line at 338.3 nm
was clearly recognizable in the spectrum [24]. It is assumed
that during the ablation and the formation of the plasma

Figure 2. UV–vis absorbance spectra of copper, silver and CuAg-
bimetal nanopraticles. Cu and Ag NPs are obtained in water whereas
for CuAg NPs production the Ag-aqua’s colloidal solution was used.
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plume, many species exist, including electrons, ions, free
atoms, clusters or small fragments in a liquid spread over the
target, and all of them take part in NP formation [14]. Ejection
of the material occurred due to lattice heat propagation, lattice
expansion, thermally induced stress and shock-wave-induced
mechanical vibration [25], which can be responsible for
clearly visible surface ablation. A very small number of
particles (several atoms or clusters) became the nucleation
centres, and then interaction with other particles, or with the
current upcoming species from the environment, can induce
the formation of NPs [8].

The spectra of the pre-formed NPs, recorded after placing
the appropriate amount of colloidal solution on the Si sub-
strate (figure 3(b)), show close lying but clearly recognizable
lines, originating from Cu (327.4 nm) and Ag (328.1 nm). The
lines of the Cu and Ag species have significantly lower peak
intensities compared to the lines observed in figure 3(a). This
is additional evidence that the bimetallic CuAg NPs are
formed during the laser ablation of the Cu target immersed in
Ag colloidal solution: intensities of Ag lines in the LIBS
spectrum recorded during the formation of the NPs
(figure 3(a)), are higher compared to intensities of these lines

in figure 3(b). This is in contrast to the laser production of
bimetallic CuAg NPs, when a laser beam, as it passed through
a layer of colloidal Ag solution, is encountered with indivi-
dual Ag particles, leading to a reduction of the intensity of Cu
lines (figure 3(b)).

NP size distribution, observed by DLS method, is shown
in figure 4. Copper: Size distribution of copper NPs in water
(figure 4-red colour) exhibited high domination of NPs with a
diameter in the range of 4–8 nm (maximum at ∼5.5 nm).
Also, some of them possess larger dimensions (maximum at
∼200 nm) due to the agglomerate effect (figure 4-green col-
our). Silver: Size distribution of silver NPs in water (figure 4-
blue colour) depicted the much higher dimensions with
respect to the copper NPs. The diameter of silver NPs, i.e., the
maximum is about 280 nm, while the lower dimensions are
also presented, e.g. ∼160 nm. The presence of these high-
dimensions NPs, in one approximation, can be attributed to
the intensive agglomeration. Copper–Silver: Size distribution
of bimetallic CuAg NPs (figure 4-black colour) showed that
the diameter distribution is in the range of 90–180 nm
(maximum at ∼125 nm). This distribution indicates that the
size of Ag NPs was reduced by the action of laser radiation,
before ejection of Cu species; thus, in the final step, the
synthesized bimetallic CuAg NPs possessed smaller dimen-
sions than the initial Ag NPs.

A comparative view of size, shape and morphology of
metallic Cu and bimetallic CuAg NPs by SEM analysis is
shown in figure 5. The size of primary-formed Cu NPs is in
the range of 7–20 nm, and generally with a circular shape
(figure 5(a)). However, the large Cu NPs are formed by the
grouping of primary NPs, which have an elongated elliptical
shape in the beginning, but with further agglomeration, these
NPs become spherical with well-defined grain morphology
(figure 5(a)). An intermediate elliptical form of the NPs was
previously detected by the SPR at 1000 nm in the absorption
spectrum (figure 2). It can be observed, though sporadically,
that the initial formation of the usual icosahedron crystalline
structure appears as an individual particle with a size of 50 nm
(figure 5(b)) [26]. Primary bimetallic CuAg NPs are spherical
with dimensions of about 10–20 nm, probably resulting from
a growth of nucleus composed of a small number of atoms
(figures 5(c)–(d)). The clustering of primary CuAg NPs
generates large particles with smooth spherical shapes of over

Figure 3. LIBS spectra recorded: (a) at synthesis of Cu and CuAg
NPs and, (b) at generation of Cu and CuAg NPs upon placing of
colloidal solution (an amount) on the Si substrate).
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Figure 4. DLS NP size distribution analysis of copper, silver and
copper-silver colloidal solution.
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200 nm in diameter, and without specific grain morphology.
EDS analysis was used to elucidate the composition of the
NPs, and peak intensities of Cu, Ag and O were examined.
The corresponding concentration of copper and oxygen are
36% and 64%, respectively, after the laser-assisted synthesis
of Cu NPs. In contrast, the relative component concentrations
for Cu (23%), Ag (18%) and O (59%) are obtained after laser
ablation of the Cu target in aqueous Ag colloidal solution.
This high content of oxygen can be attributed from oxidation
process during the laser ablation in liquids, but also from air
contamination at stage of the sample. The NPs were coated
with oxide-shell, which is confirmed by a red shift in the UV–
vis spectra (figure 3); thus, it can be explained by the exis-
tence of a shell–oxide phase around the metallic core. The
oxide-shell formation may be reason for the exposure of NPs
to dissolved oxygen in the water at the same point of time in
the ablation process [27].

On the other hand, at higher magnification, it can be seen
that bimetallic CuAg NPs possess specific core–shell struc-
ture (figure 6). Due to the differences in lattice parameter of

Ag (0.409 nm) and Cu (0.361 nm), and the large differences
in the redox potentials of these two metals, the formation of
intermetallic NPs (nanoalloy) is very unlikely. It is shown
theoretically that the probability for the formation of a core–
shell structure for the Ag and Cu combination is high; it was
calculated that a stable configuration can be achieved for
Ag212Cu309 [24]. The existence of a theoretically predicted
mechanism for the formation of a core–shell structure for
bimetallic CuAg NPs implies that first the Cu cluster is
formed which then reacts with a certain number of Ag atoms.
Due to the surface segregation of smaller Cu atoms, a com-
plete replacement of Cu by Ag atoms occurs, creating primary
particles with a core–shell structure (Ag-rich core/Cu-rich
shell) [28, 29]. In our case, initially Ag particles were present
in the liquids only, and they became smaller by laser irra-
diation, followed by ejection of Cu atoms, ions and clusters
from the Cu target. Ablated materials expand and disperse in
liquid surrounding NPs, small clusters, free atoms and ions.
First, NPs can be formed by fast condensation of ejected
materials, collisions of plume species with one another, or the
nucleation of small clusters from free atoms. The formation of
a core–shell structure can be explained by preferential con-
densation and nucleation of small Cu clusters/particles onto
sufficiently large Ag particles by reducing the interfacial free
energy [8, 30].

Conclusion

This study describes, to the best of our knowledge, for the
first time, the effective production of bimetallic CuAg NPs by
means of pulsed laser ablation of a Cu target in a previously
prepared Ag colloidal solution. Pulsed nanosecond laser
radiation was used for the ejection of Cu species in water and
in a Ag colloidal solution. Synthesized pure metallic Cu NPs
were used for comparison with the results obtained for CuAg
NPs produced by laser interaction with the Cu sample in a
previously prepared Ag colloidal solution. From UV–vis
analysis of the appropriate colloidal solution of CuAg NPs, it
was determined that the predominant absorption arises from
the Cu component in the absence of Ag. The copper NPs are
mainly spherical, and it has been found that their average
diameters are up to 20 nm, with a strong tendency for the
formation of agglomerates with a well-defined grain mor-
phology. Primary bimetallic CuAg NPs have uniform
dimensions of about 15 nm, typically grouped into larger
agglomerates without a well-defined grain morphology. An
important result was the formation of CuAg NPs with a
specific core–shell structure, which agreed very well with the
predicted mechanism for generation of NPs by laser ablation
in liquids. This procedure provides a novel method to syn-
thesize bimetallic CuAg NPs with a core–shell structure (Ag-
rich core/Cu-rich shell). In the case of the antibacterial
activity of these bimetallic CuAg NPs, it is desirable that
copper atoms are located on the surface of NPs due to their
greater inhibiting effect than Ag for certain types of bacteria.

Figure 5. SEM microphotographs of: a, b-copper NPs; and c, d-
bimetal CuAg NPs.

Figure 6. SEM microphotograph of CuAg-NPs with scheme/view of
core–shell structure.
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Abstract
Commercial collagenmembranes are used in oral surgical procedures as scaffolds for bone deposition
in guided bone regeneration.Here, we have enriched themwith graphene oxide (GO) via a simple
non-covalent functionalization, exploiting the capacity of oxygenated carbon functionalmoieties of
GO to interact through hydrogen bondingwith collagen. In the present paper, theGO-coated
membranes have been characterized in terms of stability, nano-roughness, biocompatibility and
induction of inflammatory response in human primary gingival fibroblast cells. The obtained coated
membranes are demonstrated not to leakGO in the bulk solution, and to change some features of the
membrane, such as stiffness and adhesion between themembrane and the atomic forcemicroscopy
(AFM) tip.Moreover, the presence ofGO increases the roughness and the total surface exposed to the
cells, as demonstrated byAFManalyses. The obtainedmaterial is biocompatible, and does not induce
inflammation in the tested cells.

Introduction

Barriermembranes are standardly used in oral surgical
procedures exploiting guided tissue regeneration
(GTR) and guided bone regeneration (GBR), for the
treatment of periodontal bone defects and peri-
implant defects, as well as for bone augmentation
[1, 2]. The aim is to place the membrane in order to
prevent the ingrowth of soft connective tissue into
bone defects, and therefore create a secluded space
into which only cells from the neighboring bone can
migrate [3]. The muco-periosteal flap is then reposi-
tioned over the membrane and sutured. The mem-
branes can be made of non-resorbable materials, such
as expanded polytetrafluoroethylene (ePTFE), or
resorbable materials, such as synthetic polyesters
(polyglycoids, polylactides, or copolymers thereof) or
collagen. In addition, resorbable membranes do not
need a second intervention to be removed once bone

has been reformed, thus decreasing the risk of
infection and the loss of some of the regenerated bone.
Last but not least, the lack of a second intervention is
desirable and cost-effective for the patient. Collagen
membranes exhibit several advantages, compared to
polymeric membranes, such as easy manipulation,
weak immunogenicity [4], a direct effect on bone
formation and chemotaxis of gingival and periodontal
ligament fibroblasts [5, 6]. The source of the collagen is
various, but tipically it is obtained from bovine
tendon, bovine dermis, calf skin, or porcine dermis
[1]. In the attempt to improve the biocompatibility
and promote the desired effect on the surrounding
tissues, many modifications to collagen membranes
have been proposed. Such modifications include
cross-linking [7], the addition of heparan sulfate and
fibronectin [8] or nanobioactive glass [9]. Here, we
plan to improve the properties of collagenmembranes
by coating themwith graphene oxide (GO).
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Graphene is aflatmonolayer of carbon atoms tightly
packed into a two-dimensional (2D) honeycomb lattice
and is a basic building block for graphitic materials with
unique physical, chemical, and mechanical properties
[10]. In particular, GO—an oxidized derivative of
graphene—has been actively investigated in the biome-
dical field, due to its solubility in water and its reactive
oxygen functional groups [11], which make it a good
candidate for enzyme adsorption [12], cell imaging and
drug delivery [13, 14]. However, in order to use GO as a
biomaterial, its biosafety and biocompatibility has to be
confirmed in both cell cultures and live biosystems.
Many reports show that GO is a biocompatible material
that discloses limited or no cytotoxicity, and allows the
effective proliferation of human and mammalian cells.
In fact, several reports have showed that, when grown
on GO paper, the adhesion and proliferation of various
cell types, such as L-929 cells [15], osteoblasts [16, 17],
kidney cells, and embryonic cells [18] is promoted. In
particular, Ferrari et al report that no cytotoxicity effects
are evidenced when graphene is used as support for
tissue regeneration or cell growth, suggesting that
graphene is safe if it remains intact after cell growth [19].
These combined results support that GO materials are
biocompatible and promote cell adhesion and prolifera-
tion. In particular, the dose-dependent cytotoxicity of
GO is evident when cells are exposed to colloidal solu-
tions of GO [20, 21], whereas it is minimal when GO
flakes are used to cover different biomaterials [22].

The aim of this study was therefore to prepare
collagen membranes enriched with GO. In particular,
we were able to optimize the coating protocol, che-
mico-physically characterize the obtained coated
membranes, and ascertain that the coating was stable
and did not leak graphene oxide in the bulk medium.
A relevant section of the paper is devoted to the super-
ficial characterization of the coated membrane using
atomic force microscopy (AFM). The following step
was to investigate the biocompatibility of the obtained
enriched collagen membranes with human primary
gingival fibroblasts (HGFs), which are the first cells
adhering to the membrane during healing. In part-
icular, we evaluated the viability and metabolic activ-
ity, as well as the cytotoxic and the inflammatory
response of HGFs grown on collagen membranes
coated with two concentrations of GO, 2 and
10 μg ml−1. These two concentrations were chosen on
consideration that GO-coated porcine bone granules
treated using a concentration of 50 μg ml−1 [22] have
been demonstrated to release an appreciable amount
of imperfectly adsorbed GO into the surrounding
tissue.

Methods

Materials
Synthetic Graphite∼200mesh, 99.9995% powder was
purchased from Alfa Aesar. Collagen membranes

(Osteobiol Derma®, Tecnoss), derived from porcine
dermis after removal of the epithelial layer, were a gift
of Tecnoss Dental s.r.l. Pianezza (TO), Italy.

Preparation ofGO
GO was prepared by slightly modifying the Hummers
method [23, 24]. A flask containing 0.2 g of graphite
and 0.1 g of sodium nitrate in 4.6 ml of concentrated
sulfuric acid was placed in an ice bath. To this mixture
was added 0.6 g potassium permanganate, under
continuous stirring. After 2 h, the reaction mixture
was transferred to a water bath at 35 °C and stirred for
30 min. Deionized water (9.2 ml) was slowly added to
the solution, and the flask was heated to 98 °C for
45 min; 27.8 ml of deionized water and 2.14 ml of 30%
hydrogen peroxide were then poured into the mixture
to stop the reaction. The light brownmixture obtained
was filtered through a sintered-glass filter (pore size
15–40 μm), and rinsed three times with 5% HCl and
then with deionized water. The solid was dried in an
oven at 60 °C for 12 h. The obtained graphite oxide
was redispersed in water, ultrasonicated for 45 min
and centrifuged for 15 min at 9000 rpm. Rotary
evaporation at 40 °C of the corresponding surnatant
allowed to obtain exfoliated graphene oxide, GO. The
quality of GO obtained was assessed using spectro-
photometry, Fourier transform infra-red (FTIR) and
Raman spectroscopies, dynamic light scattering,
ζ-potential, TEMand SEM techniques [22].

Enrichement of collagenmembranes
Different GO aqueous solutions were prepared by
ultrasonicating the proper amount of GO in water for
30 min and subsequently centrifugating the suspen-
sion at 5500 rpm for 15 min. The GO concentration in
water was adjusted in order to obtain two diluted
solutions: 2 and 10 μg ml−1. Then, the membranes
(20 × 30 mm lateral dimensions) were cut with a
cutter to obtain square pieces ofmembrane (5× 5 mm
lateral dimensions). Half of these samples were
covered with 100 μl of the 2 μg ml−1 GO solution,
while the other half were covered with 100 μl of the
10 μg ml−1 GO solution. The liquid was left to
evaporate overnight under a fume hood. The rinsed
pieces (see figure 1) were transferred in a 96 multiwell
plate for the biocompatibility tests. We chose to
cut the membranes in small pieces before wetting
them with the GO solution, in order to avoid the
edge rippling of the membrane during the drying
process, and to have a more uniform distribution of
the GO sheets on the surface and in the core of the
membrane.

Characterization of theGO-enrichedmaterial
The GO-enriched membranes obtained were charac-
terized, using atomic force microscopy (AFM) and
scanning electron microscopy (SEM) analyses. AFM
measurements were performed using a Digital

2

Biomed.Mater. 12 (2017) 055005 PDeMarco et al



Multimode 8 Bruker AFM microscope with Nano-
scope V controller, and using commercial silicon tips
(cantilever resonance frequency of 75 kHz and
nominal elastic constant of 3 Nm−1) with a typical
apex radius of 10 nm. In order to perform quantitative
nanomechanical (QNM) investigations of height,
deformation, dissipation energy and adhesion at each
point across a 1 μm× 1 μm sized area of the prepared
samples, the Peak Force QNMmode with ScanAsyst™
in airwas used. The deflection sensitivity and tip radius
were calibrated for each probe prior to use, against
standard sapphire. AFM images were analyzed with
theWS×Msoftware [25].

Stability measurements were performed using a
Cary 100 bio Varian spectrophotometer. Samples
were investigated by SEM using a high resolution elec-
tron microscope, MIRA3 FEG-SEM, Tescan, at accel-
erating voltage 20 kV. In preparation, the surface of
samples was coated with an ultrathin gold layer using
an SC7620 Mini Sputter Coater, Quorum Technolo-
gies, to prevent the accumulation of static electric
fields at the specimen due to the electron irradiation
required during imaging.

Isolation and culture ofHGFs
Donors subjected to the extraction of the third molar
signed informed consent, according to Italian Legisla-
tion and the code of Ethical Principles for Medical
Research involving Human Subjects of the World
Medical Association (Declaration of Helsinki). The
project obtained the approval of the Local Ethical
Committee of the University of Chieti (approval
number 1173, date of approval 31/03/2016). Donors,
aged from 20 to 40 years, were not affected by any
systemic conditions and did not take medication or
tobacco. Gingival fragments were obtained from the
retromolar area as a consequence of the surgical flap
regularization before suture. Fragments of healthy
gingival tissue were immediately placed in Dulbecco’s
modified Eagle’s medium DMEM (Euroclone, Pero,

MI, Italy) for at least 1 h, rinsed three times in
phosphate buffered saline solution (PBS), minced into
small tissue pieces and cultured in DMEM containing
10% fetal bovine serum (FBS) and antibiotics (1%
penicillin and streptomycin), 1% fungizone (all pur-
chased from Euroclone, Pero, MI, Italy). After one
week, fungizone was removed from the culture
medium, and the gingival fragments were cultured
until HGFs appeared (at least three weeks). All cells
were maintained at 37 °C in a humidified atmosphere
of 5% (v/v) CO2. Cells were processed after 4–8
passages. All the experiments were realized with cells
obtained from two different donors and each assaywas
performed in triplicate. 24 h before cell seeding,
membranes were immersed in medium. HGFs were
seeded at 7.5 × 103 cm–2 concentration in 48-well
non-treated plates containing the membranes and
cultured for one, three and seven days.

Sterilization ofmembranes
Both bare and GO-enriched membranes were UV
irradiated (UV lamp 15W) for 2 h in order to sterilize
the samples. The stability of the irradiated membranes
wasmonitored via spectrophotometric measurements
in analogy to measurements performed on non-
irradiatedmembranes.

Alamar blue cell viability assay
For the Alamar blue assay, three membranes for each
experimental group at each time point were used.
HGF viability was evaluated after 1, 3 and 7 d of
culture by Alamar blue assay, based on the capability
of viable cells to reduce Alamar blue reagent into a
red product. At established time points the medium
was replaced by a fresh one containing Alamar blue
reagent (Thermo Scientific, Rockford, IL, USA) in
10% of the volume, probed with cells for 4 h at 37 °C
and read at 570 and 600 nm. Value obtained in
the absence of cells was considered as negative
control. The percentage reduction of Alamar blue
reagent was calculated according to manufacturer’s
instructions.

Cytotoxicity assay (LDHassay)
To assess membrane integrity of HGFs, lactate dehy-
drogenase (LDH) leakage into the medium was
quantified using ‘CytoTox 96 non-radioactive cyto-
toxicity assay’ (Promega, Madison, WI, USA), as
suggested by the manufacturer, after 1, 3 and 7 d of
culture on the different experimental membranes. In
each well, the LDH leakage measured in the super-
natant was normalized to the total intracellular LDH
value obtained after cell lysis.

ELISA test of IL6 andPGE2 secretion
IL6 and PGE2 secretion in the culture medium at the
different experimental times for all samples was

Figure 1.Photograph of baremembrane (A), 2 μg ml−1 GO-
enrichedmembrane (B) and), 10 μg ml−1 GO-enriched
membrane (C).
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detected, following the instructions provided by the
manufacturer. EIA kit (Enzo Life Sciences, Farming-
dale, NY, USA) was used to determine IL6 and PGE2
concentrations. Absorbance values were obtained by
spectrophotometric reading at 450 and 405 nm
respectively, by means of a Multiscan GO 96-well
microplate spectrophotometer (Thermo Scientific,
Rockford, IL, USA). Secretion levels of IL6 and PGE2
were measured in different wells, and normalized for
percentage Alamar blue reduction values, as pre-
viously determined byAlamar blue assay.

Results

The enrichment with GO was visually detected by
comparing the bare pure membrane with GO-coated
membranes enriched with different concentrations of
GO. Figure 1 showsmembranes coated with 2 μgml−1

and 10 μgml−1 GO solutions. The UV irradiation used
for the sterilization of the membranes did not change
the color of the coating from brown to black (the color
of reduced GO) [26], thus confirming that GO did not
reduce under the experimental conditions adopted.
Indeed, reduction ofGOhas been obtained byHan et al
byusing amuchhigher lamppower (500W) [27].

In most composite materials, an effective wetting
and an uniform dispersion of components in a given
matrix, as well as a strong interfacial adhesion between
the coating and the underlying collagen membrane,
are required to obtain an enriched material with satis-
factorymechanical and biocompatibility properties.

AFM analyses allowed us to obtain molecular ima-
ging (figure 2), as well as quantitative nanomechanical
mapping of the coatedmembranes. Infigure 2 the topo-
graphic map of the bare membrane and of the GO-
coated membrane are displayed, showing the typical
aspect of the pristine membrane in panel A, and that of
theGO-coveredmaterial in panel B.

Peak force QNM provides images at a relatively
high speed and a high resolution, quantifying the

mechanical features of the sample (see figures S1–S11,
available online at stacks.iop.org/BMM/12/055005/
mmedia in the supplementary data). Peak force has
been widely used to investigate mechanical effects on
biological samples [28, 29]. Figure 3 reports the maps
of peak force error (panels A and E), adhesion (panels
B and F), dissipation (panels C and G) and deforma-
tion (panels D and H), respectively of bare collagen
membrane (upper images) and 10 μg ml−1 GO-coated
membrane (lower images). The pure membrane
(figure 2, panel A) appears quite corrugated, with a
total thickness of at least 300 nm. In particular, the
image indicates the presence of collagen fibers forming
the membrane (see also figure 3, panel A). Panel E
of figure 3 highlights the presence, in the upper
right corner, of a different material, i.e. graphene
oxide flake, that covers the membrane, rendering it
different in terms of adhesion, dissipation and
deformation.

The adhesion (figure 3, panels B and F) is deter-
mined by comparing the adhesion force region
between tip approach and retracing during the surface
scan of the sample. The data obtained highlight that
the adhesion of the tip to the surface increases on coat-
ing the membrane with GO from 1.9± 0.2 nN (figure
S1 of the supplementary data) to 2.3 ± 0.9 nN (figure
S2 of the supplementary data), with values of 2.4± 1.2
on the GO flake and 1.3± 0.6 in the bottom region of
the coatedmembrane (figures S3 and S4 of the supple-
mentary data).

Panel C of figure 3 shows that the dissipation
energy for the bare membrane ranges from 0.1 to
1 keV, with a mean value of 120 ± 30 eV (figure S5 of
the supplementary data). The dissipation energy mea-
sures the hysteresis between the loading and unloading
curves of the cantilever, and therefore can give infor-
mation on the elastic behavior of the sample, elastic
samples being characterized by low dissipation energy
values. In the present case the obtained dissipation
energy is indicative of a non-perfectly elastic sample
(i.e. viscoelastic behavior). In the presence of GO

Figure 2.AFM images of tridimensional topography of the pristine collagenmembrane (A) and theGO-enrichedmembrane (B).
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(figure 3, panel G), the dissipation energy map splits
the sample in two well defined regions: the top right
region, with the recognizable GO flake, in which the
dissipation energy increases to 160 ± 20 eV (figure S6
of the supplementary data), and the lower region that
keeps a relatively lower value of 150± 10 eV (figure S7
of the supplementary data).

Panels D and H of figure 3 report the deformation
data, i.e. the degree of indentation of the tip into the
surface at the peak force. The bare membrane has a
mean deformation of 1.9 ± 0.6 nm (figure S8 of the
supplementary data), whereas the coated membrane
has a lower mean deformation of 1.4 ± 0.9 nm (figure
S9 of the supplementary data), with values of 0.9 ±
0.2 nmand 1.4± 0.8 nm for theGOflake region (upper
right corner) and the bottom region respectively (see
figures S10 and S11 of the supplementary data).

Nano-roughness evaluation was performed on the
same instrument in peak force QNM operation mode
(see figures S12 and 13 in the supplementary data).

Stability measurements (figure 4) were performed
by keeping the membrane in contact with water under
static or shaked conditions, before and after UV irra-
diation. The absorbance at 230 nm (the λmax of GO) of
the bulk aqueous solution was checked after 1, 3 and
7 d. No evidence of graphene oxide dissolution was
observed being the absorbance of the bulk solution
comparable with that recovered from the blank (a
non-coated membrane). The increase of absorbance
observed on passing from 1 to 7 days of immersion in
the bulk solution is probably due to dissolution of col-
lagen. As a matter of fact, the collagen membrane
showed an absorbance spectrum in the 200–350 nm
wavelength interval with a shoulder at 250 nm. It is

Figure 3.AFM images of baremembrane (upper images) and 10 μg ml−1 GO-enrichedmembrane (lower images). Panels A and E
report peak force error; panels B and F report adhesion; panels C andG report dissipation and panelsD andH report deformation.
Scale bar is 400 nm in all cases.

Figure 4. Stabilitymeasurements ofGO-coated (2 and 10 μg ml−1) and uncoated (blank)membranes. Themembranes were
immersed inmilliQwater under static or shaked conditions and before and afterUV irradiation. The absorbance of the bulk solution
wasmeasured at 1, 3 and 7 d.
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interesting to note that irradiation reduced the col-
lagen’s solubility in the bare membrane due to effec-
tive irradiation-induced cross-linking of collagen and
subsequent reduction of solubility [30].

SEM analyses (figure 5) demonstrated, as well, the
ability of graphene oxide to coat the membrane,
although the lack of the network of collagen fibers in
the coated samples is mainly due to the preparation
protocol that implies a simple air drying of the samples
rather than to a real GO coating. As a matter of fact,
SEM is not the preferred method for the evaluation of
the homogeneity of the GO coating. In order to obtain
such a detailed visualization of collagen fibers, the
coated samples should have been thoroughly dehy-
drated by performing several rinses with ethanol or
heating at high temperatures, but both these processes
could have altered the features of thefinalmembrane.

HGFs were cultured on uncoated collagen mem-
branes (control) and on 2 μg ml−1 GO and 10 μg ml−1

GO-coated collagen membranes for 1, 3 and 7 d. All
the assays were performed at the three established
experimental times.

Alamar blue assay, performed in order to measure
the cell metabolic activity, showed an expected
increase over time due to cellular proliferation. At day
3 the metabolic activity of the cells grown on mem-
brane coated with both 2 μg ml−1 GO and 10 μg ml−1

GO was significantly higher than that monitored on
the control membrane, whereas no significant differ-
ence was recorded at other experimental times
(figure 6).

In order to evaluate the biocompatibility of the
membranes coated with GO, an LDH cytotoxicity
assay was performed. A significantly lower LDH leak-
age by HGFs cultured on both test and control mem-
branes on day 7 with respect to day 3 was shown, while
no difference was observed between day 1 and day 3.
Also, the presence of GO on the membranes did not
affect LDH leakage at any experimental time (figure 7).

To investigate the occurrence of an inflammatory
event, ELISA assay was performed in order to detect
IL6 and PGE2 pro-inflammatory cytokine secretion
levels in the culturemedium. At day 3 the IL6 secretion
level was significantly lower in cells cultured on mem-
branes coated with both 2 μg ml−1 and 10 μg ml−1

GO with respect to those grown on control mem-
branes, while at other experimental times no statisti-
cally significant difference was revealed (figure 8(a)).
The secretion levels of PGE2 at day 1 and day 7 did not
show a significant difference between the control
membrane and both test membranes; however, at day
3 the control membrane showed a significantly higher
secretion level than both test membranes. Although
secretion levels of PGE2 through time showed a trend
to decrease in the presence of all membranes, the only
statistically significant decrease was observed between
day 3 and day 7 in cells grown on membranes coated
with 2 μg ml−1 GO (figure 8(b)).

Discussion

Collagen membranes were easily coated with GO by
simply drop casting the aqueous GO solution of

Figure 5. SEM imagesof bare and completely dehydratedmembranes (upper images), 2 μg ml−1GO-enrichedmembrane (central
images) and10 μg ml−1GO-enrichedmembrane (lower images). Panels on the left report amagnificationof 1.01 k, central panels a
magnification of 4.05 k and right panels amagnificationof 46.1 k. Scale bars are consequently 100 μm,20 μmand12 μmfromleft to right.
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Figure 6.Alamar blue assay inHGFs cultured on uncoated, 2 and 10 μg ml−1 GO-coatedmembranes for 1, 3 and 7 d. The histogram
represents Alamar blue reduction percentage in uncoated andGO-coatedmembranes. Data shown are themean (±SD) of three
separate experiments. * 2 μg ml−1, 10 μg ml−1 GOday 3 versus w/oGOday 3, p< 0.01.

Figure 7. LDHcytotoxic assay ofHGFs cultured on uncoated, 2 and 10 μg ml−1 GO-coatedmembranes for 1, 3 and 7 d. Values are
reported as LDH leakage/total intracellular LDH. *w/oGOday 7 versusw/oGOday 1, day 3, p< 0.01. * 2 μg ml−1 GOday 7 versus
2 μg ml−1 GOday 1, day 3, p< 0.01. * 10 μg ml−1 GOday 7 versus 10 μg ml−1 GOday 1, day 3, p< 0.01.

Figure 8.ELISA assay for IL6 (a)PGE2 (b) secretion ofHGFs cultured on uncoated, 2 and 10 μg ml−1 GO-coatedmembranes for 1, 3
and 7 days. Secretion levels are reported as picograms permilliliter/%Alamar blue reduction×100. The results are themean (±SD) of
three samples from three different experiments. * 2 μg ml−1, 10 μg ml−1 GOday 3 IL6 secretion level versus w/oGOday 3 IL6
secretion level, p< 0.01. * 2 μg ml−1, 10 μg ml−1 GOday 3 PGE2 secretion level versusw/oGOday 3PGE2 secretion level, p< 0.01.
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proper concentration on the membrane. The GO
demonstrated good distribution across the surface,
althoughAFManalysis indicated thatGOdid not form
a continuous film. SEM analyses highlighted the
presence of some frustules on the surface of 2 μg ml−1

GO-coated membrane, which disappeared in the
10 μg ml−1 GO-coated one. A higher concentration of
GO rendered the surface apparently more smooth, as
already recently evidenced in the case of porcine bone
granules [22]. This smoothness is only apparent
because the calculated roughness indexes, although
relative only to the imaged samples and therefore
characterized by a high error, were Rq = 62.8 nm,
Ra= 50 nm, image Rmax 401 nm, Sdq 40.6°, Sdr 32.3%.
for the bare membrane (see figure S12 in the supple-
mentary data) and Rq = 177 nm and Ra = 141 nm,
image Rmax 973 nm, Sdq 45°, Sdr 42.4% for the GO-
coated sample (see figure S13 in the supplementary
data), where Rq is the roughness least square value; Ra,
the average of the absolute values of the surface high
deviations; image Rmax, the maximum vertical dis-
tance between the highest and lowest data points in the
image following the plane fit; Sdq, the root-mean-
square of the surface slope, and Sdr, the developed
interfacial area ratio. In terms of Rq and Ra, the non-
coated membrane showed a lower roughness, as
compared to the GO-coated sample, with slightly
lower peaks, as confirmed by image Rmax values. The
surface indexes were in agreement with the previous
data because Sdr and Sdq, which were expected to give
the surface enlargement induced by the presence of
roughness and an idea of the steepness of the peaks,
showedmore and steeper peaks in the coated sample.

GO-coated membranes have been characterized
by peak force QNM. Despite adhesion, dissipation
energy and deformation maps, reported in figure 3,
indicate the presence of regions with different features
on the coated sample (i.e. the upper right corner with
the GO flakes and the bottom region); quantification
of the obtained data should be performed with cau-
tion. Indeed, the adhesion force between the tip and
the substrate, mainly associated with electrostatic and
van der Waals interactions, may be affected by attrac-
tive capillary forces, especially when we consider that
the collagen membrane is partially hydrated (i.e. mea-
sures are performed in air and not under controlled
anhydrous conditions) [31]. The data obtained high-
light that the adhesion of the tip to the surface increa-
ses on coating the membrane with GO. In particular,
in the same membrane the top right region coated
with GO shows a tip adhesion two times higher than
that measured in the bottom region. The higher adhe-
sion of the GO for the tip can be due to electrostatic
interactions between the negative surface charge of
GO [22] and the tip—although an adhesion increase,
due the formation of a capillary meniscus, cannot be
excluded.

The value of dissipation energy for the bare mem-
brane (i.e. 120± 30 eV) is in agreement with the value
previouslymeasured for a hydrated collagen fiber [32].
Considering that an elastic sample is characterized by
low dissipation energy values, the energy dissipation
value obtained is indicative of a non-perfectly elastic
sample (i.e. viscoelastic behavior). The dissipation
energy measured for the GO-coated membrane is one
third higher than that measured for the pure mem-
brane—dissipation energy being higher on the GO
flakes than in the bottom region. These data are diffi-
cult to explain; probably, theymay be affected bywater
bridge formation [32] favored by the establishment of
hydrogen bonds among acid, carbonyl and ether
groups of GO and water, which hamper proper mea-
surement of the viscoelastic properties.

Indeed, the small elastic deformability of GO-
coated membranes may be the result of the stiffness
conferred to the membrane by GO flakes. Since col-
lagen fibers demonstrated an increase in their defor-
mation on increasing hydration [32], the observed
decrease of deformation of the GO-coated membrane
may also be imputed to a reduction of collagen hydra-
tion due to the preference of collagen to form hydro-
gen bondswithGO rather thanwithwater.

Stability measurements obtained by membrane
immersion in water evinced no apparent dissolution
of graphene oxide in solution after seven days of
contact.

Collagen membranes coated with different GO
concentrations were then tested in a human gingival
fibroblast biological model, in order to check their
early adhesion and proliferation on barrier mem-
branes which switch on a healing process after surgical
procedures.

During all the fibroblast culture period, GO addi-
tion did not negatively affect the biological parameters
evaluated—thus indicating, at a glance, a good toler-
ability. In particular, GO coating, both at low and high
concentration, enhanced the proliferation rate of
fibroblasts, and at the same time ensured an appreci-
able control of inflammatory events (which appeared
less pronounced in coated membranes). As expected,
these evidences appeared statistically significant only
after three days of culture, as the average doubling
time of cultured fibroblasts is estimated to be 33.2 ±
10.4 h in vitro [33]. For this reason, after 24 h of cul-
ture, gingival fibroblasts were still starting up their
metabolism—thus proliferation and secretion events
were scarcely appreciable. On the other hand, after 7 d
of culture it could be easily expected that the cells
reached a confluence condition on the available
surface.

These results may be connected with the demon-
strated ability of GO to favour protein adsorption [34],
an essential step in regulating cell function and med-
iating cell adhesion and morphology [35]. This means
that the presence of GO should favour cell adhesion
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and subsequent cells growth. Analogously, by adsorp-
tion of IL6 and PGE2 pro-inflammatory cytokines,
this same effect could affect their quantification in the
culture medium. Nevertheless, this event seems unli-
kely because, during pro-inflammatory cytokines
quantification, the GO-coated membrane was already
covered, and therefore almost saturated, with proteins
and cells. These preliminary conclusions pave the way
for interesting discussions and further studies on the
subject.

Conclusions

This study demonstrated that the relatively homoge-
neous coating of commercial collagen membranes
with GO was easy to obtain. No evidence of release of
GO in the aqueous medium was observed in a time
interval of seven days. The presence of GO on the
membrane was shown to alter the mechanical features
of the membrane, conferring a lower deformability—
likely connected with a higher stiffness and reduced
hydration—and increased roughness, with respect to
the bare membrane. These changes were demon-
strated to favor the proliferation rate of HGFs,
avoiding inducing any inflammatory response—as
checked by ELISA test of both IL6 and PGE2 secretion
—probably due to the capacity of GO to adsorb
proteins and promote cell adhesion. This study paves
the way to the further investigation of these novel
coated membranes in terms of promotion of osteo-
blast differentiation and/or bacteriostatic activity.
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Scattering-enhanced absorption and interference produce a golden wing color of the burnished
brass moth, Diachrysia chrysitis
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Here we report how interference and scattering-enhanced absorption act together to produce the golden wing
patches of the burnished brass moth. The key mechanism is scattering on rough internal surfaces of the wing
scales, accompanied by a large increase of absorption in the UV-blue spectral range. Unscattered light interferes
and efficiently reflects from the multilayer composed of the scales and the wing membranes. The resulting
spectrum is remarkably similar to the spectrum of metallic gold. Subwavelength morphology and spectral and
absorptive properties of the wings are described. Theories of subwavelength surface scattering and local intensity
enhancement are used to quantitatively explain the observed reflectance spectrum.

DOI: 10.1103/PhysRevE.95.032405

I. INTRODUCTION

Fascinating “inventions” of evolution have been discovered
in a large number of recent studies dealing with the biophysics
of living creatures. In that respect, insects are an excellent
research subject due to their diversity and abundance.

Biophotonics of insects is a particularly active subject
which aims to explain function and imitate intricate micro-
and nanostructures on their bodies. Several studies present
a comprehensive overview of the current research [1–3].
Surprising results are still being published, such as the photonic
system of a Saharan silver ant, enabling radiative dissipation
of heat, directly through the IR atmospheric window [4].
This and a number of other studies suggest that nature has
developed many technologies which can be used to solve
everyday problems, if successfully imitated [5,6].

Optical photonic structures in the living world are diverse
and have been classified by Land [7], based on their biological
function, including tapeta (light-path doubling or image
forming), camouflage, display, optical filters (e.g., corneal
nipples of insect compound eyes), and anatomical accidents
(features whose optical properties have no obvious biological
function, e.g., mother-of-pearl in some mollusks).

More specifically, the biophotonics of Lepidoptera draws
much attention, mostly due to the attractiveness of butterflies.
Much less is known about moths (suborder Heterocera), which
represent a group of Lepidoptera, characterized by the wings
mostly having drab colors (gray or brown), and feathery or
saw-edged antennae (vs club-shaped in butterflies). While
moths are more numerous than butterflies, the number of
structural coloration studies is significantly smaller. Only
attractive and conspicuous moth species were explored, such
as the Madagascan sunset moth [8]. The lack of interest is,
possibly, due to the simpler wing-scale structure of moths,
compared to really complex features present on the scales
of day flying butterflies (e.g., Bragg gratings or photonic
crystals).

*pantelic@ipb.ac.rs

Golden wing patches are prominent features of some
noctuid moths. The patches might be just small marks as
in Autographa jota (Linnaeus, 1758) and A. bractea (Denis
& Schiffermüller, 1775), or large areas, as in Diachrysia
balluca Geyer, 1832. The physics behind the golden moth
color was previously analyzed using the diffraction theory of
Stratton-Silver-Chu [9] in the case of Thysanoplusia orichal-
cea (Fabricius, 1775) (previously included in the genus Tri-
choplusia McDunnough, 1944) (Noctuidae family). However,
a correspondence between theory and experimentally recorded
spectra was qualitative, probably due to approximations of the
mathematical formalism.

Other insects with a golden cuticle do exist, such as
Chrysina aurigans (Rothschild & Jordan, 1894) (Coleoptera:
Scarabaeidae) [10], whose broadband metallic reflection is
due to a chirped Bragg mirror within the cuticle. Some species
have a tunable color, which depends on atmospheric humidity
[11] or stressful events [12], enabling the insects to change the
color from red to golden.

Rothschild et al. [13] found that carotenoid pigments
may also contribute to golden metallic areas of Danainae
butterfly pupae. Similar results were obtained by Taylor
[14] and Neville [15]. In contrast, Steinbrecht et al. [16]
proved that golden reflections of Euploea core (Cramer, 1780)
(Lepidoptera: Nymphalidae) pupae have an entirely physical
nature. They showed that reflectance spectra of the cuticle
(possessing multiple endocuticular thin alternating layers) and
metallic gold are very similar, with a characteristic edge at
450–550 nm. The authors also emphasize that the carotenoids
in the epidermis cannot contribute to the color effects because
the cuticle practically does not transmit yellow light at all.

Scattering from an irregular surface is a secondary mech-
anism of structural coloration—interference and diffraction
being dominant ones. For example, lycaenid butterflies (in
particular, subfamily Polyommatinae) scatter light from the
internal, pepper-pot-like, Bragg layers (having holes of 100 nm
average diameter). The wing-scale laminae are almost hollow
and permit the blue radiation to escape [17]. Pieridae can also
be mentioned due to the nanobeads (pigment granules), which
fill the space between the laminae [18], where the scattering
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and fluorescence extend the reflection spectrum [19,20].
Scattering in the living world is sometimes accompanied by
light trapping, as in diatoms [21]. This seems to be a significant
mechanism for efficient light harvesting in photosynthetic
organisms.

Here we describe how several optical mechanisms interact
to produce the golden wing color of the burnished brass
moth, Diachrysia chrysitis (Linnaeus, 1758). We have studied
spectral properties of the golden wing patches, as well as
the internal and external ultrastructure of the wing scales
and wing membranes. It was found that the scattering from
irregular internal surfaces of each scale suppresses the UV-
blue reflection, while interference efficiently reflects the red-
infrared spectral range. A theoretical model is proposed, which
combines interference and scattering from the scale laminae.
The finite element method (FEM) is used to confirm the
trapping and local intensity enhancement of light inside the
laminae, while the modified transfer matrix method is used to
calculate the reflection spectrum.

II. OPTICAL PROPERTIES AND STRUCTURE
OF D. CHRYSITIS WING

The burnished brass moth (D. chrysitis; shown in Fig. 1)
is a common species of the Noctuidae family (Insecta:
Lepidoptera). It inhabits temperate climates in the Palearctic
region [22]. D. chrysitis is a remarkable moth with big,
golden (sometimes brassy-green) areas on each forewing. The
wingspan is 28–35 mm, while the length of each forewing is
16–18 mm [23]. The burnished brass moth is usually found in
marshy areas or in slightly moist forb communities. The larvae
feed on plants such as Urtica spp., Lamium spp., or Cirsium
spp. [24]. The moth flies from May to October depending on
the location. It flies regularly in dusk, and was seen visiting
flowers of various plants. Sometimes it can be noticed during
the day, even sucking nectar. The species is widespread in
Serbia [25].

It is supposed that irregular golden patches in the forewings
of D. chrysitis are an example of disruptive coloring, as an
excellent way of hiding oneself by breaking up the body
contours [26]. Additionally, it was also postulated that specular

FIG. 1. Burnished brass moth (D. chrysitis) with golden areas on
its forewings.

reflection of the sun’s rays may imitate the glittering of dew
droplets. Even more, it seems that the wing color is optimized
to efficiently reflect the yellowish light of the sun. As a
dusk species, the moth may emit a signal in the IR spectral
range from the golden patches, which might be used as a
signal for intraspecific recognition. Anatomical accidents seem
unlikely because metallic areas on D. chrysitis forewings form
species-specific patterns [27].

From the optical point of view, the most prominent features
of the studied moth are golden-color wing patches, as seen
in Fig. 1. The corresponding wing spectra were recorded
in reflection using a fiber optic spectrometer (manufactured
by Ocean Optics, HR2000CG-UV-NIR), with a 400-μm core
diameter fiber. A halogen lamp was used as a light source, and
spectra were referenced to a standard white surface. The light
collection angle was limited by the numerical aperture of the
fiber (NA = 0.22, which is equivalent to an angular range of
±12.7°), positioned such that an approximately 40-mm2 area
is observed. This means that the spectra of individual scales
are integrated both angularly and across the wing surface. This
fact was accounted for in the numerical simulations.

The spectrum of D. chrysitis is broad, with a cutoff
wavelength at approximately 500 nm. Its exact shape slightly
depends on the angle between light source, wing, and detector.
There is a close similarity with the spectrum of metallic gold,
as shown in Fig. 2. The specular reflectance spectrum of gold is
taken tabulated from Ref. [28], where it is treated as a reference
standard.

Optical reflection microscopy of the D. chrysitis forewing
reveals an almost uniform, intense golden sheen as shown
in Fig. 3(a). In contrast, reflection from individual scales is
yellowish, with occasional red and green bands, presented
in Fig. 3(b). Overlapped scales show increased reflection and
color bands, as can be observed in the same image. If observed
in transmission, an individual scale in air [see Fig. 3(c)] is quite
transparent, with a slight residual absorption. By immersing

FIG. 2. Spectral reflectance of metallic gold (red curve) and
golden wing patch of D. chrysitis forewings (black curve). Re-
flectance of D. chrysitis is scaled to emphasize the similarity with
the gold.
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(a) (b)

(c) (d)

FIG. 3. Optical microscope images of D. chrysitis: (a) Scales on the forewing showing the uniformly golden reflection. (b) A microscope
reflection image of two individual, overlapped scales. (c) A transmission image of an individual scale in air. (d) Absorption spectrum of a single
scale placed in an immersion oil (black line) and the corresponding exponential fit (red line).

the scale in an index matching liquid (manufactured by Cargile,
series A, with the certified refractive index 1.5700 ± 0.0002)
Fresnel reflection was suppressed. We measured the absorption
spectrum [Fig. 3(d)], which is very similar to that of melanin
[29], showing exponential decrease from the UV to the IR
part of the spectrum. We were able to estimate the value
of the absorption coefficient α (or the imaginary part of the
complex index of refraction k = αλ/4π ), and use it in further
calculations. We have found that k ranges between 0.081 (at
380 nm) and 0.0013 (at 800 nm).

A field-emission gun scanning electron microscope
(FEGSEM) was used to study the fine anatomy of the moth
scales. The D. chrysitis forewing possesses a number of
overlapping scales [as in Fig. 4(a)], but we were not able
to see a difference between cover and ground scales. At higher
magnification, as in Fig. 4(b), we can see that the upper lamina
is ornamented with very thin lamellar ridges (separated by
approximately 1.8 μm). They are connected with herringbone
shaped cross ribs, which constitute a subwavelength diffraction
grating with the period of roughly 150 nm. A dual wing
membrane seems to be an important optical component, too.

Its thickness is of the order of 500 nm and contains a num-
ber of 300-nm diameter, randomly dispersed, hemispherical
protuberances [see inset in Fig. 4(a)].

Individual scales were prepared for scanning electron
microscopy by the double transfer method, which was begun
by detaching a scale with a low-surface-energy adhesive
(adhesive layer of “Post-it” sticky note), followed by the
transfer to a high-surface-energy tape (conductive carbon).
By that means, the original scale orientation was preserved.
Figure 5 shows one of the partially destroyed scales and
its internal and external laminae structures. We see that the
external side of the upper lamina (the one facing outwards)
is strongly patterned, as explained above, while its internal
surface is very irregular, with linear grooves directly beneath
the ridges. The external side of the lower lamina (the one
facing the wing membrane) is smooth, while its internal surface
is completely irregular, similar to nanometer-sized “pebbles,”
with a diameter less than 60 nm.

We have observed a strong autofluorescence of scales,
which is enough for nonlinear (NL) fluorescence microscopy.
We used a nonlinear microscope for laser processing and
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FIG. 4. (a) Scales of D. chrysitis in their natural position on the wing. The inset shows the enlarged part of the wing membrane with
300-nm-diameter protuberances. (b) Enlarged image of a single scale, showing lamellar ridges (R) and herringbone shaped cross ribs (r).

FIG. 5. FEGSEM images of a single D. chrysitis scale at two
different magnifications. (a) This image reveals the internal and
external structure of a single scale. (b) Enlarged zone of a scale
showing rough internal surfaces.

cutting, too, which turned out to be a good tool for exposing
otherwise hidden features. The beam power was increased
above the threshold level and software was modified to enable
drawing arbitrary shapes using vector images. At 840 nm and
∼100 fs pulse length we were cutting moth chitinous structures
with as low as a few milliwatts of laser power. However,
continuous wave (cw) radiation at the same wavelength
required an order of magnitude higher power. It was interesting
that the laser-cut lines were rather irregular in the case of D.
chrysitis, in contrast to scales of other lepidopteran species,
which produced clear, well defined, lines.

To further reveal the cross-sectional geometry of D.
chrysitis moth scales, we cut them as explained above. A SEM
image of a laser-cut scale is shown in Fig. 6. The internal
space of the scale is not visible due to the welding of the upper
and lower laminae, but we were able to estimate the thickness
of the scale at 300 nm, and the height of the ridge at 400 nm.
Based on the scanning electron microscope images we are able
to draw a general scheme of an individual scale as presented
in Fig. 7.

We emphasize that the external features of the wing scale
(such as the distance between the ridges) can be measured
accurately from FEGSEM images, because they are recorded
at normal incidence. Other characteristics, such as laminae
thickness, are more complicated to quantify due to difficulty
in determining the exact relative position of the scale and
the scanning electron microscope optics (see Fig. 6, where
the scale is partially lifted from the substrate). In such
cases, measurements were performed using external features
as a reference—e.g., lamina thickness was determined at
approximately 75 nm by observing that it is approximately
one half of the distance between the cross ribs (150 nm).
Anyway, such measurements served just as a starting point for
a wing-scale model.

Variability of the moth scales is another source of un-
certainty. We recorded a number of SEM images, measured
relevant features at several positions, and were able to find that
they vary between 15% and 20% (depending on the measured
characteristics).
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FIG. 6. A cross-sectional image of a femtosecond-laser-cut D.
chrysitis wing scale. The image of the whole, laser-cut scale is shown
in the inset.

III. OPTICAL MODELING OF THE
D. CHRYSITIS WING SCALES

The transparency of D. chrysitis scales and the apparent
simplicity of their internal and external structure pose a
problem in explaining the golden wing color. We show that
all the wing components (a double layer of scales and a
wing membrane, possibly also the pigmented scales on the
wing underside) work together to produce the final effect.
Several features operate synergistically: slight absorbance of
each scale, scattering on internal scale surfaces, interference
of light within the scale, reflection of light from the wing
membrane, and diffraction on the upper lamina grating.

We first demonstrate that the scattering on the internal scale
surfaces leads to significant dispersal of incident light. As
shown in Fig. 5, the internal scale surfaces are highly irregular,
with the root mean squared (RMS) roughness estimated
between 10 and 30 nm. The wavelength of the incident visible
light (inside material) is much larger than the roughness and

FIG. 7. A dimensional scheme of a D. chrysitis scale cross
section. All dimensions (expressed in nanometers) are estimated
from SEM images and vary across the scales. Due to the variability
of features in the living world, uncertainty of all the dimensions is
between 15% and 20%.

the widely used scalar surface-scattering theory [30,31] is
applicable. Under these circumstances, the light is split into
two parts: one, regular, propagating as if the surface is perfectly
flat, and the other diffusely scattered (haze).

Quantitatively, both components are described relative to
transmittance T0 and reflectance R0 = 1 − T0 of an ideally flat
surface, when Fresnel equations hold. Accordingly, the haze
transmittance TH (λ) and reflectance RH (λ) of a rough surface
are described by [31]

TH (λ) = T0

(
1 − exp

{
−

[
2πσ

λ
(ni cos φi − nt cos φt )

]2})
,

(1)

RH (λ) = R0

{
1 − exp

[
−

(
4πσ

λ
ni cos φi

)2
]}

, (2)

where T0 and R0 are the transmittance and the reflectance of
a perfectly flat surface, respectively; λ is the wavelength in
vacuum; φi and φt are the angles of incidence and refraction;
ni and nt are corresponding refractive indices; σ is the surface
RMS roughness.

A simple calculation, based on Eqs. (1) and (2), shows that
between 1% and 3% of incident radiation is scattered at each
interface, depending on the wavelength and assuming normal
angle of incidence (φI = 0), RMS roughness σ = 20 nm, and
the refractive index of chitin ni = 1.57. As expected, short
wavelengths are scattered more than long ones. The scattered
light has a tendency to be trapped inside chitin layers, in a
manner similar to textured solar cells [32]. It was shown in
[33] that the local light intensity is increased by 2n2, and
absorption by 4n2, where n is the refractive index. This
was verified for the D. chrysitis moth by using the finite
element method (FEM) with periodic boundary conditions,
applied to the model simulating a double layer of scales, as
shown in Fig. 8(a). The corresponding electromagnetic field
distributions can be seen in Fig. 8(b) showing the strong
electromagnetic field enhancement.

Local field enhancement due to scattering is accompanied
by increased absorption as predicted by the model described
in [33]. We made slight modifications to correctly describe the
scales of D. chrysitis.

The change of the beam cross section is ignored due to
the thinness of the scales. This is justified by the following
arguments: Assume that the angle of divergence is θ = 40◦ and
scale laminae thickness is D = 75 nm; then the beam spread
is defined by 2Dtg(θ/2) = 55 nm. This is insignificant for a
beam width of approximately 7 mm, as used in our spectral
measurement. The surface absorption was disregarded, too,
because the residual melanin is expected to be distributed
inside the laminae.

Under these assumptions, the absorption Aint inside the
planar layer can be described by

Aint = 4n2Tinc

Tesc + 4n2αl
, (3)

where α is absorption coefficient, n is the refractive index, Iinc

is incident light intensity, l is the layer thickness, and Tinc is
a fraction of light transmitted through the interface. Tesc is an
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FIG. 8. (a) Geometry of the FEM model. (b) Intensity enhancement at 440 nm wavelength. The electromagnetic field is enhanced both in
the ground and cover scales. Calculations were performed assuming that the angle of incidence is α = 0 and there is no absorption.

average transmission factor of the escaping radiation, due to
partial (Fresnel) transmission at the interface. According to
the same model, fraction of the incident radiation escaping the
layer is described by

Fesc = TincTesc

Tesc + 4n2αl
. (4)

Now we have tools to treat the problem of the golden
coloration of the burnished brass moth. Its geometry includes
two layers of scales and two wing membranes as shown in
Fig. 9(a). It is assumed that the outside surfaces of the scales
are flat, which is strictly true only for the lower lamina. The
upper lamina is structured with two gratings. The coarse one

will produce diffraction orders which will be treated similarly
during the propagation through the scales, the only difference
being the angle of incidence. The dense grating is incapable
of generating any propagating modes and will not enter the
calculations. The inside scale surfaces are rough with RMS
roughness of 10–30 nm, and the wing membranes are treated
as flat. Fresnel reflection and transmission will be taken into
account at flat surfaces, while rough surfaces will also include
haze in reflection and transmission as schematically shown in
Fig. 9(b). In the latter case, haze RH (λ) and TH (λ) diminish
Fresnel coefficients R0 and T0 by the amounts R0RH (λ) and
T0TH (λ). The resulting transmission and reflection coefficients
are described by R0 − R0RH (λ) and T0 − T0TH (λ).

FIG. 9. (a) Geometry of the model used to simulate the wing of D. chrysitis. RS and RM are reflectance of a scale and a wing membrane,
respectively. TS is a transmittance of a single scale. (b) Reflection and transmission through the interface, as treated in a model. Incident intensity
I0 is split into four components: Fresnel reflectance (R0), Fresnel transmittance (T0), reflection haze (RH ), and transmission haze (TH ).
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TABLE I. Numerical values of the parameters used for modeling
optical reflection from D. chrysitis moth scales.

Parameter Meaning Value

N Refractive index of chitin 1.57
α0 Melanin absorption parameter, Eq. (5) 0.23 (1/nm)
A Melanin absorption parameter, Eq. (5) 90 (nm)
λ0 Melanin absorption parameter, Eq. (5) 380 (nm)
σ RMS surface roughness 30 (nm)

The interference problem will be solved for an individual
wing scale, as well as for the wing membranes, but not for the
wing as a whole. This is a reasonable assumption, because the
relative distances between the scales and the wing membrane
are highly variable and the resulting effect is averaged
across the wing surface. As a consequence, the resulting
reflection spectral intensities of scales and membranes will
be incoherently added.

Optical parameters of the model were estimated from
the measurements performed on the scale embedded in an
immersion liquid (n = 1.57), as described in the previous
section. Therefore, the refractive index was taken to be 1.57
(consistent with the results published in [34]). According to
the same study [34], the refractive index dispersion is less than
4% within the wavelength range of interest (380–900 nm)
and the resulting effects were found to be insignificant. The
coefficient of absorption α was modeled with an exponential
function (assuming that the residual pigment is most probably
melanin):

α = α0 exp

(
−λ − λ0

A

)
. (5)

All parameters of the model are summarized in Table I.
Finding the exact solution to the multilayer interference

is a problem requiring numerical tools. Here we adopt the
transfer matrix method, described and used in [35] to analyze
light scattering and trapping in silicon thin film solar cells.
We divide incident light into two components: a scattered one,
which is mostly absorbed and diffused, and an unscattered
one, which interferes in wing scales and wing membranes. For
the unscattered component we apply a transfer matrix method,
where scattering from subwavelength rough surfaces is treated
as a wavelength-dependent correction for Fresnel coefficients.

Reflection and transmission from a single scale are treated
coherently using the transfer matrix method. As a result, the
spectral reflectance RS and transmittance TS were found.
Similarly, the reflection from the double wing membrane
was treated coherently (with the resulting reflectance RM ).
Scattering from the wing membrane was not included in
calculations due to the sparsity and large dimensions of
scattering inclusions (as illustrated in Fig. 4). The resulting
spectrum of the wing as a whole is composed of three
components: one which is reflected from the cover scales,
the other reflected from the ground scales, and the final one
due to the wing membranes. We combine them incoherently,
because the mutual position between scales and membranes
is stochastic and highly variable. The final reflected spectral
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FIG. 10. Contributions of wing membranes, cover scales, and
ground scales to the resulting wing spectrum. They are calculated
using the transfer matrix method and normalized to the intensity of
the incident light before being transmitted through the layers.

distribution of the whole wing is thus

R = RS + TSRSTS + T 2
S RMT 2

S . (6)

The first term corresponds to the reflection from the cover
scale, the second to the transmission through the cover scale,
followed by the reflection from the ground scale and return path
through the cover scale. The third term describes transmission
through the cover and ground scales, followed by the reflection
from the wing membrane, and return path through both layers
of the scales. The calculated contribution of each term to the
final spectrum is shown in Fig. 10 (normalized to the intensity
of light before being transmitted through the layers).

Spectral contributions of wing components significantly
depend on their geometry, i.e., scale laminae and wing
membrane thicknesses. For some combination of dimensional
parameters, even a single scale can quite faithfully reproduce
an experimentally recorded spectrum (as in Fig. 11). However,
there are slight modulations within the whole spectral range,
due to thin film interference effects. They disappear when
spatial and angular averaging is included, as further explained.
As explained above, losses are much higher inside the blue-UV
spectral range, as can be seen in Fig. 11. According to Eqs. (3)
and (4), most of the light energy is absorbed, and the rest
of the radiation is scattered. It is interesting to note that
a significant amount of radiation is transmitted through the
wing membranes (green curve in Fig. 11). However, the UV
component of transmitted radiation is efficiently absorbed by
the dark, pigmented scales, on the wing underside.

There is an important word of caution. In order to get a
consistently golden wing color, the dimensional and optical
parameters of each individual scale should be kept within quite
tight tolerances—a task completely impossible in the living
world. It is more realistic to expect significant variability of
all the parameters. Thus they were varied in our simulations
(according to the normal distribution) within ±15% of the
values producing fit in Fig. 11. The angle of incidence was also
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FIG. 11. A spectral reflectivity (red curve) of a D. chrysitis
moth wing, calculated by the transfer matrix method is shown.
The corresponding experimental curve (black curve) is added for
reference. Losses (due to scattering and absorption, blue curve) and
the wing transmittance (green curve) are displayed, too.

allowed to fluctuate within ±20◦, which imitates variability of
scale orientations.

As a result, 100 different spectra were calculated (for clarity,
only 25 of them are displayed in Fig. 12 as light blue curves).
They were consequently averaged, in agreement with our
experimental procedure where the light is collected from the
wing area and within an angular range (the resulting curve is
shown in blue). By comparing the calculated spectrum with
the experimentally recorded one (red curve in the same figure),
agreement appears remarkably good, except for the radiation
above 800 nm.
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FIG. 12. Spectral averaging of light reflected from D. chrysitis
wing, calculated by the transfer matrix method which includes
scattering and local field enhancement. Light blue curves are
individual spectra, blue curve is the averaged spectrum, and the red
curve is the experimentally recorded spectrum.

FIG. 13. CIE color coordinates of metallic gold and D. chrysitis
forewing golden patches, with and without scattering.

The final shape of the spectrum is influenced by the layer
thicknesses and the RMS surface roughness. They collectively
influence the final calculated spectrum, but in general terms
we have observed that increased thickness shifts the spectrum
towards the red, while increased roughness depletes the blue
part of the spectrum and decreases overall reflectivity.

All the computations are based on a transfer-matrix code,
developed in [36] (declared free to use and made public at
the URL provided therein). The program was modified by
including scattering and local field enhancement effects [as
defined by Eqs. (1)–(4)].

IV. DISCUSSION AND CONCLUSIONS

In contrast to most other lepidopteran species, each and
every wing structure of D. chrysitis plays a certain role in
iridescent color production. The same goes for the optical
mechanisms—interference, diffraction, absorption, and sur-
face scattering. They seem to be intricately intertwined in a
synergistic manner—by omitting any of them, a significant
change of the spectral profile would result. To demonstrate
the fact, we calculated the resulting spectrum without taking
into account scattering-enhanced absorption. As expected,
reflection in the UV-blue spectral range is not attenuated. The
corresponding CIE color coordinate testifies that the resulting
color is whitish, as presented on a CIE 1931 diagram (Fig. 13).
For reference, we have also displayed points corresponding
to metallic gold, experimentally recorded spectrum, and full
simulation of D. chrysitis wing. It is obvious that without
scattering, the color coordinate would approach the achromatic
center of the diagram—i.e., the wing will have only a slight
coloration. It is interesting to note that the moth wing looks
“yellower” than the gold.

As noted before, scattering stimulates confinement of light
and increases the intensity by the 2n2 factor. It seems that
the ground scale layer further amplifies the confinement [see
Fig. 8(b)]. One possible explanation is that the cover scales
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diffuse the incoming light, while the ground scales additionally
disperse it and make it amenable for wave guiding within the
layer.

Angular variability of D. chrysitis wing coloration is
noticeable, and the golden color is observable within the ±20°
from the specular direction. Beyond that, the color abruptly
changes from golden to brown-gray. However, within the
specular range, dependence of the reflected spectrum is slight
for several reasons. On one hand, it results from irregular
internal surfaces of the scale laminae and irregular mutual
position of scales in ground and cover layers. The other
reason is that the reflectivity at air-chitin interfaces is almost
constant between 0° and 30°, as predicted by Fresnel equations.
Therefore, the overall shape of the spectrum is not altered, but
slightly shifted with the angle of incidence. Coarse diffraction
grating on the upper lamina additionally diminishes angular
dependence. From whichever direction light enters the scale,
at least one of the diffraction orders is being reflected. This is
what gives the notable stability of the optical effect with respect
to the illumination direction (within the stated angular range).

We have not observed polarization sensitivity of the
described reflection spectra, even though it certainly exists
at the single wing-scale level. If observed macroscopically,
across the whole wing, polarization effects cancel out due to
strong variability of individual scale orientations with respect
to incident radiation.

It is also interesting to note that the scales from brown-gray
and golden areas of the wing have very similar morphology if
observed under the scanning electron microscope. The most
important difference is optical: while the golden area scales are
almost transparent, the others contain a significant amount of
absorbing pigment which leads to suppression of the specular
component in the brown wing regions. Also, the brown scales
are flatter, while the golden ones are slightly curled.

Calculations, according to Eqs. (3) and (4), have shown
that approximately 70% of incoming radiation at 380 nm
is scattered. Forty percent of the scattered component is
absorbed, while the rest is uniformly dispersed all over the full
solid angle. At the other end of the spectrum (above 800 nm),
only 20% of light is scattered, without being absorbed to any
significant extent. As a whole, the spectrum of unabsorbed
light is quite flat from UV to IR. Its contribution to the wing

reflection is really small, because it is dispersed over the 4π

solid angle, while the reflected light is concentrated around the
specular direction.

A dual wing membrane is densely covered with nanosized
spherical inclusions, conveniently situated, just beneath the
scales. It seems that this could be an additional mechanism to
scatter light back through the layer of scales. Transmission
of the membranes is high and light further propagates to
underside scales. They are gray, most probably due to melanin,
which will further absorb the UV-blue part of the spectrum.
In the red-infrared range, melanin absorbance is insignificant,
and scales are again capable of reflecting light back through
all the previous layers. This might account for the increased
reflectivity in the infrared, which is not predicted by the theory
described in the previous section.

Insects with golden body parts are rare and interesting from
the biological point of view. The roles of the golden color
may be diverse and are related mostly to possible defense
mechanisms. We suppose that in D. chrysitis the golden
forewing patches may appear to predators as warning and/or
they can facilitate the conspecific recognition [15].

To summarize: All the structures—cover and ground scales,
wing membranes, and underside wing scales—contribute to
the golden wing color of the burnished brass moth. Inter-
ference, scattering, and absorption enhancement are optical
mechanisms responsible for the effect. In short, interference
on the scales produces a broad reflection spectrum with a
peak in the green part of the spectrum. The blue part of the
spectrum is absorbed due to scattering-enhanced absorption on
a residual pigment. The red part of the spectrum is transmitted
to the wing membrane, where it reflects, goes back through the
scales, and combines with the reflection from the scales. The
resulting spectrum is strongly attenuated below 520 nm, being
almost flat up to 800 nm. The forewings of the D. chrysitis
moth seem to be a remarkable, finely tuned, optical filter.
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moths (Lepidoptera: Noctuidae) in Serbia, Acta Zool. Bulg. 63,
47 (2011).

[26] M. Boardman, R. R. Askew, and L. M. Cook, Experiments
on resting site selection by nocturnal moths, J. Zool. 172, 343
(1974).

[27] I. Svensson, P. Douwes, and B. O. Stille, Are Diachrysia
chrysitis (L.) and D. tutti (Kostrowicki) different species?
(Lepidoptera: Noctuidae), Insect Syst. Evol. 20, 15 (1989).

[28] A. D. Rakic, A. B. Djurisic, J. M. Elazar, and M. L. Majewski,
Optical properties of metallic films for vertical-cavity optoelec-
tronic devices, Appl. Opt. 37, 5271 (1998).

[29] D. G. Stavenga, H. L. Leertouwer, T. Hariyama, H. A. De
Raedt, and B. D. Wilts, Sexual dichromatism of the damselfly
Calopteryx japonica caused by a melanin-chitin multilayer in
the male wing veins, PLoS One 7, e49743 (2012).

[30] H. Davies, The reflection of electromagnetic waves from rough
surface, Proc. IEE-Part IV: Inst. Monogr. 101, 209 (1954).

[31] D. Domine, F.-J. Haug, C. Battaglia, and C. Ballif, Modeling of
light scattering from micro- and nanotextured surfaces, J. Appl.
Phys. 107, 044504 (2010).

[32] Y. A. Akimov, W. S. Koh, S. Y. Sian, and S. Ren, Nanoparticle-
enhanced thin film solar cells: Metallic or dielectric nanoparti-
cles? Appl. Phys. Lett. 96, 073111 (2010).

[33] E. Yablonovich and G. D. Cody, Intensity enhancement in
textured optical sheets for solar cells, IEEE Trans. Electron
Devices 29, 300 (1982).

[34] H. L. Leertouwer, B. D. Wilts, and D. G. Stavenga, Refractive
index and dispersion of butterfly chitin and bird keratin measured
by polarizing interference microscopy, Opt. Express 19, 24061
(2011).

[35] J. Springer, A. Porube, and M. Vanacek, Improved three-
dimensional optical model for thin film silicon solar cells,
J. Appl. Phys. 96, 5329 (2004).

[36] J. Junesch, T. Sannomiya, and A. B. Dahlin, Optical prop-
erties of nanohole arrays in metal-dielectric double films
prepared by mask-on-metal colloidal lithography, ACS Nano
6, 10405 (2012). Transfer matrix code can be found in
http://adahlin.com/onewebmedia/TransferMatrix3.m.

032405-10

https://doi.org/10.1364/OE.17.016183
https://doi.org/10.1364/OE.17.016183
https://doi.org/10.1364/OE.17.016183
https://doi.org/10.1364/OE.17.016183
https://doi.org/10.1103/PhysRevE.76.031907
https://doi.org/10.1103/PhysRevE.76.031907
https://doi.org/10.1103/PhysRevE.76.031907
https://doi.org/10.1103/PhysRevE.76.031907
https://doi.org/10.1111/j.1469-7998.1978.tb03924.x
https://doi.org/10.1111/j.1469-7998.1978.tb03924.x
https://doi.org/10.1111/j.1469-7998.1978.tb03924.x
https://doi.org/10.1111/j.1469-7998.1978.tb03924.x
https://doi.org/10.1016/0022-1910(77)90069-5
https://doi.org/10.1016/0022-1910(77)90069-5
https://doi.org/10.1016/0022-1910(77)90069-5
https://doi.org/10.1016/0022-1910(77)90069-5
https://doi.org/10.1098/rspb.1985.0100
https://doi.org/10.1098/rspb.1985.0100
https://doi.org/10.1098/rspb.1985.0100
https://doi.org/10.1098/rspb.1985.0100
https://doi.org/10.1098/rsif.2008.0299.focus
https://doi.org/10.1098/rsif.2008.0299.focus
https://doi.org/10.1098/rsif.2008.0299.focus
https://doi.org/10.1098/rsif.2008.0299.focus
https://doi.org/10.1098/rspb.2006.3730
https://doi.org/10.1098/rspb.2006.3730
https://doi.org/10.1098/rspb.2006.3730
https://doi.org/10.1098/rspb.2006.3730
https://doi.org/10.1098/rspb.2004.2781
https://doi.org/10.1098/rspb.2004.2781
https://doi.org/10.1098/rspb.2004.2781
https://doi.org/10.1098/rspb.2004.2781
https://doi.org/10.1364/OE.17.014729
https://doi.org/10.1364/OE.17.014729
https://doi.org/10.1364/OE.17.014729
https://doi.org/10.1364/OE.17.014729
https://doi.org/10.1038/srep11977
https://doi.org/10.1038/srep11977
https://doi.org/10.1038/srep11977
https://doi.org/10.1038/srep11977
https://doi.org/10.1111/j.1463-6409.2005.00171.x
https://doi.org/10.1111/j.1463-6409.2005.00171.x
https://doi.org/10.1111/j.1463-6409.2005.00171.x
https://doi.org/10.1111/j.1463-6409.2005.00171.x
https://doi.org/10.1111/j.1469-7998.1974.tb04110.x
https://doi.org/10.1111/j.1469-7998.1974.tb04110.x
https://doi.org/10.1111/j.1469-7998.1974.tb04110.x
https://doi.org/10.1111/j.1469-7998.1974.tb04110.x
https://doi.org/10.1163/187631289X00474
https://doi.org/10.1163/187631289X00474
https://doi.org/10.1163/187631289X00474
https://doi.org/10.1163/187631289X00474
https://doi.org/10.1364/AO.37.005271
https://doi.org/10.1364/AO.37.005271
https://doi.org/10.1364/AO.37.005271
https://doi.org/10.1364/AO.37.005271
https://doi.org/10.1371/journal.pone.0049743
https://doi.org/10.1371/journal.pone.0049743
https://doi.org/10.1371/journal.pone.0049743
https://doi.org/10.1371/journal.pone.0049743
https://doi.org/10.1063/1.3295902
https://doi.org/10.1063/1.3295902
https://doi.org/10.1063/1.3295902
https://doi.org/10.1063/1.3295902
https://doi.org/10.1063/1.3315942
https://doi.org/10.1063/1.3315942
https://doi.org/10.1063/1.3315942
https://doi.org/10.1063/1.3315942
https://doi.org/10.1109/T-ED.1982.20700
https://doi.org/10.1109/T-ED.1982.20700
https://doi.org/10.1109/T-ED.1982.20700
https://doi.org/10.1109/T-ED.1982.20700
https://doi.org/10.1364/OE.19.024061
https://doi.org/10.1364/OE.19.024061
https://doi.org/10.1364/OE.19.024061
https://doi.org/10.1364/OE.19.024061
https://doi.org/10.1063/1.1784555
https://doi.org/10.1063/1.1784555
https://doi.org/10.1063/1.1784555
https://doi.org/10.1063/1.1784555
https://doi.org/10.1021/nn304662e
https://doi.org/10.1021/nn304662e
https://doi.org/10.1021/nn304662e
https://doi.org/10.1021/nn304662e
http://adahlin.com/onewebmedia/TransferMatrix3.m


Author’s Accepted Manuscript

Photonic structures improve radiative heat
exchange of Rosalia alpina (Coleoptera:
Cerambycidae)

Danica Pavlović, Darko Vasiljević, Branislav
Salatić, Vladimir Lazović, Goran Dikić, Ljubiša
Tomić, Srećko Ćurčić, Petar Milovanović, Dajana
Todorović, Dejan V. Pantelić

PII: S0306-4565(18)30140-2
DOI: https://doi.org/10.1016/j.jtherbio.2018.07.014
Reference: TB2141

To appear in: Journal of Thermal Biology

Received date: 5 April 2018
Revised date: 7 June 2018
Accepted date: 22 July 2018

Cite this article as: Danica Pavlović, Darko Vasiljević, Branislav Salatić,
Vladimir Lazović, Goran Dikić, Ljubiša Tomić, Srećko Ćurčić, Petar
Milovanović, Dajana Todorović and Dejan V. Pantelić, Photonic structures
improve radiative heat exchange of Rosalia alpina (Coleoptera: Cerambycidae),
Journal of Thermal Biology, https://doi.org/10.1016/j.jtherbio.2018.07.014

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/jtherbio

http://www.elsevier.com/locate/jtherbio
https://doi.org/10.1016/j.jtherbio.2018.07.014
https://doi.org/10.1016/j.jtherbio.2018.07.014


Photonic structures improve radiative heat exchange of Rosalia alpina (Coleoptera: 

Cerambycidae) 

 

Danica Pavlović
1*

, Darko Vasiljević
1
, Branislav Salatić

1
, Vladimir Lazović

1
, Goran Dikić

2
, 

Ljubiša Tomić
3
, Srećko Ćurčić

4
, Petar Milovanović

5
, Dajana Todorović

6
, Dejan V. Pantelić

1
 

 

1
Photonics Center, Institute of Physics, University of Belgrade, Pregrevica 118, 11080 

Zemun, Belgrade, Serbia 
2
The School of Electrical and Computer Engineering of Applied Studies,Vojvode Stepe 283, 

11010 Belgrade, Serbia 
3
Military Technical Institute, Ratka Resanovića 1, 11030 Belgrade, Serbia. 

4
Institute of Zoology, University of Belgrade - Faculty of Biology, Studentski Trg 16, 11000 

Belgrade, Serbia 
5
Laboratory for Anthropology and Skeletal Biology, Institute of Anatomy, University of 

Belgrade – Faculty of Medicine, Dr Subotića 4/2, 11000 Belgrade, Serbia 
6
 Department of Insect Physiology and Biochemistry, Institute for Biological Research 

“Siniša Stanković”, University of Belgrade, Despot Stefan Blvd. 142, 11060 Belgrade, Serbia 
 

 
*
Corresponding author. Danica Pavlović Institute of Physics, University of Belgrade 

Photonics Center Pregrevica 118, 11080 Zemun, Belgrade, Serbia danica.pavlovic@ipb.ac.rs 

 

Abstract 

The insect cuticle serves a multitude of purposes, including: mechanical and thermal 

protection, water-repelling, acoustic signal absorption and coloration. The influence of 

cuticular structures on infrared radiation exchange and thermal balance is still largely 

unexplored. Here we report on the micro- and nanostructured setae covering the elytra of the 

longicorn beetle Rosalia alpina (Linnaeus, 1758) (Coleoptera: Cerambycidae) that help the 

insect to survive in hot, summer environments. In the visible part of the spectrum, scale-like 

setae, covering the black patches of the elytra, efficiently absorb light due to the radiation 

trap effect. In the infrared part of the spectrum, setae of the whole elytra significantly 

contribute to the radiative heat exchange. From the biological point of view, insect elytra 

facilitate camouflage, enable rapid heating to the optimum body temperature and prevent 

overheating by emitting excess thermal energy. 

 

 

 

Keywords: Longicorn beetle, behavioral thermoregulation, structural coloration, texture 

enhanced absorption.  

 

1. Introduction 



Environment affects the body temperature of animals through thermal energy exchange. 

Animals have adapted to thermal conditions in order to maintain the optimal temperature of 

their bodies necessary for survival. This is why evolution has developed many ways to 

control heat transfer, e.g. bird feathers [], mammalian fur [] or subcutaneous fat of marine 

animals [], to mention just a few.  

Insects have developed diverse thermoregulatory adaptations by physiological or behavioral 

means []. Endothermic insects produce heat internally by physiological processes mostly 

associated with flying species,with moths and bees being the most common examples 

[].However, the majority of insects are primarily ectothermic [] and rely on external heat 

sources, such as solar radiation[]; for example,some butterflies regulate heat gain 

behaviorally, by orientation and posture relative to the sun []. 

Insects exchange heat through the cuticle, whose color, structure and material properties 

determine the amount of absorbed and dissipated energy. The cuticle is, thus, evolutionarily 

adapted to use available mechanisms of heat transfer (convection, conduction, radiation, 

transpiration) [], depending on the environmental conditions and the insect’s lifestyle. The 

cuticle is often patterned on the micro- and nano-scale levels, producing natural photonic 

structures that strongly interact with light and electromagnetic wavesthrough absorption, 

interference, diffraction and scattering. The structures may have a variety of regular and 

stochastic architectures, such as diffraction gratings, layers, optical crystals that produce 

striking visual effects and act as selective optical filters, absorbers or antireflection coatings [, 

]. 

Radiative transferis an important, but often overlooked, mechanism used to heat or cool 

insects through the absorption [] and reflection of sunlight []. In this respect,visible light is 

usually absorbed by pigments and selectively reflected by photonic structures [, ]. Infrared 

(IR) radiationis important too [], and some insects use it to receive energy from the 

environment, while others dissipate heat by radiating in the IR atmospheric window []. 

It was found that photonic structures of insects have an important function in this respect[]. 

To better understand the interaction of infrared radiation and biological structures, 

appropriate mathematical models are necessary. These are based on Kirchhoff’s law of 

radiation, which establishes the equality of emissivity (as a measure of how effectively a 

body emits radiation) and absorptance. It is therefore sufficient to calculate the absorptance 

and unequivocally determine the emissivity. To do this, standard methods for calculating 

electromagnetic wave propagation have been used, such as scattering matrix methods to 

analyze butterflies in the IR [], or a finite-difference time-domain technique to simulate the 

IR radiation transfer of Saharan silver ant []. 

The grayish body of the longicorn beetle Rosalia alpina,(Linnaeus 1758) (Coleoptera: 

Cerambycidae),with several prominent black patches on its elytra, attracted our attention. We 

studied the effect of cuticular setae (scale- and hair-like structures) on the absorptive and 

emissive properties of the cuticle and the overall thermal balance of the insect. In our 

previous conference paper [] we performed pulsed thermal imaging of this insect and 



presented the corresponding qualitative results. Here, our research is extended by (i) a new, 

well-controlled set of optical and thermal measurements, (ii) a detailed morphological 

analysis of photonic structures (elytral setae) and the development of a corresponding 

thermo-optical model, (iii) the contribution of biophotonic structures to the thermal balance 

of the insect under the high thermal load of direct, summer sunlight.  

 

2. Materials and methods 

2.1. Insect 

Rosalia alpina is a longicorn beetle, characterized by a body length of 14-40 mm (antennae 

excluded), distinctive markings and coloration []. The hind wings and abdomen are protected 

by subcylindrical blue-gray elytra (hardened forewings), with several dominating black 

patches (Fig. 1). The long antennae and legs have the same blue-gray coloration, with striking 

black tufts of hair-like structures on the central segments of the antennae. The specific, 

velvety appearance is created by a large number of very fine setae−transparent hair-like 

structures (hairs in the further text) on the blue-grey areas (Fig. 1), and dark, scale-like 

structures (scales in the further text) in the black patches (Fig. 1). They form a dense 

tomentum, which covers the body [, ]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Rosalia alpina is characterized by six prominent black patches and a blue-grey body. 

Elytra are shown within the red rectangle. 

 

The species is strictly protected in Serbia and most of Europe by the Habitats Directive. 

Within the IUCN Red List of Threatened Species, it is designated as vulnerable (A1c) []. A 

limited number of insects was collected by the Faculty of Biology of the University of 

Belgrade during the summer of 2010 on Mt. Avala, near the city of Belgrade, with the 

permission of the Serbian Ministry of Environmental Protection (Nº: 353-01-335/2010-03). 

We had five dry specimens at our disposal. The size of the insects was within the limits stated 

in []. All our samples possess a common dorsal pattern with six, almost symmetrical black 

spots. The hind spots are the smallest while the mid spots are the largest (Fig. 1). It is known 

that variability among individuals is due to the size and shape of the elytral patches[]; 

however, the given variability is not important for the general thermal models in this study. 

 

 

1 cm 



2.2. Microanalysis 

We used reflection and transmission optical microscopy to study the optics of individual 

scales. A field emission gun scanning electron microscope (FEGSEM) (MiraSystem, 

manufactured by TESCAN) was used for ultrastructural analysis. 

Micro-computed tomography (micro-CT) was employed to view the overall anatomy of the 

beetle and measure the thickness of the elytra.We had at our disposal the Skyscan 1172 

system, manufactured by Bruker. To ensure the optimum signal/noise ratio during micro-CT 

imaging, the specimens were scanned without filter, with scanning parameters set as follows: 

40 kV, 244 µA, 530 ms, rotation step 0.2º (pixel size 13.5 µm). 

Microspectrometry was utilized to record spectral absorption due to pigmentary coloration. 

The device consisted of a fiberoptic spectrometer attached to an optical microscope. 

 

 

2.3. IR analysis 

Heat transfer was analyzed by two IR thermal cameras corresponding to atmospheric 

windows at 3-5 m (FLIR SC7200, 320 x 256 pixels, noise equivalent temperature difference 

better than 20 mK, spectral range 1.5-5.1 m) and 8-14 m (FLIR SC620, 640 x 480 pixels, 

40 mK thermal resolution, spectral range 7.5-13m). Thermal measurements were corrected 

for surface emissivity. To study radiative energy exchange, we used a xenon flashlamp 

(Bowens Gemini 1500Pro, pulse duration 0.9 ms, pulse energy 1.5 J) to uniformly irradiate 

the insect body.The elytra were also illuminated by a 405-nm wavelength laser in order to 

locally heat the black patch and study the thermal effects. Laser power was controlled by a 

variable beam splitter and the duration of irradiation by an Arduino microcontroller. A 

power-meter (Ophir, Nova, with photodiode sensor) was used to measure laser power. 

The IR spectral properties of the insect elytra were recorded by the Fourier transform infrared 

(FTIR) system Nicolet 6700 FT-IR, Thermo Scientific, USA and analyzed by the OMNIC, 

software package, Version 7.0. 

 

 

 

 

 

 

 

3. Results 

3.1.Photonic structures of R. alpina 

The elytra of R. alpina are in the form of a thin elongated shell, with six prominent black 

patches on a blue-gray background. The anatomy of a dried specimen was visualized using 

micro-CT at 13.5 m resolution (see Fig. 2(a)), revealing an almost uniform thickness (30-40 

m) of the elytra (Fig. 2(b)). There is a large space between the elytra and the abdomen, 

where the hindwings are folded and packed, which functions as a thermally-insulating layer. 



FEGSEM images revealed that the scales on a black patch are bunched on the elytra, inclined 

towards each other and touching at the tips, thus forming a number of tent-like structures 

(Fig. 3(a)). The scales stand almost vertically to the surface, as can be seen in Fig. 2(b) and its 

inset. The cuticle beneath is rugged, with irregular, polygonal impressions (Fig. 3(b)). The 

periodicity of scale placement (and that of the corresponding polygonal impressions) is 

between 10 and 20 m, which is comparable to the wavelengths of environmental IR 

radiation. 

In contrast to the black patches, the blue-gray areas of R. alpina elytra are covered with 

transparent, prostrated hairs (Fig. 3(c)), while the cuticle beneath is black and shiny. 

Together, the scales and cuticle present a velvety blue-gray appearance. 

Grating-like structures are conspicuous features of the scales (Fig. 4), as observed at higher 

magnifications. A coarser grating (Fig. 4(a)), with a 1-m period, runs along the length of the 

scale. A much finer, irregular, sub-wavelength grating (with an approximately 100-nm 

period) extends diagonally between the coarse grating lines (Fig. 4(b)). 

From the optical point of view, the structures on the gray and black areas of the elytra have 

completely opposite functions. The gray area is easily visible due to intense scattering (on the 

left in Fig. 5(a)), while the black area so strongly absorbs the light that only reflections from 

the polygonal impressions are partially visible (as revealed in optical microscope images in 

Fig. 5(a) and (b), at two magnifications). The scales themselves almost completely absorb the 

light and can be seen indirectly as dark shadows on the background, reflected from the cuticle 

beneath (Fig. 5(a)). 

Individual scales are flattened (1-2 m thick, 20 m wide and 100 m long), asymmetrical 

and somewhat similar to butterfly-wing scales (Figs. 4(a) and 6(a)). They are strongly 

pigmented, with transmission gradually increasing from the blue to the red part of the 

spectrum, as can be verified by splitting the color image from Fig. 6(a) into its RGB 

components (see the three small images in Fig. 6(a)). The corresponding spectrum is shown 

in Fig. 6(b) and resembles that of melanin [], a pigment frequently encountered in the cuticles 

of dark insects. 

Reflectance of the black elytral patches was measured through an optical microscope by 

detecting the reflected intensity. A measured value was referenced to a white diffuse standard 

and corrected for internal microscope objective scattering. We found that the reflectance in 

the blue and green parts of the spectrum is 2.6%, while in the red spectral range it is slightly 

higher, 3.5%. 

The IR spectrum was between 2.5 and 15 m (using an FTIR spectrometer) and found to be 

completely in agreement with the one measured in [], showing two strong transmission 

minima at approximately 3 and 6 m (Fig. 6(c)), corresponding to the atmospheric infrared 

windows (3-5 m and 8-14 m). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: (a) 3D reconstruction of R. alpina micro-CT image stack. (b) A single micro-CT slice 

through the black patch of R. alpina elytra (with scales visible on the enlarged portion of the 

slice). 
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Fig. 3: FEGSEM images of R. alpina: (a) tent-like-organized scales concentrated in the black 

patch of elytra; (b) rugged elytral surface with polygonal depressions and dark scales; (c) 

hairs covering the blue-gray zone of elytra. 
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Fig. 4: (a) An individual scale of R. alpina, recorded on a FEGSEM. (b) 1-m period 

grating-like structure and a herringbone shaped sub-wavelength grating, observable on the 

R. alpina scale at higher magnification. 
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Fig. 5: (a) Optical reflection microscope image of a boundary between gray (on the left) and 

black (on the right) areas of R. alpina elytra. In the black area, the scales are just a dark 

shadow (shownby green arrow) on the rugged cuticular surface (red arrow); (b) black elytral 

area devoid of scales, showing irregular reflections from the edges of polygonal depressions 

(see Fig. 3(b)). 
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Fig. 6: (a) A single scale of R. alpina recorded in transmission (large image) and its RGB 

components shown on the left (three small images). Transmission gradually increases from 

blue to red channel. (b)Transmission spectrum of a single scale increases towards the red 

part of the spectrum (which is characteristic of melanin).(c) IR spectrum of a black patch of 

R. alpina. Gray areas show the sensitivity ranges of the IR cameras used in this research. 
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3.2.Measurement and modeling of thermal properties of R. alpina elytra 

Two thermal cameras (sensitive within 1.5-5.1m and 7.5-13m ranges and corresponding to 

atmospheric windows) were used to monitor dried insect specimens mounted on the substrate 

whose temperature was measured. A tape with emissivity of 0.95 was used as a reference. 

The insect dorsal surface appeared uniform in thermal equilibrium (see Fig 7(a)), without any 

difference between the black spots and gray patches (both at 1.5-5.1m and 7.5-13m 

ranges).This is an interesting fact, showing that the gray and black areas contribute equally to 

the radiative energy exchange. However, there is a difference in emissivity between the two 

spectral ranges: average emissivity is 0.95 at 1.5-5.1m (in line with []), and 0.85 at7.5-

13m. 

To simulate environmental conditions, we used a flashlamp to uniformly irradiate the insect 

body. Here we analyzed the heating and cooling of the insect body using a thermal camera at 

7.5-13 m (measurements at 1.5-5.1m have a similar character and will not be shown). As 

expected, the black areas efficiently absorbed the light and converted it to heat (Fig. 7(b)), 

followed by a quick temperature rise of almost 7
o
C, while the temperature rise was lower for 

the gray area (see the corresponding graph in Fig. 7(b) representing temperature diagrams). 

This proves that the black areas absorbed the visible light more efficiently. 

To measure the thermal properties of black elytral patches, we illuminated them with a 405-

nm laser beam with an energy density of 1.67 mJ/mm
2
. An IR image of the laser-heated 

insect is shown in Fig. 7(c). Even though low power was used, the black patches efficiently 

absorbed the radiation and the temperature increase was up to 20
o
C (temperature variation is 

shown in a graph in Fig. 7(c)). The corresponding spatial variation of temperature was 

radially symmetrical (see the circular bright spot and the corresponding radial intensity 

distribution in Fig. 7(c)). Radial intensity distribution varied during irradiation and quickly 

reached a steady state (equilibrium) (Fig. 7(d)), without significant spreading of heat (which 

means that the thermal conductivity of elytra was small). 

Further, we established a thermal model of R. alpina elytra to reveal the relative contribution 

of three basic thermal exchange mechanisms. This was done by fitting an experimentally 

recorded cooling curve to the theory based on radiation, convection and conduction [, ]. The 

general, one-dimensional model includes all three mechanisms and is described by the 

following partial differential equation: 

 4 4

0 0

( , ) 1
( , ) ( ( , ) ) ( , )z

T z t
T z t T h T z t T k T z t

t c





       
 

  (1) 

where T and T0 are material and environmental temperature, respectively, z is the spatial 

coordinate, t is the time variable and is a Stefan-Boltzmann constant. Material is described 

by its thickness and several constants: material density , specific heat c, surface emissivity 

coefficient of thermal conductivity k and convection coefficient h. This is a partial 

differential equation that would be quite complicated if the exact morphology of the elytra is 

taken as a boundary condition. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: (a) IR image of R. alpina in thermal equilibrium – black patches of elytra are not 

discernible. (b) IR image of R. alpina after irradiation with a flashlamp and the 

corresponding temperature variation of black (black diagram line) and grey (red diagram 

line) areas. (c) R. alpina heated by a laser beam (for 7.5 s) aimed at a black patch and the 

temperature variationat the center of the laser beam.(d) Temporal variation of radially 

symmetric temperature distribution of laser-heated R. alpina black patch. All images were 

recorded with a thermal camera sensitive within the range of 7.5-13m. 
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We simplified the model by assuming that the temperature across the elytra is uniform (due 

to its thinness) and the thermal conduction along the elytra is so small that it can be neglected 

(as shown in the previous section). The only mechanisms of heat dissipation taken into 

account were therefore radiation and heat loss through the surrounding air (conduction and 

convection). Spatial distribution was assumed to be constant along the z-axis, with the jump 

at the air-elytra interface. The equation is simplified to: 

 4 4

0 0 0

( ) 1
( ) ( ( ) ) ( ( ) )

dT t k
T t T h T t T T t T

dt c


 

 
       

 
  (2) 

The last two terms describe heat dissipation at the elytra-air interface due to conduction and 

convection in air (proportional to the corresponding temperature difference). Due to the small 

thermal conductivity of the elytra (revealed experimentally and described in the previous 

section), we assumed that the heated layer of the elytra is an order of magnitude smaller than 

the physical thickness of the elytra, and this value was taken as a thickness  in a model. 

Chitin and cuticular proteins are the dominant constituents of the elytra [, ]. Our 

measurements are based on literature data onthe physical properties of cuticle [, ] and chitin [, 

].  

Table I: Parameter values used in a thermal model of R. alpina 

Parameters Numerical value 

conductivity of air, k 0.0257 W/m·K 

convection coefficient of air, h 1.5 W/m
2
K (at 21

o
C) 

surface emissivity  0.85 

thickness  3.25×10
-6

 m 

density  1.560 g/cm
3
 

specific heat c [] 1400 J/kg·K 

 

Equation (1) was solved numerically by the Runge-Kutta method and we were able to fit the 

experimental cooling curve within ±1.5
o
K (see Fig. 8(a)). We numerically separated the 

contributions of three basic dissipation mechanisms to the total losses. It was found that 

radiative cooling is the most important mechanism, because in less than a second, heat loss 

by radiation reached more than 50% (see Fig. 8(b)). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8: (a) Experimentally recorded temperature decay (red curve) is approximated using a 

model that includes convective, conductive and radiative losses (green curve).(b) 

Contribution of radiative (blue curve), convective (red curve) and conductive (green curve) 

losses to the total heat dissipation. 

 

Radiation 

Convection 

Conduction 

(a) 

(b) 

Time [s] 

 
H

ea
t 

lo
ss

es
 [

%
] 

Time [s] 

 
Te

m
p

er
at

u
re

 [
o
C

] 



Here and in the previous sections we describe the experimentally measured and theoretically 

calculated thermal response of R. alpina. In the next sections we will show the contribution 

of underlying micro- and nanostructures to the observed thermal effects. Analysis will 

proceed by, first, calculating the absorptive properties of elytral structures of R. alpina in the 

visible part of the spectrum and will be concluded by calculating the emissive properties of 

the elytra. This is important, because the insect’s lifestyle is such that the elytra must 

efficiently dissipate the light energy absorbed primarily through the black patches in order to 

maintain body temperature within tolerable limits. 

 

3.3.Absorption of visible light by elytral structures of R. alpine 

We have constructed an optical model of black elytral patches, based on SEM images (Figs. 

3(a) and (b)) of R. alpina. A 2D model (shown in Fig. 9) imitates the tent-like arrangement of 

cuticular scales, which optically function as an optical beam dump. From the point of view of 

geometrical optics, beams entering the input aperture (within the 134
o
 angular range, as 

estimated from SEM images; Figs.3(a) and 4(a)) are being reflected several times from the 

wing scales, thus efficiently enhancing absorption. This is particularly true in the visible 

range, where the high concentration of melanin in the scales guarantees strong absorption. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: An optical model of the R. alpina black patch operating as a beam dump in the visible 

part of the spectrum. Depending on the angle of incidence, beams (designated by different 

colors) may reflect 2-4 times. 
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To estimate the total absorption of the black patch, we must first calculate the absorption for 

a single reflection from a cuticular scale, which is a dominant elytral component of black 

patches. We noted that the scale surface was corrugated with high- and low-frequency 

gratings (Fig. 4(b)), above and below the wavelength of the visible light, respectively. At this 

point, we had to use wave optics to correctly model the interaction of light and the scale. 

Thus, small-scale morphology of the scale (Fig. 10(a)) is approximated by a two-dimensional 

elementary cell shown in Fig. 10(b). In the model, an elementary cell periodically repeats 

itself along the x-axis, it is infinite along the z-axis and bounded by perfectly matched layers 

(PML) along the y-axis. The feature (A) in Fig.10(b) approximates the ridges of a low-period 

(1 m) grating, while two smaller structures (B) approximate the high-frequency grating, 

sitting atop a low-frequency one. This model is used in a FEM to calculate the local 

electromagnetic field and spectral variation of absorbance. 

The physical parameters were as follows. The refractive index of chitin is 1.57 and the 

extinction coefficient was determined from FTIR measurements (see the corresponding 

spectrum in Fig. 6(c)) and found to vary from 0.008 to 0.001 (within a 8-14m range) and 

from 0.013 to 0.0016 (within a 3-5 m range). The corresponding reflection spectra were 

calculated for a range of angles of incidence and averaged to simulate the diffuse 

environmental radiation in the beetle’s habitat. Averaged absorption spectra after single and 

triple reflections are shown in Fig. 10(d). Three reflections were chosen as an average 

between a minimum of two and a maximum of four possible reflections (see rays in Fig. 9). 

Both spectra are compared to the reflection spectrum of an unpatterned (flat-surface) scale, 

shown in the same graph. It is obvious that patterning doubles the amount of absorbed 

radiation. This is the consequence of the strong electromagnetic-field localization within the 

cuticular scale, as illustrated in Fig. 10(c). This makes this insect very efficient in capturing 

direct and diffused solar radiation and using it to heat its body. 

Theoretical results are in agreement with the experiment showing 97.4% absorptance in the 

blue-green part of the spectrum. Discrepancy is greater in the red spectral range where theory 

predicts lower absorbance (80%) compared to the experiment (96.5%). This is certainly due 

to our in ability to accurately model intricate cuticular structures – especially their 

randomness. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: (a) Characteristic pattern on the R. alpina scale. The letter A designates the low-

period (approximately 1 m) grating, and B designates the high-period, herringbone-shaped 

grating. The yellow line corresponds to one grating period, used to design (b), a model of R. 

alpina scales used in FEM calculations (PML – perfectly matching layer). (c) A field 

distribution at two wavelengths showing strong electromagnetic-field localization within the 

scale. (d) Increase of scale absorptance due to surface pattern. 
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3.4. Emission of IR radiation by elytral structures of R. alpina 

After modeling the absorptive properties of R. alpina, we analyzed the IR properties of the 

same structures. We measured emissivity across beetle elytra in the IR and found it identical 

for both gray and black areas (see Section 4). To better understand the IR properties of elytra, 

we constructed models of black patch and blue-gray areas. Absorptance was calculated using 

FEM, at the same time giving us the value of emissivity according to Kirchhoff’s law. 

We used a model of black patch shown in Fig. 11(a) that simulates scales (Fig. 3(a)), together 

with the underlying, corrugated cuticular structure (Fig. 3(b)). To determine the emissivity of 

this structure, it is enough to calculate the absorptance (which is equal to emissivity, 

according to the Kirchhoff’s law). It was averaged within an angular range of IR collected by 

the thermal camera lens (determined by its F-number), thus simulating the experimental 

situation of recording an infrared image of the insect. 

FEM analysis shows that the light is localized within the elytra or scales (Fig. 11(b)), 

depending on the wavelength and morphology of the elytra. This significantly amplifies 

innate absorption of chitin (see its transmission spectrum in Fig. 6(c)) due to increased optical 

path length within the structure. In order to establish the influence of scales, we also 

calculated the absorption of the elytra alone (without scales – modeled as in Fig. 11 (c)). The 

corresponding graphs for elytra with and without scales, at 3-5 m and 8-14m ranges, are 

shown in Fig. 11(d). Obviously, scales improve the absorptive/emissive characteristics of an 

insect by more than 20%. 

The same line of reasoning was applied to the blue-gray elytral areas covered with hairs. 

Again, we found that the elytral hairs significantly improved the absorption and emissivity 

(Fig. 12(a) – (d))). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: IR properties of the R. alpina black patch. (a) A FEM model of a tent-like scale 

structure. (b)The corresponding EM field distribution at 5m and 8.9m. (c) A model of 

elytra without scales used to investigate the contribution of scales to total absorbance.(d) 

Angularly averaged absorptance of elytra with and without scales. 
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Fig. 12: IR properties of the blue-gray elytra of R. alpina. (a) A FEM model of the cuticle 

with hairs. (b) The corresponding EM field distribution at 5 m and 8.9 m. (c) A model of 

elytra without hairs used to investigate the contribution of hairs to total absorbance. (d) 

Angularly averaged absorptance of the elytra with and without hairs. 
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3.5.Radiative balance of R. alpina 

Here we present a detailed energy balance, assuming the maximum insolation (1kW/m
2
) of 

an insect. Total visible light energy absorbed by the elytra of R. alpina is equal to: 

     (         )    (3) 

where PA is the total absorbed power, PS is the solar constant, AB is the absorption coefficient 

of the black patch, SBis the total area of black patches, AG is the absorption coefficient of 

blue-gray areas, while SG is the total area of the blue-gray-colored surface. On the other hand, 

IR energy emitted by the whole elytra is: 

        [  ∫  (   )  
 

   ∫  (   )  
 

]   (4) 

where PEis total energy emitted by the elytra within two IR atmospheric windows, ST is the 

total area of the cuticle (ST = SB+SG), M is the emissivity within the mid-infrared 

atmospheric window (M = 3-5 m), F is the emissivity within the far-infrared atmospheric 

window (F = 8-14m),  and T are wavelength and absolute temperature, respectively, while 

E(, T) is the radiance of a black body. 

As the next step, we found a temperature corresponding to the balance of radiative gain in the 

visible and radiative losses in the infrared (i.e. PA = PE). By equating (3) and (4) we get: 

  (         )       [  ∫  (   )  
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]  (5) 

and, after a slight rearrangement: 
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]  (6) 

We found that black patches occupy approximately one third of the whole elytral area 

(SB/ST=0.33), while the rest of the elytra is gray (SG/ST=0.67). Experimentally measured 

emissivities for the mid-infrared range and far-infrared were M=0.95 and F=0.85, 

respectively, while the absorptance of the black patches was AB=0.95, and that of the gray 

areas was AG=0.12. We emphasize that the values of absorptance and emissivity are only 

averages and may vary across the insect elytra and between insect specimens. 

Simple calculation, using Eq. (6), showed that the radiative balance between the visible and 

IR radiation was established somewhere between 300 K and310 K, which is close to the 

maximum daily temperature in the summer months of the temperate areas where R. alpina 

lives []. This result was obtained by assuming the normal angle of incidence of radiation with 

respect to the insect’s elytra – which is the worst-case condition. However, the mutual 

position of the sun and the insect varies during the day, establishing the radiation balance at 

lower temperatures in an average situation. 

4. Discussion and conclusions 



R. alpina is a saproxylic beetle present in Europe (except its northern parts), predominantly 

inhabiting thermophilic beech (Fagus sylvatica) forests [], but it is also found on other 

broadleaved trees []. The peculiar, visually attractive coloration is explained by the insect’s 

need to camouflage itself within its habitat []. Nevertheless, an unavoidable question arises: 

why did nature create scales on the surface of the elytra? Why not just smooth, shiny black 

patches, without any cuticular appendages? Such black patches, without scales, would have 

the same camouflage role, without wasting life energy in producing a complicated nano-sized 

architecture on the elytral surface. The answer lies in the biology and ecology of the beetle 

and the optical properties of these surface nanostructures. 

It was found that R. alpina adults search for decomposing beech wood on isolated trees and 

sun-exposed sites [, ]. The life cycle lasts about three years with the life span of an adult 

being just several weeks []. Adults are the most active during the hottest months of the year 

(from July till August) and during the hottest part of the day (12-14 h) [, ].  

Despite the significance of this endangered species, little is known about its biology and 

ecology [,]. Some conclusions about the biology of the species can be made by comparison 

with related species [, ]. The related R. coelestis, Semenov 1911, as well as many other 

Cerambycidae species, require no food as adults. This is supported by [,] where no feeding 

was observed in R. alpina for 1500 adult capture events. 

Adults are active and mobile, and they fly, but since they do not feed, their energy resources 

are very limited []. This could be the reason why R. alpina is always found on sun-exposed 

trunks and branches. In order to fly, it needs energy, to warm up its thoracic muscles, which 

run up the hindwings (alae). Like butterflies [] and other ectotherms, the insect relies on an 

external heat source −solar radiation. This is in complete correlation with research [,] proving 

that insect-occupied trees were not randomly distributed: insects were only found in open 

forests, while unmanaged forests were avoided. Only trees with a high sun index were 

selected. Occupied trees were always found in open sites with a low canopy closure and low 

or no undergrowth, allowing more sunlight to break through. Several other studies [,,] 

underline the importance of sun-exposed substrates for saproxylic beetles, which form a 

warm microclimate for the development of larvae. 

Our research throws new light on the biology, ecology and evolution of R. alpina, proving 

that sun-exposed habitats are not just important for larvae development but also for the 

survival of adults. In order to maintain a temperature balance, heat gain and loss must be 

balanced. One of the possible mechanisms is regulation of heat exchange between the body 

and the external environment (behavioral mechanism). Here we show the significance of 

elytral setae (scales and hairs) of R. alpina for thermal regulation in adults. Direct solar 

radiation is efficiently absorbed by black patches, resulting in rapid heat gain. Additionally, 

excess heat is equally well dissipated by IR radiation through the whole surface of the elytra 

(both gray and black areas). Since R. alpina is a flying species, heat is produced during flight, 

but the above mentioned mechanism also helps in establishing the temperature balance. 



It seems that evolution needed to solve two problems. The first one was to provide an 

efficient camouflage for the insect on the bark of a beech, which required the emergence of 

black patches similar to blemishes on the tree bark. The second problem is a consequence of 

the first: the efficient dissipation of thermal energy absorbed through the black patches. The 

solution was found by making the black areas serve a dual purpose. In the visible part of the 

spectrum they function as an efficient beam dump, absorbing almost all the radiation. In the 

IR, structures interchange radiation with the environment and quickly attain equilibrium. The 

rest of the body efficiently scatters the visible light and produces a uniform grayish color, 

very similar to the base color of beech bark. Simultaneously, the IR properties of the black 

and gray areas are almost the same. In this way, energy absorbed through the black patches is 

efficiently dissipated throughout the entire body surface. These effects not only reduce the 

possibility of overheating if exposed to direct solar radiation, but also enable radiative heating 

if insolation is diminished. Thus, the insect is capable of establishing a thermal balance under 

conditions of the highest thermal load (direct sunlight exposure), as well as under diffuse 

light irradiation (reduced insolation, at the end of the day or in cloudy weather). 

In this study, a thermal model of R. alpina was constructed based on experiments with dry 

specimens, which contain only 1% of water (according to []). However, the contribution of 

water to radiation effects is unimportant, because the absorption of water is insignificant 

within the atmospheric windows used by the insect to dissipate the excess heat. On the other 

hand, even if wet, the elytra are a thermal insulator and the contribution of conduction to 

overall thermal properties is small compared to that of radiation and convection (see Fig. 

7(b)). Lipids and waxes are present as a superficial layer and are of no significance. 

Therefore, our results also apply to live insects. 

It is possible that temperature affects the flow of the hemolymph and air through the 

tracheoles. However, in this particular insect, micro-CT has revealed the presence of quite 

compact elytra, meaning that the amount of fluids is minute and incapable of significantly 

influencing the thermal balance of R. alpina.  

Absorption enhanced by surface texture was previously established in solar radiation 

collection research [, ]. In this respect, it seems that nature was well ahead of man. From a 

practical point of view, such structures observed in R. alpine could be used for photovoltaic 

conversion of solar energy to dissipate the fraction of light energy converted to heat. In this 

way, solar cells will remain within the optimal thermal limits. 
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Highlights 

1. Photonic structures on insect elytra serve for camouflage and thermoregulation 

2. In the visible part of the spectrum black patches absorb almost all the radiation 

3. In the IR whole elytra efficiently dissipate radiation  

4. We suggest biomimetic application in thermal management 
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Branislav M. Jelenković
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Abstract. We performed a study of the nonlinear optical properties of chemically purified chitin and insect cuticle
using two-photon excited autofluorescence (TPEF) and second-harmonic generation (SHG) microscopy.
Excitation spectrum, fluorescence time, polarization sensitivity, and bleaching speed were measured. We
have found that the maximum autofluorescence signal requires an excitation wavelength below 850 nm. At
longer wavelengths, we were able to penetrate more than 150-μm deep into the sample through the chitinous
structures. The excitation power was kept below 10 mW (at the sample) in order to diminish bleaching. The SHG
from the purified chitin was confirmed by spectral- and time-resolved measurements. Two cave-dwelling, depig-
mented, insect species were analyzed and three-dimensional images of the cuticular structures were obtained.©
2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.1.016010]
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1 Introduction
Nonlinear microscopy (NLM) offers a unique insight into a vari-
ety of biological structures. Images are generated through multi-
photon excited fluorescence, coherent anti-Stokes Raman
spectroscopy (CARS), or nonlinear harmonic generation.
Tissues and individual cells can be observed with excellent vol-
ume details1—i.e., lateral resolution is subdiffraction of the
order of several hundred nanometers, while the axial resolution
is of the order of 2 to 3 μm. This technique is similar to confocal
microscopy (in the sense of localized laser excitation and scan-
ning), but with higher penetration depth, less photodamage, and
without the need for specimen staining. Up until now, NLM was
extensively used in biomedical research, but only marginally in
entomology. It is well known that the chitin is a major constitu-
ent of the insect’s (and arthropod) body and the goal of the study
was to investigate the suitability of NLM for deep imaging of
chitinous structures. We emphasize the following properties of
chitin imaging: higher penetration depth, no need for staining
due to efficient autofluorescence of chitin, possibility for in
vivo imaging, and simultaneous multimodal imaging through
harmonics generation.

The insect integument is composed of one live cell layer—
epidermis, which produces a complex noncellular outer layer of
the integument—cuticle. The cuticle serves as an insect exoskel-
eton, the site for muscle attachment, and a barrier against pred-
ators, parasites, and infection by pathogens.2 Chitin is the major
component of insect cuticle, with addition of proteins (such as
resilin, sclerotin, and arthropodin),3 lipids, waxes, mineral
substances, and pigments (papiliochromes, pteridines, ommo-
chromes, melanins, and flavonoids).4,5 Chitin represents a
water-insoluble polysaccharide whose molecules are long-chain
sugars consisting of N-acetyl-glucosamines bonded with beta-
glucosidic linkages.2 It was extensively studied using a range of

techniques: scanning electron microscopy, atomic force micros-
copy, confocal fluorescent microscopy,6 transmission electron
microscopy,7 and classical optical microscopy (polarizing inter-
ference and transmission).8

Traditionally, insect morphology was studied by bright field
microscopy. Confocal fluorescence microscopy was also used to
observe the structures and organs of insects,9,10 while two-
photon microscopy is still regarded as an emerging technique
in entomology. Several papers have been published on the
use of NLM in entomology (see Ref. 11 and references within).
In Ref. 11, CARS and two-photon excited autofluorescence
(TPEF) were used for visualization of Drosophila mela-
nogaster, Meigen 1830.

The optical properties of chemically purified chitin have
been studied previously. A complex refractive index was inves-
tigated in Ref. 12, while its Fourier transform infrared spectra
were presented in Ref. 13. Absorption of thin chitin films was
investigated in Ref. 14 and two peaks were found. The strong
absorption peak was around 330 nm, and the other, much
weaker, was identified at 1200 nm. It was found15 that the fluo-
rescence of the butterfly wings (consisting mostly of chitin) is
caused mainly by natural pigments. They are efficiently excited
by UV light (at 325-nm wavelength, in the case of various
pteridines, 400 nm in papiliochrome, and 340 to 400 nm in
melanin16). This was used for remote insect monitoring.17

Here, we study the nonlinear optical properties of chemically
purified chitin and chitinous structures of insects. In the case of
chemically purified chitin, we have explored two-photon fluo-
rescence excitation efficiency, fluorescence spectrum, and the
bleaching rate. The second-harmonic generation (SHG) was
also confirmed. Chitinous structures of two cave-dwelling insect
species were analyzed. The insects are adapted for life in under-
gound habitats (troglobites) and belong to two subclasses,
Apterygota (wingless insects) and Pterygota (insects with
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wings). They are depigmented or have a weak yellow color,
transparent, and the cuticle is thinned, with homogeneous chi-
tin.18 These adaptations allow them to survive in the moisture-
saturated atmosphere in caves.19 By choosing depigmented
insects, we largely avoid the fluorescence of pigments (mostly
melanin) and other constituents of the insect cuticle.

Cave-dwelling insects, including the two species analyzed
herein, are regarded as models for evolution and biogeography,
as their reduced aboveground dispersal produces phylogenetic
patterns of area distribution that largely matches the geological
history of mountain ranges and cave habitats.20 It should be
mentioned that other model organisms have been analyzed
using NLM: nematode Caenorhabditis elegans (Maupas
1900),21 as a model in molecular and developmental biologies,
and insect D. melanogaster22–24] as an important model in
genetics.

Our results confirm the suitability of two-photon microscopy
in entomology as a consequence of high penetration depth, neg-
ligible photodamage to the sample, and no need for specimen
staining.25 Measurements and imaging were performed by the
homemade NLM with both modalities (TPEF and SHG)
enabled.

2 Experimental Setup and Procedures
The experimental setup is shown in Fig. 1. We used two femto-
second lasers to generate two-photon excitation fluorescence
and second harmonic images. The Ti-sapphire laser (Coherent
Mira 900-F), pumped by a 10-W (Coherent Verdi V10) laser at
532 nm, generates 160-fs pulses at a 76-MHz repetition rate
within the 700- to 1000-nm tuning range. We also used a
1040-nm Yb KGW femtosecond laser (Time-Bandwidth Prod-
ucts AG, Yb GLX) as the second excitation source. Galvanom-
eter scanning mirrors (Cambridge Technologies, 6215H) were
used to raster-scan the samples. The laser beam was expanded
in order to fill the entrance pupil of a microscopic objective. A
short-pass dichroic mirror (Thorlabs, DMSP805) directs the

laser beam toward the microscopic objective. We were not
able to use the full tuning range of the excitation laser due to
805-nm cut-off wavelength of the dichroic mirror. A photomul-
tiplier tube (PMT) (RCA, PF1006) together with an appropriate
blocking filter was used for detection of fluorescence and the
second harmonic signal. An additional short-pass filter had to
be used for the TPEF signal detection in order to reduce the
parasitic laser light transmitted through the dichroic mirror.
The signal was fed into a 1 MSample∕s National Instruments
acquisition card (NI USB-6351). The instrument is based on
a modified JENAVAL microscopic frame (manufactured by
Carl Zeiss). The sample was placed on the existing mechanical
stage which was powered by the stepper motor, translating the
sample vertically (z-axis in Fig. 1), with a 0.3-μm resolution.
Pixel size, z-sectioning step, signal-to-noise ratio (SNR),
pixel size, and Nyquist criterion fulfillment depended on the
sample itself and on a microscopic objective. The removable
prism deflected the beam and enabled the capture of bright
field images on a Canon EOS 50D digital camera. The control
of the whole instrument and image processing was performed by
the computer. VolView 3.4, open-source software (by Kitware,
Inc.), was used for three-dimensional (3-D) visualization of a set
of slices (either using volume rendering or maximum intensity
projection algorithms).

We mostly used Carl Zeiss objectives: Planachromat, 40×,
0.65 NA (with 815-μm field-of view) and LD LCI Plan-
Apochromat 25×, 0.8 NA water/glycerin immersion. For
large samples, Carl Zeiss Planachromat, 25×, 0.5 NA (with
1200-μm field-of-view), was used. The lateral and axial resolu-
tions were measured using fluorescently labeled, nanometer-
sized beads (Life Technologies, TetraSpeck™ fluorescent
microspheres). For the 40× microscopic objective, the lateral
resolution was 630 nm by 915 nm (due to the excitation
laser-beam ellipticity), while the axial resolution was
2100 nm [full-width at half-maximum (FWHM)].

We used a streak camera (Hamamatsu, C4334) coupled with
a spectrograph (Princeton Instruments, SpectraPro 2300i) to
study short light pulses due to autofluorescence and SHG.
OPO-laser (Opotek, Inc., Vibrant 266-I) was used for single-
photon excitation.

Chemically purified chitin and two insects (Plusiocampa
christiani Condé & Bareth, 1996 and Pheggomisetes ninae
S. Ćurčić, Schönmann, Brajković, B. Ćurčić & Tomić, 2004)
were analyzed. We used commercially available chitin [poly
(N-acetyl-1,4-β-D-glucopyranosamine] extracted from shrimp
shells (Sigma Aldrich, practical grade powder) without further
purification. It was used to study the intrinsic fluorescent proper-
ties and SHG ability of chitin.

Only natural autofluorescence of the insect specimens was
detected. We have selected two depigmented, cave-dwelling
species in which the fluorescence of other cuticular components
is significantly reduced. This guarantees that the fluorescent sig-
nal of chitin is dominant, in contrast to other strongly colored
insects.

Plusiocampa christiani is a cave-dwelling, eyeless, and
wingless insect belonging to the family Campodeidae, Diplura
order. It is endemic to several caves on Kučajske Planine
Mts. in Eastern Serbia.26 As with a majority of cavernicolous
invertebrates, this species is without pigments.27,28 The insect
was kept in 70% ethyl alcohol due to its fragility if left to dry.
All microscopic observations were done by immersing the
insect into glycerin.

Fig. 1 Scheme of the nonlinear microscope (NLM) experimental
setup. PMT is the photomultiplier tube for two-photon excited auto-
fluorescence (TPEF) and second-harmonic generation (SHG) signal
detection and VNDF is the variable neutral-density filter for laser
power adjustment, while AD/DA is a digital acquisition card. M is a
mirror that can be inserted optionally in order to use 1040-nm laser
beam from Yb laser. The laser beam path is drawn with thick
lines, while electrical wiring is drawn with hair line style.
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Pheggomisetes ninae is a cave-dwelling and blind insect as
well, with a pair of coalesced forewings—elytra. Its hind wings
are missing. It belongs to the family Carabidae, Coleoptera
order. This endemic species inhabits several caves and pits
on Mt. Vidlič in Southeastern Serbia.29 The cuticle of this spe-
cies is thin as in other troglobitic arthropods, chitinous, almost
depigmented, and pale yellow.30 The genitalia of P. ninae males
were extracted from the bodies and then kept and observed in
glycerin.

Both species prefer wet walls and the floor of caves, where
they search for the food, mostly consisting of small inverte-
brates. They represent typical organisms adapted for life in
underground habitats—troglobites. The specimens of both ana-
lyzed species are deposited in the collection of the Institute of
Zoology, University of Belgrade—Faculty of Biology, Serbia.

3 Autofluorescence and Second-Harmonic
Generation Properties of Chemically
Purified Chitin

The second harmonic generation (SHG) signal of chemically
purified chitin was detected using excitation with ultrashort
laser pulses at 1040 nm and an 83-MHz repetition rate from
Yb-KGW laser. We use a longer wavelength femtosecond
laser in order to significantly reduce the two-photon autofluor-
escence. The detection system consisted of a streak camera
coupled with a spectrograph.

The spectrum of chemically purified chitin exhibits a sharp
peak at 520 nm—exactly one half of the excitation wavelength
[Fig. 2(a)]. We also measured the temporal response of the sig-
nal at 520 nm [see Fig. 2(b)]. It is significantly shorter than the
lifetime of TPEF (5.2 ns, as will be shown later) and is equal to
the detector response time (approximately 260 ps). This addi-
tionally confirms the presence of the second harmonic signal.
Two consecutive SHG signal pulses are shown, matching the
period between excitation pulses (12 ns).

The intensity of TPEF was measured as a function of the
laser wavelength (from 830 to 930 nm) and the laser power
(from 3.4 to 13.6 mW at the sample). This particular power
range was chosen in order to minimize the photodamage of
the biological samples. Figure 3(a) shows that the TPEF signal
decreases with the laser wavelength, indicating that the excita-
tion maximum is slightly below 830 nm. Our results were not
influenced by the possible spectral dependence of the femtosec-
ond pulse length, because the laser excitation pulses are initially
relatively long (more than 160 fs) and insensitive to the

operating wavelength, according to the manufacturer. We
have always tried to maximize the spectral width of the laser
at any particular wavelength, ensuring a constant pulse-width.
Dispersion broadening of the optical system is constant and neg-
ligible (within the operating wavelength range) compared with
the initial pulse-width.31

Fig. 3 Intensity of TPEF of chemically purified chitin as a function of
(a) laser wavelength (excitation efficiency) and laser power as a
parameter; and (b) excitation power (presented in log-log scale)
and the laser wavelength as a parameter.

Fig. 2 (a) Spectral and (b) temporal properties of nonlinear response of chemically purified chitin to the
excitation by ultrashort pulses at 1040 nm. Pulse repetition rate is 83 MHz.
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The intensity of TPEF as a function of excitation power is
shown in Fig. 3(b). In order to emphasize the quadratic depend-
ence, the logarithmic scales are chosen on both axes. The two-
photon process is exactly quadratic,32 but we have found the
value of the power coefficient to be 1.88� 0.05. A slight
deviation from the pure quadratic dependence can be explained
by a relatively weak TPEF signal and averaging of the signal
over a relatively large image area. Increased photobleaching
at higher excitation intensities can also play a role in the depar-
ture from the quadratic dependence.

In order to measure the fluorescence decay time and the spec-
trum, we used a single-photon excitation with an OPO-laser and
a streak camera coupled with a spectrograph. We have found
that the fluorescence decay time of purified chitin is 5.2 ns
(Fig. 4), while the fluorescence spectrum has a peak emission
at 440 nm and a width of approximately 120 nm (FWHM)
(Fig. 5).

We have measured the effects of prolonged irradiation of chi-
tin (both chemically purified and insect) and the corresponding
bleaching effects. The focused laser beam irradiated a single
spot on a purified chitin sample, and the resulting signal was
recorded. The laser power was 70 mW and the corresponding
power density was 5.3 MW∕cm2. The decrease in signal inten-
sity is shown in Fig. 6(a). The bleaching effect can be best
observed in Fig. 6(b), where a darkened square remained

after scanning at the higher magnification and 840-nm excita-
tion. If observed using the second-harmonic signal (using nar-
row band detection filter at 420 nm), the square with reduced
intensity could not be detected [Fig. 6(c)]. This is evidence
that the purified chitin is not damaged—only its internal struc-
ture is permanently modified, diminishing autofluorescence.
We have to add that, under normal scanning conditions (high-
scanning speed and low-irradiation intensity), bleaching effects
are minimal and do not obstruct high-quality image acquisition.
Above a certain power level, photodisruption (with plasma for-
mation) was observed. It was highly localized and could be used
as another imaging modality.

4 Two-Photon Excited Autofluorescence
Microscopy of Cave-Dwelling Insects
Plusiocampa christiani and Pheggomisetes
ninae

Here, we present an NLM study of the two cave-dwelling
insects: wingless P. christiani [Fig. 7(a)] and winged P.
ninae [Fig. 7(b)]. The data on the morphology and anatomy
were given in the descriptions.26,29 The close correspondence
of the evolution and geological record confirms cave-dwelling
insects as an important study system for historical biogeography
and molecular evolution.20 They are best suited for testing many
hypotheses concerning adaptation strategies during colonization
of empty places on Earth.33 These insects are very precious to
the natural biodiversity of the world, because single species can

Fig. 6 (a) Decrease of the TPEF signal due to chemically purified chi-
tin photo-bleaching (at 5.3 MW∕cm2 power density). (b) TPEF image
of a chitin flake. Prolonged scanning of chemically purified chitin sam-
ple produces a rectangular region with reduced fluorescence intensity
(red arrow). (c) Bleached square is not visible if sample is imaged
using the SHGmode. Both images were taken by 40×∕0.65 objective.

Fig. 5 Autofluorescence spectrum of chemically purified chitin.

Fig. 4 Fluorescence time of chemically purified chitin.
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populate one cave or mountain massif, so the degree of endem-
ism is very high.

Plusiocampa christiani was chosen for its characteristic
white appearance which is a consequence of the complete
absence of pigments.28 Apart from a certain amount of proteins,
the outer nonliving layer of the insect (cuticle) is regarded as a
highly chitinized (sclerotized) structure.34 The autofluorescent
signal comes almost exclusively from chitin, unobscured by
the fluorescence of other constituents (i.e., pigments, proteins,
and minerals) present in the insects living aboveground. This is
supported by the comparison of excitation spectra of P. chris-
tiani cuticle and chemically purified chitin (Fig. 8). It can be
seen that both curves have the same behavior between 830
and 860 nm. At longer wavelengths, the autofluorescence of
the insect is higher, signifying the presence of other fluorescent
materials in the cuticle (most probably proteins).

We demonstrate the importance of autofluorescence NLM
in observing insect morphology by presenting the head of

Fig. 8 TPEF spectra of P. christiani cuticle and chemically purified
chitin.

Fig. 9 TPEF images of P. christiani: (a) The head in dorsal view (proximal part of the antennae A and
setae S). Field width is 654 μm. (b) The posterior part of the abdomen in dorsal view (proximal part of the
cerci C and styli ST). Both three-dimensional (3-D) images were obtained using a maximum intensity
projection algorithm (from a set of 80 slices). The images were taken by 40×∕0.65 objective. Bright
field microscopic images are in insets.

Fig. 7 (a) Plusiocampa christiani; and (b) Pheggomisetes ninae (photographs by Dragan Antić).
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P. christiani in a dorsal view [Fig. 9(a)]. The antennae (seen
partially), head sclerites, and sutures can be observed, along
with the setation. It is interesting that the mouthparts, situated
ventrally, may be seen as well. The laser beam, used to produce
a stack of images, had a 12-mW power at the sample. The pos-
terior part of the abdomen of the same insect in the dorsal view is
shown in Fig. 9(b). Here, we clearly observe attached paired
appendages: multisegmented cerci (seen partially) and shorter
styli. The setation and segmentation are well distinguished.

Pheggomisetes ninae is slightly pigmented and its autofluor-
escence certainly has components stemming both from chitin
and other cuticular components. Its apical part of the head in
the ventral view is shown in Fig. 10(a), where the mouthparts

(mandibles, maxillae, and labium) are very visible, including the
fine surface structure and setation.

Images of male genitalia of P. ninae are shown in Fig. 10(b).
The features of the insect male copulatory organ (aedeagus) are
of a great significance in species determination and are usually
presented and imaged in taxonomical studies. We used 25× NA
0.8 water/glycerin immersion objective and 930-nm excitation
wavelength. Longer wavelengths were used in order to avoid the
autofluorescence of residual tissues that remained after insect
dissection. At the same time, it was possible to penetrate deeper
into the sample through the chitinous cuticle due to the reduced
two-photon absorption of chitin. From the lateral view of P.
ninae aedeagus, a fine relief can be observed on the surface,
a complex teeth-like structure of the copulatory piece is visible,
and both the inner sac and strongly sclerotized areas of the
aedeagus are recognizable (see longitudinal and cross-sections
in Figs. 11(a)–11(d)). All mentioned structures are seen in more
detail compared with light or confocal microscopy. All parts of
the male copulatory organ are well visible and delimited
(median lobe, both parameres with the setae, basal bulb, copu-
latory piece, and inner sac). The penetration depth can be esti-
mated to 200 μm for the given sample [see the scale bar in
Fig. 11(b)].

5 Discussion
As shown above, the NLM is a valuable tool for observation of
various insect body parts. In the current study, we have chosen
cave-dwelling insects in order to separate the fluorescence of
chitin from other cuticular components. During experiments,
we have investigated a number of other insect species, such
as Apatura ilia (Denis & Schiffermüller, 1775), A. iris
(Linnaeus, 1758), and Pieris rapae (Linnaeus, 1758) butterflies,
and found that each of them produced an autofluorescence sig-
nal. Its intensity ranged from good to excellent, depending on
the investigated part of the body. The nature of autofluorescence
was not always clear, since it depends on the cuticle structure.
It is well known that the cuticle is secreted by epidermal cells as
thin lamellae or sheets, like sheets of paper stacked on top of
each other. The molecules of chitin both from exo- and endo-
cuticles of insect integument can be visualized using multipho-
ton microscopy in the current study. With TPEF microscopy,
even some chitinous structures that are lying beneath the integu-
ment (e.g., fine structure of the copulatory piece of the aedea-
gus) can be observed as well [Fig. 11(d)].

We emphasize that NLM is quite a universal tool, and its
range of applicability is by no means limited to any particular
insect group. We have found that by choosing the appropriate
excitation wavelength (840 to 930 nm or 1040 nm), different
components of cuticle could be observed with varying penetra-
tion depths. Figure 12 shows the image of the inner sac of P.
ninae aedeagus, imaged using 1040-nm excitation and broad-
band detection. By comparing Figs. 11(d) and 12, different
structures are emphasized at two wavelengths.

The presence of the second-harmonic signal and the SHG
imaging of chitinous structures were barely mentioned in
Refs. 35 and 36, but without strong experimental confirmation.
In our study, the SHG signal of purified chitin was clearly
detected (see Sec. 3), but its intensity was low compared with
the autofluorescence. In spite of that, the SHG signal was used
to image the naturally occurring chitin of insect cuticle, too. As
an example, a part of the antenna of P. christiani was imaged
under SHG and TPEF conditions (Fig. 13). Images were taken

Fig. 10 Two-photon autofluorescence images of cave-dwelling beetle
P. ninae: (a) The apical part of the head with mouthparts in ventral
view (mandible MA, maxillae MX, and labium LB). The image was
taken by 25×∕0.5 objective and rendered from a stack of 230 slices
using VolView 3.4 (see also accompanying Video 1). (b) The male
genitalia in lateral view (median lobe M, parameres P, parameral
setae S, and basal bulb B). The image was taken by 40×∕0.65
objective and rendered from a stack of 120 slices (see also accom-
panying Video 2). Bright field microscopic images are in insets.
(Video 1, MPEG 7.1 MB) [URL: http://dx.doi.org/10.1117/1.JBO.20
.1.016010.1]; (Video 2, MPEG 7.1 MB) [URL: http://dx.doi.org/
10.1117/1.JBO.20.1.016010.2].
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using 840-nm excitation combined with either broadband
[400 to 700 nm, see Fig. 13(a)] or narrowband [420 nm, see
Fig. 13(b)] detection filters. From Fig. 13(a), it can be seen that
the broadband detection produced fine details of the antenna,
while narrow-band SHG conditions produced only an outline.
A set of SHG slices was used to construct a 3-D-view of the
antenna [Fig. 13(c)]. We emphasize that the SHG signal is
much weaker compared with fluorescence which dominates
in Fig. 13(a). Therefore, we did not need an additional filter
to suppress SHG signal when observing fluorescence.

In order to study the polarization effects, we experimentally
confirmed that our detection system is not sensitive to signal
polarization. Also, the acquired polarization ellipticity in the
excitation arm of the microscope is negligible.

It is well known that the dependence of the detected signal to
the polarization state of excitation light may be regarded as a
strong indication of the SHG.37,38 However, we have found that
the polarization effects were pronounced both under SHG (840-

nm excitation and 420-nm short-pass filter detection) and TPEF
(840-nm excitation and broadband detection—between 400 and
700 nm) conditions. To further investigate this behavior, we
fully suppressed the second-harmonic signal, using excitation
at 850 nm and narrowband detection at 450� 5 nm. Even
then, the polarization sensitivity of the TPEF signal to the polari-
zation of the excitation light was clearly seen (see Fig. 14
presenting a part of P. christiani antenna recorded at two
orthogonal polarization states). We observed that the signal
can be significantly altered, and the SNR can be affected by
simply rotating the polarization plane. Such behavior is not fre-
quently observed, and it is not clear why this happens. However,
according to Refs. 39 and 40, this behavior can be used to dis-
criminate between different features or processes.

In this and similar studies, high-power femtosecond lasers
are used. In our case, only a fraction of the available laser
power was necessary for NLM of chitinous structures. By sim-
ply increasing the laser power (above 20 to 30 mW at the

Fig. 11 TPEF images of cave-dwelling beetle P. ninae: (a) The male genitalia with cross-sectional plane
(red line), median lobe M, parameres P, and parameral setae S. (b) A corresponding cross-section of the
genitalia showing median lobe M and copulatory piece C (yellow arrows). (c) The male genitalia with
longitudinal section plane (red square). (d) A corresponding longitudinal section of the male genitalia
showing the structure of median lobe M, paramere P, inner sac I, and copulatory piece C (yellow arrows).
Inset (white square) in (d) is the enlarged copulatory piece with clearly visible teeth-like structure. The
images were taken by 25×∕0.8 water/glycerin immersion objective.
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sample), we were able to vaporize certain sections of cuticle
and reveal internal, otherwise invisible, structures. This kind
of tissue surgery has to be done carefully in order to localize
laser-induced damage. This will be the subject of our further
investigations.

There are several experimental problems that should be care-
fully treated when imaging insects. Samples should be kept in a

mounting medium which is free of autofluorescence. We found
that glycerin is more appropriate then Canada balsam, which has
a high level of autofluorescence. In order to increase the pen-
etration depth of the laser light, insects like P. ninae were ini-
tially soaked in clove oil, which clears the tissues to some
degree. We have found no significant autofluorescence of clove
oil and we are not aware of altered autofluorescence properties
of the sample after the treatment.

In this study, we used only dead insects, but it is possible to
work with live specimens, too, as verified in our experiments. If
the power density is properly controlled, we have found that the
laser radiation is not harmful, even for such sensitive tissues as
insect compound eyes. We have observed in vivo ommatidia of
several insects without the damaging effects of the laser light.
This will be the subject of our future research.

Fig. 12 Image of the inner sac of P. ninae aedeagus obtained upon
1040-nm excitation and broadband detection. Different structures are
seen, as compared with Fig. 11(d).

Fig. 13 The tip of P. christiani antenna, recorded by: (a) excitation at 840 nm and broadband detection
between 400 and 700 nm (single slice); (b) excitation at 840 nm and narrow-band detection at 420 nm
(single slice); and (c) volume rendering of the stack recorded under 840 nm excitation and 420 nm detec-
tion conditions.

Fig. 14 The tip of P. Christiani antenna recorded at two orthogonal
polarization states. (a) Horizontal polarization, (b) vertical polarization
of excitation light.
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6 Conclusions
We have shown that NLM is an efficient tool to study the mor-
phology and anatomy of chitinous insect structures. It is a
powerful technique that does not require tissue staining (as in
confocal microscopy) or special tissue clearing methods (e.g.,
in selective plane illumination microscopy). Biological samples
can be observed both in vivo and in vitro, with high resolution,
quickly and without complicated preparation procedures. The
autofluorescence spectrum and fluorescence time of chemically
purified chitin were measured and the SHG signal was detected.
Strong, two-photon excited autofluorescence and weaker SHG
signals were used for imaging the insects. Exterior (head and
antenna) and interior (male genitalia) body parts of two selected,
cave-dwelling, insect species were studied and results were pre-
sented. A set of slices was recorded with a penetration depth of
up to 200 μm. Many other insect species were analyzed, proving
the universal applicability of the technique. We have found that
almost any part of the insect body fluoresces. TPEF seems more
suited to reflection analysis of whole insects, while SHG is more
appropriate to transmission visualization of thin organs and
structures like antennas and other appendages. NLM can also
be used for dimensional metrology of an insect body and 3-
D visualization of the body parts.

Apart from insects, the results of our study are applicable to a
wide range of other biological taxa possessing chitin (algae,
fungi, mollusks, other arthropods, and so on). Thanks to the
high-penetration depth, NLM could enable studying of both
morphological (external) and anatomical (internal) structures
of a variety of living organisms. Such analyses are possible with-
out any sample destruction or dissecting. The additional advan-
tage of the technique is that either dead or living biological
models could be experimentally observed.
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ics, University of Belgrade, Serbia) for his help in establishing
fluorescence time and fluorescence spectrum of chemically puri-
fied chitin. We thank to the personel of the Center for Laser
Microscopy, University of Belgrade—Faculty of Biology,
Belgrade, Serbia and Professor Pavle Andjus for enabling us
to use their microscope objectives. Also, we would like to
thank George Tserevelakis (Technical University of Munich,
Germany and Institute of Electronic Structure and Lasers, Foun-
dation for Research and Technology Hellas, Heraklion, Greece)
for useful discussion and advices about the manuscript and the
data processing.

References
1. P. T. C. So et al., “Two-photon excitation fluorescence microscopy,”

Annu. Rev. Biomed. Eng. 2, 399–429 (2000).
2. J. L. Capinera, Encyclopedia of Entomology, 2nd ed., Springer,

Dordrecht (2008).
3. J. Michels and S. N. Gorb, “Detailed three-dimensional visualization of

resilin in the exoskeleton of arthropods using confocal laser scanning
microscopy,” J. Microsc. 245, 1–16 (2012).

4. H. F. Nijhout, “The developmental physiology of color patterns in
Lepidoptera,” Adv. Insect Physiol. 18, 181–247 (1985).

5. P. B. Koch et al., “Insect pigmentation: activities of β-alanyldopamine
synthase in wing color patterns of wild-type and melanic mutant
swallowtail butterfly Papilio glaucus,” Pigm. Cell Res. 13(Suppl 8),
54–58 (2000).

6. H. Peisker, J. Michels, and S. N. Gorb, “Evidence for a material gradient
in the adhesive tarsal setae of the ladybird beetle Coccinella septem-
punctata,” Nat. Commun. 4, 1661 (2013).

7. G. Cárdenas et al., “Chitin characterization by SEM, FTIR, XRD, and
13C cross polarization/mass angle spinning NMR,” J. Appl. Polym. Sci.
93, 1876–1885 (2004).

8. H. L. Leertouwer, B. D. Wilts, and D. G. Stavenga, “Refractive index
and dispersion of butterfly chitin and bird keratin measured by
polarizing interference microscopy,” Opt. Express 19, 24061–24066
(2011).

9. B. de Campos Vidal, “Butterfly scale form birefringence related to
photonics,” Micron 42, 801–807 (2011).

10. J. Michels, “Confocal laser scanning microscopy: using cuticular
autofluorescence for high resolution morphological imaging in small
crustaceans,” J. Microsc. 227, 1–7 (2007).

11. C.-H. Chien et al., “Label-free imaging of Drosophila in vivo by coher-
ent anti-Stokes Raman scattering and two-photon excitation autofluor-
escence microscopy,” J. Biomed. Opt. 16, 016012 (2011).

12. D. E. Azofeifa, H. J. Arguedas, and W. E. Vargas, “Optical properties of
chitin and chitosan biopolymers with application to structural color
analysis,” Opt. Mater. 35, 175–183 (2012).

13. J. D. Schiffmann and C. L. Schauer, “Solid state physics characteriza-
tion of α-chitin from Vanessa cardui Linnaeus wings,” Mater. Sci. Eng.
C 29, 1370–1374 (2009).

14. G. Luna-Bárcenas et al., “FEMO modelling of optical properties of
natural biopolymers chitin and chitosan,” Phys. Status Solidi (C) 5,
3736–3739 (2008).

15. K. Kumazawa and H. Tabata, “A three-dimensional fluorescence
analysis of the wings of male Morpho sulkowskyi and Papilio xuthus
butterflies,” Zool. Sci. 18, 1073–1079 (2001).

16. J. M. Gallas and M. Eisner, “Fluorescence of melanin-dependence upon
excitation wavelength and concentration,” Photochem. Photobiol. 45,
595–600 (1987).

17. M. Brydegaard et al., “Insect monitoring with fluorescence lidar tech-
niques: feasibility study,” Appl. Opt. 48, 5668–5677 (2009).

18. K. Christiansen, “Morphological adaptations,” in Encyclopedia of
Caves, W. B. White and D. C. Culver, Eds., 2nd ed., pp. 517–528,
Elsevier, Amsterdam (2012).

19. D. C. Culver and T. Pipan, The Biology of Caves and Other
Subterranean Habitats, Oxford University Press, Oxford (2009).

20. I. Ribera et al., “Ancient origin of a Western Mediterranean radiation of
subterranean beetles,” BMC Evol. Biol. 10, 1–14 (2010).

21. G. Filippidis et al., “Imaging of Caenorhabditis elegans neurons by sec-
ond-harmonic generation and two-photon ex-citation fluorescence,” J.
Biomed. Opt. 10, 024015 (2005).

22. W. Supatto et al., “In vivo modulation of morphogenetic movements in
Drosophila embryos with femtosecond laser pulses,” Proc. Natl. Acad.
Sci. U. S. A. 102, 1047–1052 (2005).

23. D. Debarre et al., “Imaging lipid bodies in cells and tissues using
third-harmonic generation microscopy,” Nat. Methods 3, 47–53 (2006).

24. C. Y. Lin et al., “Label-free imaging of Drosophila larva by multiphoton
autofluorescence and second harmonic generation microscopy,” J.
Biomed. Opt. 13, 050502 (2008).

25. J.-A. Conchello and J. W. Lichtman, “Optical sectioning microscopy,”
Nat. Methods 2, 920–931 (2005).

26. B. Condé and C. Bareth, “Une évolution de Stygiocampa, sous-genre
troglomorphe de Plusiocampa (Diplura Campodeidae), avec la descrip-
tion d’une nouvelle espèce de Serbie orientale,” Rev. Suisse Zool. 103,
369–381 (1996).

27. J. Pages, “Remarks on the Japygidae (Insecta, Diplura) reported for the
underground environment,” Int. J. Speleol. 1, 192–201 (1964).

28. A. I. Camacho, The Natural History of Biospeleology, Monografias del
Museo nacional de ciencias naturals, Consejo superior de investiga-
ciones científicas, Madrid (1992).
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a b s t r a c t

Cerium oxide (CeO2-d) ultrafine nanoparticles, with the lower (CeO2-d-HT) and higher (CeO2-d-SS) fraction
of oxygen vacancies, were used as anchoring sites for the polymerization of aniline in acidic medium. As
a result, polyaniline-emeraldine salt (PANI-ES)-based composites (PANI-ES@CeO2-d-HT and PANI-
ES@CeO2-d-SS) were obtained. The interaction between CeO2-d and PANI was examined by FTIR and
Raman spectroscopy. The PANI polymerization is initiated via electrostatic interaction of anilinium cation
and Cl� ions (adsorbed at the protonated hydroxyl groups of CeO2-d), and proceeds with hydrogen and
nitrogen interaction with oxide nanoparticles. Tailoring the oxygen vacancy population of oxide offers
the possibility to control the type of PANI-cerium oxide interaction, and consequently structural, elec-
trical, thermal, electronic and charge storage properties of composite. A high capacitance of synthesized
materials, reaching ~294 F g�1 (PANI-ES), ~299 F g�1 (PANI-ES@CeO2-d-HT) and ~314 F g�1 (PANI-
ES@CeO2-d-SS), was measured in 1M HCl, at a common scan rate of 20mV s�1. The high adhesion of PANI
with cerium oxide prevents the oxide from its slow dissolution in 1MHCl thus providing the stability of
this composite in an acidic solution. The rate of electrochemical oxidation of emeraldine salt into per-
nigraniline was also found to depend on CeO2-d characteristics.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The linkage of diverse metal oxides (TiO2, CeO2, ZnO, graphene
oxide, SiO2, FexOy, MnO2 …) with one of the oldest conducting
polymers such as polyaniline (PANI) has been shown as an effective
strategy for improving mechanical, thermal, dielectric, electrical
and optical properties of this polymer [1e5]. An easy synthesis,
environmental stability, and fast doping/dedoping process, make
PANI very suitable matrix for the facile further fabrication. On the
other hand, inorganic oxides easily interact with PANI chains,
resulting in the synergistic behaviour. The versatile properties of
these hybrid materials, achieved either through the different
culty of Physical Chemistry,

ujkovi�c).
degree of PANI‘s protonation or different oxide structures (obtained
through numerous synthesis procedures), make their study
inexhaustable.

While the investigations of composites with TiO2 were quite
diverse and numerous, the studies on PANI/CeO2 nano-composites
have mostly directed to the development of sensor technology
including H2O2 sensors, humidity sensors, biosensors, gas sensing
materials [6e11]. The positive influence of CeO2 particles, incor-
porated into PANI chains, has been recognized in many sensor
properties. Besides, the binding of cerium oxide with the polyani-
line was found to improve thermal [12,13], corrosion protection
[14] and electrochemical properties [15e17]. Still, the studies
regarding the Ce-oxide's influence to the charge storage properties
of polyaniline are quite rare. Recently, Fei et al. [17] showed that an
indirect chemical bonding of PANI to CeO2 surface via its eOH and
eNCO functionalized groups improves both electrocatalytic and
capacitive performance of PANI. By mixing CeO2 with 10% of PANI,
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Maheswari et al. [15] have significantly improved charge storage
properties of oxide in HCl, from a very high value of 927 F g�1 (for
pure oxide) to the extremely high one amounting to 1452 F g�1 for
the CeO2/PANI composite. Also, Gong et al. [16], have recently
prepared nickel doped cerium oxide nanospheres at PANI
(NieCeO2@PANI) as an electrode material for supercapacitors,
which provided a very high capacitance of 894 F g�1 (at 1 A g�1),
thanks to the defective nature of NieCeO2. The excess of reactive
oxygen vacancies was achieved by doping CeO2 with nickel
atoms, whereas the NieCeO2@PANI nanocomposite was prepared
by in situ chemical oxidative polymerization of aniline in
presence of NieCeO2 particles. Herein, polyaniline-cerium oxide
composites have been synthesized by typical chemical polymeri-
zation of aniline (under highly acidic conditions), adsorbed on the
surface of cerium-oxide nanoparticles, in order to examine its
charge storage ability. The idea was to use the two types of CeO2-d,
containing different fraction of oxygen vacancies (without metal
doping), in order to compare how the O-vacancy population in-
fluences the PANI-CeO2 interaction. The oxide's particles were
synthesized by two different methods: i) the solid-state method,
yielding cerium-oxide with higher concentration of oxygen va-
cancies and ii) the hydrothermal method yielding oxide with lower
concentration of oxygen vacancies. The influence of vacancy con-
centration of CeO2-d oxides, in their composites with highly
conductive emeraldine form of PANI, on the thermal, vibrational
and electrochemical properties of composites, was thoroughly
examined. The mechanism of PANI-CeO2-d interaction is proposed
and discussed.

2. Experimental

2.1. Synthesis procedure

2.1.1. Synthesis of polyaniline emeraldine salt
Polyaniline, in the form of emeraldine salt (PANI-ES), was syn-

thesized by typical chemical polymerization of aniline (Sigma
Aldrich) in the presence of hydrochloric acid using ammonium
persulfate (Sigma Aldrich) as an oxidant [18]. Briefly, 0.18mL of two
times distilled aniline monomer was injected into 7mL of 2M HCl
solution. 0.45 g (NH4)2SO4 (previously dissolved in 2mL of deion-
ized water) was dropped to the solution and stirred magnetically at
25 �C. After filtration, the precipitatewaswashed (with 2MHCl and
deionized water followed by ethanol) and dried at 60 �C in the oven
for 36 h.

2.1.2. Hydrothermally synthesis of CeO2-d

The CeO2-d nanoparticles with a lower amount of oxygen va-
cancies were prepared by the hydrothermal treatment (CeO2-d-HT),
according to the procedure presented in Ref. [19]. In a typical
synthesis, 2 g of polyvinylpyrrolidone (Sigma Aldrich) was dis-
solved in 40mL of deionized water, continuously stirring on a
magnetic stirrer (at room temperature Tz 25 �C) until a homoge-
neous solution was obtained. 6mmol of Ce(NO3)3$6H2O (Acros
Organics 99.5%), previously dissolved in deionizedwater V¼ 40mL,
was slowly added to the resulting solution, with constant stirring.
During the synthesis, the pH of the solution was not adjusted and
value was pHz 4. The prepared solution was put into a Teflon-
lined stainless steel autoclave (capacity ~ 80mL), and hydrother-
mally treated at 200 �C for 6 h. After synthesis, the autoclave was
cooled down to room temperature naturally. The resulting precip-
itate was collected and washed several times with distilled water,
and afterwards dried in a vacuum oven overnight at 105.5 �C.

2.1.3. Solid state synthesis of CeO2-d

Solid-state reaction at room temperature was used for the
synthesis CeO2-d ultrafine particles with a higher amount of oxygen
vacancies [20,21]. Cerium nitrate hexahydrate (Acros Organics
99.5%) and sodium hydroxide (Carlo Erba) were used as starting
materials for this procedure. Synthesis involves manual mixing of
the starting chemicals in mortar (~10min) until the mixture be-
comes light brown. After exposure to the air (4 h), the sample was
washed four times with distilled water and twice with ethanol to
remove NaNO3. The final product was transferred into petri dish
using ethanol and dried at 60 �C in a drying oven overnight. Thefinal
result of the synthesis obtained is a light yellow powder CeO2-d.

2[(Ce(NO3)3� 6H2O] þ 6NaOH þ (1/2-d)O2 / 2CeO2-d þ 6NaNO3þ
15H2O

2.1.4. PANI@CeO2-d synthesis procedure
The PANI@CeO2-d composites were prepared in the same way as

PANI-ES, in presence of cerium oxide. Namely, 0.18mL of distilled
aniline monomer was injected into an aqueous solution of 2M HCl,
containing 50mg of CeO2-d-SS or CeO2-d-HT ultrafine nanoparticles.
The acidic solutions of cerium-oxide nanoparticles were previously
treated by ultrasound to prevent aggregation of nano-CeO2 parti-
cles. The oxidizing agent (NH4)2S2O8 (0.45 g), previously dissolved
in 2ml deionized water, was added to the solutions drop by drop.
After mixing the solution for 6 h on a magnetic stirrer, at room
temperature, the samples were filtered and washed. Afterwards,
the obtained dark-green PANI@CeO2-d composites, labelled as
PANI-ES@CeO2-d-SS and PANI-ES@CeO2-d-HT, were dried in the
oven at 60� for 36 h to achieve the constant weight.

For the sake of comparison, the similar experiments using
100mg of CeO2-d-SS and 9mg, 50mg and 100mg of TiO2 anatase
(Sigma Aldrich) were also performed.

2.2. Characterization

The obtained powdered samples were pressed into pellets and
their conductivity was measured between two stainless pistons
using an ac bridge (Waynne Kerr Universal Bridge B 224) at 1.0 kHz,
at room temperature and pressure of 375MPa.

Thermogravimetric and differential thermal analysis (TG/DTA)
were carried out simultaneously by an SDT 2960 Simultaneous
DSC-TGA thermal analyzer, in air atmosphere with a flowing rate of
10 Cmin�1.

The morphology of synthesized samples was observed by field-
emission scanning electron microscope (FESEM, Tescan MIRA3).
PANI-based samples were clearly visible as such, while cerium
oxide sample required vacuum decoration by gold.

The Raman spectra of samples were recorded on a DXR Raman
microscope (Thermo Scientific) equipped with a research optical
microscope and a CCD detector. A HeNe gas laser with an excitation
wavelength of 633 nmwas used for allmeasurements. The scattered
light was analyzed by the spectrograph with a grating of 600 lines
mm�1 and a spectrograph aperture of 50 mm slit. The laser power
was kept at 0.5mW on the sample. Each spectrum was measured
with an exposure time of 30 s and number of exposures of 20.

The Infrared transmission spectra (FTIR) of the samples in the
form of pellets with KBr, were recorded using an Avatar System 370
spectrometer (Thermo Nicolet), with 64 scans per sample and
2 cm�1 resolution in the wavenumber range 4000e400 cm�1.

2.3. Electrochemical measurements

Electrochemical measurements of examined samples were
performed at Gamry PCI4/300 Potentiostat/Galvanostat, in the



Fig. 1. TG (a) and DTA (b) curves of PANI-ES and PANI-ES@CeO2-d samples.
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typical three-electrode configuration. The reference electrodewas a
saturated calomel electrode (SCE), while the counter electrode was
a wide Platinum foil (Pt). To prepare the working electrode the
examined powder was mixed with the 5wt% Nafion binder (Sigma
Aldrich) in ethanol/water, in the 95:5 ratio. Several drops of ethanol
were added in order to obtain the desired viscosity. After homog-
enization in an ultrasonic bath, the slurry was deposited over the
rectangular glassy carbon support and dried at ambient tempera-
ture in order for ethanol to evaporate. The loading mass was
1.7mg cm�2 for all examined electrodes. The electrolyte was
1mol dm�3 HCl aqueous solution.

3. Results and discussion

3.1. Conductivity measurements

The synthesized PANI-ES delivers a high value of electronic
conductivity, amounting to ~0.6 S/cm. The incorporation of semi-
conducting cerium-oxide, into polymer matrix, decreases the
conductivity to ~0.5 S/cm and ~0.3 S/cm for PANI-ES@CeO2-d-SS and
PANI-ES@CeO2-d-HT, respectively.

3.2. Thermal behavior

Thermal behavior of prepared samples was examined by
simultaneous thermogravimetric/differential thermal analysis
(TGA/DTA), in the temperature range 25e700 �C, under air atmo-
sphere. The characteristic thermogram of conducting polymer [22],
made of three separated weight loss steps, is observed (Fig. 1a). The
first weight loss (about 7%) up to 100 �C, originates from desorption
of adsorbed water molecules, while the second weight loss be-
tween 180 and 300 �C (about 13%) can be attributed to the elimi-
nation of protonating acid dopant (HCl) bound to the polymer
chain. The third and the greatest weight loss (about 80% for pure
PANI), within the temperature range 300e700 �C, corresponds to
the structural degradation of the polymer backbone [22]. One can
notice that both composites, unlike the pure PANI, did not lose the
whole weight at 700 �C, but ~96.3% (PANI-ES@CeO2-d-SS) and
~95.8% (PANI-ES@CeO2-d-HT) of its initial weight. It is due to a high
thermal stability of inorganic cerium oxide. Based on this, the
fraction of cerium-oxide in the composite could be determined and,
relative to the mass of dried sample (taking into account the
amount of adsorbed water), was found to be ~4% (PANI-ES@CeO2-d-
SS) and 4.5% (PANI-ES@CeO2-d-HT). Somewhat higher content of
hydrothermally synthesized oxide in the composite was obtained.
This is in the correlationwith the higher concentration of Ce4þ ions
i.e. higher fraction of oxygen atoms in the CeO2-d-HT crystal lattice.

It can be seen that weight loss of samples, up to 300 �C (removal
of water molecules and dopant), is insensitive to the presence of
oxide (it is governed by the type of dopant). However, above
~300 �C, there are differences in the thermal decomposition of the
polymer chain in examined samples, which are more visible in
corresponding DTA curves (Fig. 1b). As our DTA curves show, two
exothermic peaks follow the process of ES degradation within the
temperature region 300e700 �C. The position of the first DTA peak
(appearing at 384 �C) is the same for PANI-ES and PANI-ES@CeO2-d-
SS, while its values for PANI-ES@CeO2-d-HT is slightly shifted to-
wards higher temperature (393 �C). The second DTA peak, higher in
the intensity, appears at ~489 �C (PANI-ES), 499 �C (PANI-ES@CeO2-

d-SS), 512 �C (PANI-ES@ CeO2-d-HT). It can be concluded that the
thermal resistance of PANI becomes higher by its binding with the
cerium-oxide, especially when the chains grew on hydrothermally
prepared oxide. This originates from its strong interaction with the
oxide. The improved thermal stability of PANI in interaction with
metal oxides has been already reported [12,13,17], but the opposite
behavior [17] was also found. These variations can be explained in
the different interactions of cerium oxide with polyaniline chains,
which can be influenced by the synthesis of oxide, the type of PANI
dopant and the doping level. Here, higher thermal stability of PANI
was obtained for the composite containing CeO2-d with the lower
fraction of oxygen vacancies. Furthermore, the declining slope of
the PANI@CeO2-d DTA curves is steeper than that of PANI-ES, which
suggests that the cerium oxide acts as a catalyst of the combustion
process of carbon, formed by the thermal decomposition of
polymer.

3.3. Morphology

Ultrafine nanoparticles of CeO2-d-HT and CeO2-d-SS are shown in
Fig. 2a and b. Nanodispersed, nearly spherical particles, 20e40 nm
in diameter, prevail on the CeO2-d-SS surface (Fig. 2a) while the
CeO2-d-HT sample is composed of monodispersed spherical parti-
cles, 0.7e1.1 mm in diameter (Fig. 2b). Interestingly, these sub-
micron/micron CeO2-d-HT spheres are huge agglomerates of
nanoparticles 20e40 nm in diameter, which are similar to CeO2-

deSS particles. Representative FE-SEM micrograph of PANI-ES
sample shows that the short nanofibers (~75 nm in diameter) can
be perceived (Fig. 2c). The FE-SEM micrographs of PANI-ES@CeO2-



Fig. 2. SEM micrographs of CeO2-d-SS (a), CeO2-d-HT particles (b), PANI-ES (c), PANI-ES@CeO2-d-SS (d) and PANI-ES@CeO2-d-HT (e).

Fig. 3. FTIR spectrum of PANI-ES (a), PANI-ES@CeO2-d-SS (b) and PANI-ES@CeO2-d-HT
(c). FTIR spectra of pure CeO2-d-SS and CeO2-d-HT are given in inset.
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d composites (Fig. 2d and e) indicate that the presence of ultrafine
nanodispersed CeO2-d particles do not influence the original PANI-
ES morphology.

3.4. Vibrational spectroscopy study

3.4.1. Infrared spectroscopy
It is well known that FTIR spectrum of PANI is very sensitive to

various experimental conditions such as humidity, temperature,
pressure, storing and processing of samples and so on [23]. In order
to avoid differences caused by the influence of the mentioned pa-
rameters we measured the spectra under the same conditions
following recommendations by Trchova et al. [23].

Representative FTIR spectra of synthesized polyaniline-based
samples are shown in Fig. 3. The characteristic spectrum of pro-
tonated emeraldine salt form can be recognized in all samples. The
assignation of FTIR bands (well-documented in literature [23e30]),
is presented in Supplementary Data. The spectrum of PANI-
ES@CeO2-d sample is almost the same as the spectrum of pure PANI-
ES since the characteristic CeO2-d vibrational modes (shown in inset
of Fig. 3) cannot be distinguished. This can be associated to very
intensive vibrational bands of protonated polyaniline as well as the
lowamount of cerium oxide in the composite. It can only be noticed
that the intensity ratio of 1306/1244 cm�1 bands (which are
assigned to CeN stretching modes) changes in the presence of the
oxide being 1.25,1.28 and 1.29 for PANI-ES, PANI-ES@CeO2-d-SS, and
PANI-ES@CeO2-d-HT, respectively. These changes are in correlation
with themeasured trend of electronic conductivity, and suggest the
involvement of nitrogen from the polymer chain in the interaction
with oxide.

3.4.2. Raman spectroscopy
The molecular structure of samples was studied also by Raman

spectroscopy. The obtained Raman spectrum of PANI-ES (Fig. 4a) is
typical for protonated emeraldine form, and its assignment is well-
documented [27,31e36]. It can be seen in Supplementary Data.
Raman spectra of PANI@CeO2-d composites (Fig. 4b and c) show

all characteristic modes of PANI-ES, but CeO2-d vibrations cannot be
distinguished. The CeO2-d spectra are measured under the same
experimental conditions as that of PANI-ES and presented in the
inset of Fig. 4. The high intensity Raman band at ~463 cm�1 cor-
responds to the F2g vibrational mode of fluorite CeO2-d structure.
Interestingly, this high intensity mode is not visible in the spectra of
composites. This confirms that the CeO2 is encapsulated into
polymer chains thus forming the core-shell structure, via the
polymerization of aniline adsorbed on the cerium oxide as a



Fig. 4. Raman spectra of PANI-ES (a), PANI-ES@CeO2-d-SS (b) and PANI-ES@CeO2-d-HT
in the normalized scale (c). Spectra of pure CeO2-d-SS and CeO2-d-HT oxides are given in
inset.
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nucleation core. Aweak broadband (at ~ 606 cm�1) in the spectrum
of CeO2-d-SS is related to the presence of oxygen vacancies. The use
of more appropriate Raman conditions [35], provides more defined
oxide modes, suggesting that both synthesized oxides investigated
in this work actually possess a certain amount of vacancies, which
is noticeable higher in the CeO2-d-SS sample.

The changes of the PANI-ES mode positions due to the presence
of CeO2-d are not visible, but changes of the vibration modes in-
tensity can be noticed. One can notice the CeO2-d influence on the
band corresponding to the C ~ Nþ� stretching vibration of the
delocalized polaronic structure, which is also identified by FTIR.
Actually, the splitting of this band to ~1344 cm�1 and ~1326 cm�1

modes, which occurs in the pure PANI-ES, is more pronounced in
the composites, especially in the PANI@CeO2-d-HT sample with the
lower concentration of vacancies, and consequently, a higher de-
gree of Ce4þ ions. It seems that the relative ratio of 1344 cm�1/
1326 cm�1 bands decreases in the composite thus confirming the
involvement of PANI's nitrogen in the interaction with cerium ions
handing in electrons. By donating electrons to oxide, the CeNþ

stretching bonds became weaker thus appearing at low wave-
numbers which is reflected in the decreased intensity of 1344 cm�1

band on account of the increase of 1326 cm�1 band intensity. The
change in the 1509 cm�1 mode, corresponding to NeH deformation
vibrations, upon PANI-CeO2-d interaction, is also visible and is more
pronounced in the composite containing CeO2-d-SS.

The PANI-CeO2-d interaction causes also pronounced changes of
the vibrational modes intensity in the low-frequency region (in
which the oxides modes appear). The relative intensity of the
PANI's 421 cm�1 band (which is positioned in the vicinity of the
most intensive CeO2-d mode), is decreased in the composite. It can
be correlated to the stronger F2g vibrational mode of fluorite
structure of CeO2-d which causes the strong interaction. Further-
more, the intensity ratio of bands at 585 cm�1 (positioned in the
vicinity of oxygen vacancy band) and 520 cm�1 is decreased upon
CeO2-d action (as indicated in Fig. 4), thus following the trend PANI-
ES, PANI@CeO2-d-HT, PANI@CeO2-d-SS. So, this decrease is more
pronounced for PANI@CeO2-d-SS, which could be related to the
presence of higher concentration of oxygen vacancies. Also, the
change in the relative intensity of 718 cm�1-assigned band to other
bands follows this trend.

The observed changes in the Raman modes of polyaniline
caused by the presence of cerium oxide indicates the existence of
two types of PANI-CeO2-d interactions including the nitrogen- (from
radical cation) and hydrogen (from amine of polarons and bipo-
larons) bonding. Unlike the interaction involved nitrogen atoms, it
seems that the hydrogen bonding interaction is facilitated by oxy-
gen vacancies in the oxide lattice.

3.5. Electrochemical behavior

3.5.1. Narrower voltage interval
The influence of the cerium oxide to the charge storage behavior

of PANI was studied by Cyclic Voltammetry. Typical redox pair of
PANI, corresponding to the transition of leucoemeraldine to
emeraldine salt, was observed in the potential range from �0.2 V
vs. SCE to 0.6 V vs. SCE (Fig. 5a) [37]. This redox process is sensitive
to the presence and relative fraction of CeO2-d in the samples. As
shown in Fig. 5a and Fig. S1, the current response of both cerium-
oxides, in an acidic solution, is very poor, (below ~1mA). On the
other hand, PANI has more than twenty times higher current
response. Theoretically, the ratio of active redox centers, such as
Ce4þ/Ce3þ and the amino/imino centers in the composite (wt%/M
for CeO2-d: wt%/M for C6H5NH), corresponds exactly to the ratio of
1:22, respectively. However, taking into account the mass ratio of
individual components in the composite, the current ratio of PANI
and oxide (in the composite) would be even higher in favor of PANI.
Therefore, the slightly depressed current response of PANI-ES could
be expected if the certain fraction of PANI was replaced with CeO2-d.
However, the current response of PANI was somewhat increased
after incorporation of cerium-oxide. This enhancement factor de-
pends on the type of used oxide. Actually, the interaction of PANI
with CeO2-d-HT leads to the very small increase of its current
(which is practically negligible), while this response became
somewhat higher in the presence of CeO2-d-SS (Fig. 5a and b).
Charge/discharge capacitance expressed in F g�1, were found to be
296/294 F g�1for pure PANI, 302/299 Fg-1 for PANI@CeO2-d-HT and
319/314 F g�1 for PANI@CeO2-d-SS, at a common scan rate of
20mVs�1.

Incorporation of CeO2-d into PANI-ES provides a slightly higher
coulombic capacity despite the fact that the conductivity of com-
posite was decreased by CeO2-d doping (although it decreased, the
electronic conductivity of PANI-based composite is still very high).
Therefore, the capability of polyaniline chains to attach/release
electrolyte ions (without the charge transfer of protons) to
compensate acceptance/liberation of electrons upon cycling can be
limiting step. This process can be faster in the composite due to
improved wettability caused by CeO2-d presence [38]. Better charge
behavior of PANI@CeO2-d-SS than PANI@CeO2-d-HT can be attrib-
uted to the differences in wettability. CeO2-d-SS surface contains a
higher amount of surface hydroxyl groups, compared to the one of
CeO2-d-HT surface (Fig. 3). The presence of these groups improves
the wettability of both PANI's surface at its boundary with CeO2-d.

To summarize, both investigated PANI@CeO2-d composites pre-
sent novel materials with a very large charge storage ability in an
acidic solution. The synthesized PANI-ES@CeO2-d composites are
also stable in 1M HCl solution. This is confirmed by the stability of
the charge storage of PANI-ES@CeO2-d-SS during the long cycling in
this acidic electrolyte solution (Fig. S2, Supp.Data). Upon cycling,
PANI@CeO2-d-SS electrode is kept in the electrolyte overnight, after
which the same charge storage behavior was measured. TG curve of
such cycled electrode powder was identical to the one for the raw
powder, thus confirming the same oxide fraction in the composite.
It can be concluded that a strong adhesion of PANI with the cerium



Fig. 5. a) Stabilized CVs of PANI-ES, CeO2-d, and PANI-ES@CeO2-d composites; b) Spe-
cific capacitance of PANI-ES, PANI-ES@CeO2-d-HT, and PANI-ES@CeO2-d-SS at different
scan rates; c) The cyclic stability of PANI-ES@CeO2-d-SS. The electrolyte was 1M HCl.
The voltage range was 0.2e0.6 V vs. SCE and the scan rate was 20mV s�1.
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oxide surface prevents the oxide from its possible slow dissolution
in 1M HCl. The fact that the cerium oxide in the composite is
encapsulated into the shell of polymer chains favors this
assumption.

The higher capacitance was obtained for PANI-ES@CeO2-d-SS,
which makes this composite a very promising supercapacitor
electrode. Its stable capacitance during consecutive cycling (Fig. 5c
and Fig. S2) indicates the stable leucoemeraldine-emeraldine redox
process. A small capacity decrease, with the increase of the scan
rate, was measured (Fig. 5b).

3.5.2. Extended voltage interval
It is known that over-oxidation of PANI in an acidic solution by

applying potentials above ~0.6e0.7 V vs. SCE, results in its capacity
decrease. Because of that, the cycling behavior in the deeper
positive-going scan (beyond 0.6 V vs. SCE) was rarely examined
[39]. Among other things, the idea of this work is to see how the
presence of nonstoichiometric cerium-oxide influences the elec-
trochemical over-oxidation of polyaniline.

CVs of all three samples, measured in an extended potential
range from �0.2e1 V vs. SCE during ten consecutive cycles were
shown in Fig. 6. In the first cycle, beside the main redox couple I
(positioned at 0.22/0.01 V vs. SCE), which originates from the
oxidation of leucoemeraldine base (LM) to emeraldine salt, one can
see another main redox pair (labeled as III) at 0.8/0.65 V vs. SCE,
corresponding to the emeraldine/pernigraniline (EM/PN) salt
transition. A small redox pair II (0.55/0.45 V vs. SCE) positioned
between these two main redox pairs can be also observed.
Although the nature of this peak depends on the experimental
details of polyaniline synthesis, electrolyte, and pH, this peak is
generally attributed to the formation of benzoquinone degradation
products and formation of cross-linked polyaniline chains by direct
reaction between parts of the polyaniline chain itself [39]. One can
see that the current of this middle redox couple increases during
consecutive cycling of PANI within the extended water stability
window, while the current of both LE-EM and EM-PN redox process
decreases. Actually, over-oxidation of polyaniline leads to the irre-
versible formation of electrochemically inactive structures, which
causes the current decrease throughout the consecutive cycling
[37,39]. During experiments we noticed that the current of the
second redox couple became more pronounced as soon as the
current of the third peak has increased. One can conclude that the
redox process corresponding to the second peak is still associated
with the emeraldine-pernigraniline transformation.

Interestingly, some differences of the relative ratio of anodic
peaks I and III can be observed between PANI and the CeO2-d-
modified PANI. A similar current response of these anodic peaks is
observed for PANI and PANI@CeO2-d-SS (Fig. 6a and b), indicating
similar kinetics of the LE-EM and EM-PN redox processes in these
samples. However, this is not the case for PANI-ES@CeO2-d-HT
(Fig. 6c) where the first anodic peak is noticeable higher than the
third one. The process of the PN formation during PANI's oxidation
is aggravated by CeO2-d-HT action. The involvement of positively
charged nitrogen in the interaction with cerium oxide impedes
PANI-ES deprotonation, resulting in the lower fraction of formed PN
upon the first anodic scan (Fig. 7a) and consequently the slower
disappearance of the third peak after ten cycles (Fig. 7b). As a result,
slightly better capacitance retention of PANI@CeO2-d-HT (83.4%
after 10 cycles or 64.4% after 30 cycles) was observed with respect
to the pure PANI (80.8% after 10 cycles or 60.5% after 30 cycles) and
PANI@CeO2-d-SS (76.8% after 10 cycles and 55.6% after 30 cycles).

3.6. PANI-CeO2-d interaction

Polyaniline chains can change their redox state from a



Fig. 6. CVs of PANI (a), PANI@CeO2-d-SS (b) and PANI@CeO2-d-HT (c) measured in wide
potential interval from �0.2e1 V vs. SCE during 10 successive cycling, at a common
scan rate at 20mV s�1.

Fig. 7. CVs of PANI-ES, PANI-ES@CeO2-d-SS and PANI-ES@CeO2-d-HT samples measured
in HCl at a common scan rate of 20mV s�1: a) the 1st cycle and b) 10th cycle.
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completely reduced form (leucoemeraldine), composed of benze-
noid units containing amine nitrogen atoms eNHe, to a fully oxi-
dizied form (pernigraniline), composed of quinoid units containing
imine nitrogen atoms eN¼ . A semi-oxidized form of polyaniline,
known as emeraldine (either in the form of base or salt), is
composed from equal numbers of reduced and oxidized polymer
repeat units. The protonation of the emeraldine base, under acidic
conditions, includes the addition of protons to imine nitrogen sites
to generate radical cations (some amine nitrogen atoms can also be
protonated to give NH2

þ groups even if all the imines are not pro-
tonated), which can significantly increase the conductivity of pol-
yaniline (up to 11 orders of magnitude) [25,40], reaching the
metallic values.

On the other hand, cerium oxide crystallized in the fluorite type
cubic crystal lattice where the Ce4þ cation is surrounded by eight
O2� anions, each of which is coordinated to four Ce4þ cations. Both
theoretical and experimental results revealed that in oxygen defi-
cient cerium oxide the adsorbed water molecules prefer to disso-
ciate near the oxygen vacancy sites thus forming surface hydroxyl
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groups [41,42]. Therefore, both chemisorbed H2O and OH groups
coexist at the reduced cerium oxide surface, so their presence can
be expected at the surface of the CeO2-d-SS and CeO2-d-HToxides, as
confirmed by their FTIR spectra (inset in Fig. 3, OeH stretching
vibrations around 3500 cm�1). Their lower content in the CeO2-d-
HT can be correlated to the lower reactivity of surface towards the
water dissociation, due to the smaller fraction of oxygen vacancies.

The experimentally determined pH values of CeO2-d-SS, at zero
point of charge (pHZPC¼ 6.3), showed that the oxide surface
became positively charged in the reaction solution of HCl (Fig. 8).
Namely, surface hydroxyl groups are protonated, according to the
equation

CeeOH þ Hþ 4 CeeOH2
þ

Such formed positively charged cerium oxide nanoparticles can
electrostatically attract Cl� ions from the acidic solution (Fig. 8a).

The adsorbed Cl� ions can easily attract the anilinium cation
(formed by adding aniline into acidic solution) which undergoes
further polymerization to the emeraldine salt when the oxidant is
added in the acidic medium. Consequently, there is possibility that
various oligomers with an active radical cation head (positive head)
are adsorbed to the surface of CeO2-d particles as well, but this
possibility is reduced by the fact that the adsorption centers of
cerium oxide were previously saturated with protonated aniline
species. In this way, CeO2-d particles become wrapped into PANI
chains thus forming the ''core-shell'' nanostructure. This type of
structure has been already recognized for polyaniline/cerium oxide
system [6,7,12,43e45]. These data showed that the interaction of
protonated form of polyaniline with CeO2-d is usually achieved
through the formation of hydrogen bond between surface hydroxyl
(eOH) groups of oxide and hydrogen of the polymer chain
[6,44e46]. Based on both Raman and FTIR measurements, the
similar type of interaction is also identified in as-synthesized
PANI@CeO2-d composites. Namely, zeta potential-pH dependence,
measured for oxygen deficient cerium oxide [21], revealed that the
maximum positive charge, at the surface, was achieved for the pH
solution of about 4e5. Besides, some of OH groups at the cerium-
oxide surface can be found un-protonated, thus participating in
the formation of hydrogen bonds, acting as the bridge between
polymer and oxide (Fig. 8b). This type of interaction is more pro-
nounced in the CeO2-d-SS since the higher fraction of oxygen va-
cancies (relative to CeO2-d-HT) results in the higher amount of
hydroxyl groups. Besides, another type of oxide-polyaniline inter-
action (Fig. 8c), involving positively charged nitrogen (-N�þH-), is
identified by vibrational spectroscopy study. This interaction is
found to be stronger in the case of composite with the hydrother-
mally synthesized oxide, which has the smaller oxygen vacancy
population (i.e. higher concentration of Ce4þ ions). Theoretical
Fig. 8. The initial stage of polymerization (a) and hyd
study on CeO2-d revealed that the electrons can be localized at
cerium ions or oxygen vacancies [35]. Having in mind, that the
nitrogen-involved interaction is more manifested in CeO2-d-HT
than in CeO2-d-SS, and easier reduction of Ce4þ to Ce3þ ions, one can
assume that delocalized p electrons of polymer chains became
localized at 4f states of cerium ions. This may result in the
decreased of the electronic conductivity of PANI when bonded to
cerium oxide, following the trend PANI, PANI-ES@CeO2-d-SS and
PANI-ES@CeO2-d-HT. Also, it could be responsible for the higher
amount of bonded CeO2-d-HT and consequently improved thermal
stability of PANI-ES@CeO2-d-HT composite. The mechanism of
PANI-CeO2-d interaction is illustrated in Fig. 9.

A small amount of oxide (about 4%wt), incorporated into the
shell of conducting polymer, was found to decrease its conductive
behavior (in the extent that depends on properties of the used
oxides), but conversely to improve its charge storage capability. The
interactions at the PANI@CeO2-d interface weakened the polymer
interchain bonds providing an easier attraction of electrolyte ions.
Whether the higher amount of CeO2-d can improve electrochemical
performance even more is the main question which arises here?
Our attempt to answer this question, by increasing the amount of
doped CeO2-d oxide during the synthesis, failed. Interestingly, PANI
was not capable to bind a higher amount of CeO2-d (under applied
synthesis conditions) regardless to the increase of its initial amount
into reaction medium. Actually, the doubling of the initial content
of CeO2-d (from 50mg to 100mg) for the aniline oxidation did not
increase the content of bonded-CeO2-d at all. Such behavior is
opposite to the case of TiO2 added upon aniline oxidation, under
completely same experimental conditions. In a set of separated
experiments we showed that the initial amounts of 9mg, 50mg
and 100mg of TiO2 (under same synthesis conditions), resulted in
the ~4wt%, ~18wt% and ~34wt% of oxide (calculated per mass of
dried sample), in the composites (Fig. S3), respectively, which is in
agreement with results of Bian et al. [18]. We try to explain this
peculiar behavior using TG analysis. It can be seen from TG curves
of composites, doped with a small percent (3e4%) of either CeO2-

d (Fig. 1) or TiO2 (Fig. S1), that the presence of such doped con-
centration did not change the final amount of internal dopant (HCl)
in the composite. One can suggest that the type of interaction of
these oxides in the case of their small doped fraction is similar i.e.
both oxides coexist together with Cl� ions (some of the Cl� ions are
adsorbed on the protonated hydroxyl groups) thus interacting also
with hydrogen/nitrogen and weakening PANI's bonds with dopant.
Furthermore, it can be seen that the amount of doped acid is
noticeably decreased after mixing PANI with the higher percent
(18% or 34%) of TiO2 (Fig. 1). By competing with dopant ions for the
positions of chains (close to the nitrogen atoms) during the syn-
thesis, titanium oxide molecules (in higher concentration), are
capable to eliminate some of dopant ions thus making complex
rogen (b) and nitrogen-involved interactions (c).



Fig. 9. Schematic illustration of the formation of PANI chains on the surface of CeO2-d nanoparticles (core-shell structure).
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with nitrogen atoms of PANI. It could be related to a strong ten-
dency of titanium to form coordination compounds with nitrogen
[47]. On the other hand, nano-CeO2-d, in spite of the higher con-
centration in the reaction solution, does not show this capability
under the same experimental conditions, which resulted in its
unsuccessful high-level bonding.

4. Conclusions

The use of non-stoichiometric cerium oxide as the adsorption
center for the polymerization of aniline, in highly acidic conditions,
influences thermal, electrical and charge storage properties of the
formed emeraldine salt. These changes are the consequence of the
strong interaction of polyaniline chains with cerium oxide ultrafine
nanoparticles. The oxygen vacancies control indirectly the intensity
of these interactions. A higher fraction of O-vacancies in CeO2-

d promotes the dissociation of chemisorbed H2O to OH groups at
the oxide's surface, which in the protonated form, play the role of
chemically active sites for the growth of PANI chains. Besides, un-
protonated hydroxyl groups of cerium oxide surface interact with
the hydrogen of polymer chains through the formation of hydrogen
bonds. A lower fraction of O-vacancies provides the higher con-
centration of Ce4þ ions into crystal lattice, thus intensifying the
interaction of Ce4þ cationwith the nitrogen of the polaron structure
(C ~ N�þ), through the trapping of electrons into localized 4f states
of cerium ions.

By encapsulating small weight percent of oxygen deficient
cerium oxide, into highly conductive emeraldine salt, the
improvement of both thermal stability and charge storage behavior
is achieved. The highest and stable capacitance, amounting to
314 F g�1, was obtained for the oxide with the higher degree of
deficient oxygen (PANI-ES@CeO2-d-SS), thus making this material
promising as electrode for supercapacitors.
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Abstract
Modern document protection relies on the

simultaneous combination of many optical

features with micron and submicron struc-

tures, whose complexity is the main obstacle

for unauthorized copying. In that sense, doc-

uments are best protected by the diffractive

optical elements generated lithographically

and mass-produced by embossing. The prob-

lem is that the resulting security elements are

identical, facilitating mass-production of both original and counterfeited docu-

ments. Here, we prove that each butterfly wing-scale is structurally and optically

unique and can be used as an inimitable optical memory tag and applied for doc-

ument security. Wing-scales, exhibiting angular variability of their color, were

laser-cut and bleached to imprint cryptographic information of an authorized

issuer. The resulting optical memory tag is extremely durable, as verified by sev-

eral century-old insect specimens still retaining their coloration. The described

technique is simple, amenable to mass-production, low cost and easy to integrate

within the existing security infrastructure.

KEYWORD S

biophotonics, complexity, iridescence, optical document security, variability

1 | INTRODUCTION

Insects have been used more than any other living creatures
as a blueprint for design of novel devices. Butterflies and
moths (order: Lepidoptera) are particularly inspiring, due to
vast number of species (nearly 180 000) [1] and peculiar

optical properties of their wings covered with large number
(500–1000/mm2) of tiny, overlapping scales [2] (see
section 1 of Appendix S1 for a short description of their
properties). Some of them are structurally colored [3] that is,
produce colors by interference, diffraction and scattering,
rather than pigments. This is due to complex, regular or
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irregular, micro/nanostructures, which can be classified in
several groups according to their morphology [4]. Most fre-
quently, iridescence (characterized by directionally depen-
dent coloration [3]) can be observed.

Back into the XVIII century, Benjamin Franklin came up
with an idea to reproduce the complexity of natural struc-
tures for document protection. He printed venation patterns
of plant leaves on dollar bills to prevent counterfeiting [5].
Nowadays, his method was superseded by artificial security
components, such as optically variable devices (OVDs) [6].
Diffractive optical elements (DOEs) are commonly exploited
for the purpose, due to their, inherently complex microstruc-
tures, recognizable optical pattern and capability for mass-
production by embossing. There is a significant drawback:
for the specific type of document, all embossed copies of
DOEs are identical. If a fake DOE is manufactured, counter-
feited document can be made in large quantities, too. For
that reason, an important goal is to invent a device which
will provide unique and individual protection for each docu-
ment. Protective elements should be highly complex, unique,
difficult to reverse engineer and imitate. In the relevant liter-
ature, such objects are called physical one-way functions
and can be realized by embedding randomly dispersed plas-
tic, micron-sized spheres in a transparent medium and
observing mesoscopic light scattering [7]. As another exam-
ple, we mention using a randomized pattern of scattering
from paper-based substrates [8].

Imprints of naturally occurring structures were proposed
as security elements by Hamm-Dubischar [9], Biermann and
Rauhe [10], and Rauhe [11], who presented the idea of doc-
ument protection using biomineralized shells of radiolarians
and diatoms. The protection is based on the structural com-
plexity of their shells. The main problem is that optical
effects are not particularly conspicuous, and the complexity
can be assessed only at the morphological level, using scan-
ning electron microscopy (SEM). Another problem is that
structural variations among individuals of the same species
seem to be small.

Whichever security element is used, it must be integrated
in a security system relying on three inspection lines [6]: the
first line is overt and can be visually inspected by anyone;
the second is semi-covert and uses machine inspection;
while the third one is covert and relies on forensic inspection
with highly specialized equipment.

Here, we analyze the structural complexity, randomness,
variability and uniqueness of the optical pattern of iridescent
butterfly wing scales. We aim to establish their usefulness as
inimitable OVDs for individualized, covert and overt, optical
document security. Additionally, we investigate wing-scales
as a memory medium for inscription of additional crypto-
graphic information.

2 | STRUCTURE AND IRIDESCENCE
OF ISSORIA LATHONIA BUTTERFLY
WING-SCALES

In this section, we analyze morphological and optical fea-
tures of scales belonging to the underside silver wing-
patches of the Queen of Spain Fritillary, Issoria lathonia
(Linnaeus, 1758), (see Figure 1A and section 2 of Appendix
S1 for a short description of the butterfly's life history). This
particular species was studied for the characteristic colora-
tion of individual wing-scales, consisting of red, green and
bluish spots randomly dispersed along a grating-like struc-
ture (see reflection microscope image in Figure 1B,C). The
resulting silver color is produced by the local, additive spec-
tral mixing [12].

Field-emission gun scanning electron microscope
(FEGSEM) images reveal detailed structure of the scale's
upper lamina (UL in Figure 1D). It consists of lamellar lon-
gitudinal ridges (R) regularly separated by a distance of
1.5 μm. There is, also, a fish-bone-shaped sub-wavelength
grating (SW) with period of 150 nm, radiating from ridges.
The interior of the scale is hollow, filled only with nano-pil-
lars, separating UL and lower lamina (LL).

Nonlinear optical microscopy was used to analyze three-
dimensional (3D) structure of wing-scales using two-photon
excited fluorescence (TPEF) of chitin. Nonlinear microscope
was constructed in-house [13] (see Appendix S1 for details)
and used to reveal that the wing scales have irregular, wavy
shape (see Figure 1E). This significantly contributes to vari-
ability of the resulting optical pattern, together with variation
of the thicknesses of upper and lower laminae and their
mutual distance.

We have found that the individual wing scales are irides-
cent, that is, the color pattern strongly depends on illumina-
tion and observation directions. The pattern has maximum
brightness and sharpness for orthogonal illumination,
directly through the microscope objective (resulting in an
image like in Figure 1C).

3 | VARIABILITY OF OPTICAL
PATTERN AND UNIQUENESS OF
BUTTERFLY WING-SCALES

In this section, we will establish a connection between the
wing scale morphology and the resulting reflection spec-
trum. To do that, we have to make a numerical model,
enabling us to calculate the reflection spectrum of a single
wing scale, removed from the wing and attached to a trans-
parent substrate (as in Figure 1C). For simplicity, each scale
is represented by two, wavy thin plates, separated by the
layer of air. To approximate waviness each scale is divided
into a number of vertical sections with different positions
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and thicknesses of layers (Figure 2A). Each section contains
two layers of chitin, the first of which was regarded as a sub-
wavelength scattering surface, due to its irregularity and
presence of the subwavelength grating (Figure 1D). Both

layers are separated from the glass substrate by an additional
air layer.

Reflection spectrum of each section was calculated using
a transfer matrix method, modified to include the effects of

FIGURE 1 A, Ventral side of Issoria lathonia butterfly. B, Reflection microscope (10×, 0.25 NA) image of wing scales from the silver
patch. C, Reflection microscope image (20×, 0.4 NA) image of two isolated wing-scales, removed from the wing of I. lathonia. D Scanning electron
microscope image of the I. lathonia wing scale. LL and UL are lower and upper lamina, respectively, R is a ridge, while SW is a, fishbone-shaped,
sub-wavelength grating. E, Wavy cross-section of butterfly wing scale (as recorded on a nonlinear optical scanning microscope)
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scattering [14]. Layer thicknesses (t1, t2, …, t5 in Figure 2A)
and their corresponding refractive indices were the parame-
ters of the model, as well as the root mean square roughness
(RMS) of the surfaces.

To simulate the wing scale as a whole, the same calcula-
tion was performed for each section. The starting point of
our simulation was the layer thicknesses estimated from Fig-
ures 1D,E) (~100 nm chitin, ~1000 nm air layer thickness—
see section 3 of Appendix S1 for the complete list of param-
eter values). Layer thicknesses were stochastically varied
(according to normal distribution) with pre-defined SD
σ = 15 nm. Following the calculation of spectrum for each
section, xyY color coordinates were calculated. They were
presented in a CIE 1931 diagram (black dots in Figure 2B),
which was designed to closely match human color percep-
tion (through three color-matching functions) [15]. It is, also,
a useful tool to represent RGB values of color-camera
images recorded through this research.

Calculated colors are, also, represented as a pattern of
rectangular colored patches (see inset in Figure 2B). For

comparison, color coordinates of experimentally recorded
pattern (inset in Figure 2C) were also computed and pres-
ented in CIE 1931 diagram (Figure 2C).

We were not able to obtain perfect match in CIE dia-
grams (Figures 2B,C), for the same reason which prevents a
counterfeiter to forge a wing scale—complexity of the prob-
lem. However, we were able to match the position of the
mean color coordinate (small white crosses in CIE diagrams)
of theoretical and experimental image. The shape of the
color scattering distribution is different, but the SDs are
similar.

The most important result is that the variation of layer
thicknesses by only ±15 nm leads to experimentally
recorded variability of coloration. This means that one trying
to copy the exact coloration pattern of the wing scale, has to
maintain an extreme precision of manufacturing—at least
one-tenth of the layer thickness variability (~1.5 nm). The
task is well beyond practical limits of modern technology,
and cellular noise precludes replication of identical wing-
scales by natural means.

FIGURE 2 A, A theoretical
model of a wing scale on the glass
substrate. B, Color coordinates of a
modeled pattern are presented in a
CIE 1931 diagram, together with
the color pattern in the inset. C,
Color coordinates of Issoria
lathonia pattern are presented in a
CIE 1931 diagram. A section of a
I. lathonia wing scale pattern, used
to calculate color coordinates, is
presented in the inset. Crosses in B
and C represent average color
value and their lengths indicate
SDs in x- and y-directions
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Wing-scales described above have a sufficient number of
degrees of freedom (in terms of layer thicknesses and wavi-
ness) to enable significant variability. Here, we want to find
how difficult would be to find two identical scales.

We first analyze the statistical properties of the wing-
scales color patterns by decomposing an image into its
RGB components and calculating two-dimensional
(2D) autocorrelation function for each color channel
separately—see details in section 4 of Appendix S1. It can
be seen (Figure S1) that autocorrelation peak is asymmet-
rical, that is, its width along the wing-scale grating was
estimated at 30 μm, while in the orthogonal direction it is
1.5 μm.

By taking into account that average dimensions of the
scales are 50 × 100 μm, we can easily calculate that there
are [50/1.5] × [100/30] = 33 × 3 = 99 (numbers were
rounded to the nearest integer) statistically independent, col-
ored patches. We can discriminate intensity of a single color
channel in, at least, 10 discrete levels—easily achievable for
any low-cost or mobile phone camera. In that case, we may
estimate that there are, at least theoretically, 1099 wing-
scales with different patterns per every channel. Thus, find-
ing a scale exactly the same as another, previously chosen,
one is impossible from any practical point of view.

Each wing-scale is a dead remnant of an individual cell
and thus reflects intrinsic randomness of cellular develop-
ment. This is a natural consequence of cellular noise [16],
which is a well-established fact in biology, resulting in non-
deterministic relation between genotype and phenotype. The
important thing about butterfly wing scales is that they
“freeze” the cellular noise, by leaving it in a state just before
the cell died. Cellular noise cannot be switched-off and it is
expected to be similar in all other butterfly species. In that
sense, the similar level of randomness is expected on all
wing-scales of all butterflies [17] including those of the
Issoria lathonia species.

4 | OPTICAL DOCUMENT
PROTECTION WITH WING SCALES

The main idea of this research is to use butterfly wing-scales
as a natural, hologram-like, OVDs, permanently attached to
a document (eg, a plastic credit card). In contrast to artificial
OVDs, natural ones are unique (guaranteed by the cellular
noise) and difficult to copy (due to their layered, micro- and
nano-scale patterns).

We decided to use a near-field color pattern as a security
feature of a document protection system and read it under
the optical microscope. Practical inability to place a docu-
ment at exactly the same position and orientation within the
reading system requires shift- and rotation-invariant pattern
recognition algorithm. We decided to use algorithm based

on Fourier-Mellin transform (FMT) [18] which fulfills the
above requirements.

Nine I. lathonia wing-scales were attached to a glass sub-
strate and their reflection microscope images were recorded
at several positions and orientations (55 images in all). The
recorded images were first decomposed into RGB compo-
nents and the green one (G) was transformed using FMT.
Correlations between corresponding FMT pairs were calcu-
lated and the corresponding statistical distribution is shown
in Figure 3. The correlation coefficient, corresponding to the
same wing-scale at displaced positions, had typical values
around 0.4, while it never had values below 0.1. The most
frequent values of correlation coefficient for two different
wing-scales were around 0.02, and were never larger than
0.06. By placing validity threshold at 0.08, correct discrimi-
nation between wing scales is guaranteed.

To correct for accidental tilt or defocusing of the wing
scale image, we have recorded images at 3 to 4, closely spa-
ced, focal positions. Consequently, focus stacking algorithm
was used (using Picolay free software) to extract well-
focused parts in each recorded image and combine them in a
single, sharp image.

In order to build a strong security system, malicious party
has to be prevented from picking any butterfly wing-scale
and attaching it to a document. This can be performed by
making a document self-verifying by using a digital signa-
ture of the document issuer, within the public key infrastruc-
ture (PKI) system [19]. Here, we show that the necessary
authentication information can be written on the wing-scale
itself.

We used femtosecond laser-processing to additionally
modify butterfly wing scales and exploit them as a write-

FIGURE 3 Cross- and auto-correlations of ensemble of 55 pairs
of wing-scale images. Graph shows a number of image pairs vs the
corresponding correlation coefficient. Maximum cross-correlation
coefficient is at 0.02, while autocorrelation coefficient is always
above 0.2
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only memory. The software of a home-made nonlinear-
microscope [13] was modified to enable vector and raster
drawing of an arbitrary image (see section 5 of Appendix S1
for additional details). Depending on the average laser
power, repetition rate and dwell time, wing scale can be cut
(as in Figure 4A)). Minimal diameter of a laser cut achieved
throughout this research is 1.7 μm, as shown in
Figure 4B. Damage threshold is 4.5 mW (using 40 × 1.3
NA microscope objective) and 8.0 mW (with 20 × 0.8 NA
microscope objective). Three more butterfly species were
analyzed in that respect, with similar damage thresholds
(Figure 4C). In practice, we operated above threshold to
enable reliable and repeatable laser-drawing. That is why we
achieved the minimum cut width which is considerably
above the lateral resolution of our femtosecond system [13].
Based on that and the average size of the wing-scale
(~50 × 100 μm2), we estimated the information capacity of a
single scale at about 3000 bits, providing that the damaged
spot is treated as binary 1, and undamaged as binary 0.

Here, we point out that each bit, written on the wing-scale,
reduces the number of statistically independent patches. We will
assume that one half of the wing-scale surface is laser processed
(reducing the original wing-scale area of 50 × 100 = 5000 μm2

to approximately 35 × 70 = 2450 μm2). That leaves approxi-
mately [35/1.5] × [70/30] = 23 × 2 = 46 colored patches

(numbers are, again, rounded to the nearest integer). Thus, as in
the previous section, we may estimate the number of different
wing scales at 1046 (per every RGB channel), each one being
protected by 1500 bits of additional information.

By reducing the laser power below the damage threshold,
we were able to bleach the autofluorescence of the wing-
scale and use it to inscribe covert information (Figures 4D)
as a gray level image.

5 | DISCUSSION AND
CONCLUSIONS

While speaking of document protection, an important ques-
tion immediately comes to mind: how difficult it is to coun-
terfeit wing-scale? Forgeries can be produced by either
(a) imitating the structure or (b) imitating the corresponding
optical effect with another, possibly simpler, structure. The
first approach is based on “reverse-engineering” and
manufacturing of identical protective element structure,
while the second one is based on imitating the optical effect.

Reverse engineering of butterfly wing-scales implies
analysis of the 3D morphology and material properties
(refractive index and absorption) followed by some-kind of
lithographic copying of both the morphology and material
properties. Even with the most advanced technologies

FIGURE 4
(A) Transmission microscope
image of a femtosecond-laser-cut
wing scale (QR-codes). (B) Array
of holes on a Issoria lathonia
wing-scale showing the minimum
achievable diameter of a laser cut.
(C) Thresholds for laser cutting of
four butterfly species used
throughout this research.
(D) Selectively bleached wing
scale with a Lena image observed
by fluorescence modality of a
nonlinear microscope
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(microtomography, electron or X-ray holography), this
approach will be extremely limited in terms of available res-
olution of 3D analytic and lithographic methods (of the order
of 10 nm), duration and cost [20].

Imitating the optical effect requires careful analysis of iri-
descence across the whole visible spectrum and angular
range, followed by finding a method to faithfully reproduce
the optical wavefront. This also poses a fundamental ques-
tion: is it possible to have identical wave-fields generated by
different structures? The question goes into scattering the-
ory, with a plethora of papers dealing with the uniqueness of
the direct and inverse problems. There is no general answer
to the question, because it depends on the nature of the scat-
terer (penetrable or non-penetrable), boundary conditions
(conductive, dielectric, amplifying), wavelength and angular
range of probing radiation [21]. There are more or less
exotic situations where uniqueness is not guaranteed, such
as amplifying medium or medium with optical cloaks [22].
But, for the range of problems relevant to this work, the
answer is no—there are no two different scatterers producing
the same scattered field (far or near) [23].

The wing-scales are best protected by their uniqueness
implying necessity to counterfeit every single document time
and again. Another point is that, both the material composi-
tion and morphology are unique, producing a plethora of
optical effects: overall shape, iridescence, absorption, polari-
zation, fluorescence, moiré, defects, far and near-field dif-
fraction pattern, local spectra, etc. In addition, scales possess
different optical properties on their upper and under side,
which may be used to produce security features which can
be read from both sides in perfect alignment (so-called see-
through register). Simultaneous use of all or some of the
mentioned effects vastly increases the capabilities of wing
scale as a protective element.

An important question is whether wing scales can be cop-
ied by some of holographic methods. Up to now, volume
and surface relief holograms have been copied using contact
[24], non-contact [25] or scanning [26] methods. However,
these techniques are not useful for copying step-index, lay-
ered structure of wing scales, because of the sinusoidal
nature of holographic gratings. Additionally, subwavelength
gratings of wing-scales (S in Figure 3) cannot be copied, due
to evanescent fields obtained by diffraction. These tiny
structures are essential for the final coloration of the wing
scale, because they produce uniformly scattered radiation in
the blue part of the spectrum (see blue component of the
wing scale pattern in Figure 8A).

It should be emphasized that Lepidoptera species are not
equally suitable for document protection. As already men-
tioned, these structures must have complex nanometer to
micron-size features, with significant variability and must be
difficult to analyze and reverse engineer. We preferred

nymphalid species, possessing silver patches on their wings.
Other Lepidoptera species, with structurally colored scales
have been tested. However, the scales of these species were
not so easy to process and manipulate, with the equipment at
our disposal.

There is a number of ways how insect scales can be
manipulated and attached to documents, as described in the
following patent applications [27–29]. Generally speaking,
they have to be, either embedded within the transparent
medium with large refractive index difference (compared to
that of the scale), or placed in a recess with a transparent,
protective, covering. The procedure can be performed by
micromanipulation or by standard printing techniques (silk-
screen, flexo-printing).

Once embedded, scale contents have to be read by some
means, which depends on the insect species, type of the
scales and the optical effect sought for. In addition to irides-
cence pattern detection described above, there are other
choices: overall shape of the scale, near field color pattern,
far-field diffraction pattern, moiré pattern, or pattern of
defects (looking like minutia in a fingerprint), with many
variations (such as phase and amplitude) and combinations
(by recording simultaneously several effects). Reading
devices can be based on far- or near-field detection, hologra-
phy or scanning techniques using CD/DVD readout heads.
In the context of document protection, strong variability of
patterns with angular position of illumination and observa-
tion, as well as the polarization sensitivity are very impor-
tant. This is what prevents malicious attacks by simple color
laser-printing.

The document protection described here is limited to
machine reading level. It can be extended to the forensic
level, by reading electron microscope image (Figure 1D)),
with, for example, cross-rib distances serving as a random
feature. If visual protection is desired, a large number of
scales can be transferred to another substrate, so to cover
large area, visible with the naked eye. One of the scales can
be chosen for machine and forensic protection, as described
in Reference [28].

Practical implications of the proposed document protec-
tion method are numerous. There are thousands of wing
scales on a single butterfly specimen suitable for document
protection (we have estimated 40 000 iridescent wing scales
on I. lathonia silver spots). With appropriate choice of but-
terfly species (eg, Morpho spp.) this number can be much
larger. If commercially available dry butterfly specimens are
used, we have estimated the cost of a single wing scale at
85�10−6 $. Alternatively, butterfly species can be reared
using well-established techniques of sericulture (silkworm
raising). Wing-scales can be collected cheaply and applied
using any of standard printing techniques (silk-screen, offset,
ink-jet). Range of applications is huge: banknotes, credit-
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cards, CD/DVDs, bonds, valuable goods. It is not even hard
to imagine using wing-scales as a hardware lock for digital
information security.

The base material of wing-scales is chitin, which is
extremely and verifiably durable. Natural history museums
have century-old butterfly specimens retaining their structural
coloration and we have more than 30 years old specimens of
I. lathonia with silver patches as shiny as in live insects. Even
more, fossilized insects retain their iridescence after petrifac-
tion and last for millions of years [30]. This should be com-
pared to, recently described, five-dimensional optical memory
[31], claiming “seemingly unlimited lifetime.”

Wing scales may reversibly change their dimensions in
response to temperature variation [32], humidity and vapors
[33]. As a consequence, there is a slight spectral shift, but it
is too small to affect application of wing scales in document
security, under normal atmospheric conditions. Systematic
changes during extended periods of time are not expected
due to hydrophobicity, insolubility and biological inertness
of wing-scales [34]. However, we have not measured the
long-term stability of wing scale patterns, we plan to per-
form accelerated aging tests in the near future and reveal
details regarding the effect of aging on pattern stability.

Anyway, the validity period of most documents is less
than 10 years, a period during which wing scales are
expected to remain unaffected. Furthermore, taking into
account the chemical and physical stability of chitin and the
fact that optical response of the insects a hundred and more
centuries-old (from museum) and from fossil samples
exhibit extraordinary similarity with visual response mea-
sured from “the fresh” samples, suggest that corresponding
patterns are very stable and could have long-term crypto-
graphic applications.
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A B S T R A C T

Morphology of the pygidial glands and chemical composition of their secretions in adults of four ground beetle
representatives of the Pterostichini tribe (Coleoptera: Carabidae) were analysed. Molops (Stenochoromus) mon-
tenegrinus, Pterostichus (Cophosus) cylindricus, P. (Feronidius) melas and P. (Pseudomaseus) nigrita were chemically
tested, while the latter three species were morphologically investigated. Pterostichus (C.) cylindricus, P. (P.) nigrita
and M. (S.) montenegrinus were chemically studied for the first time. Altogether, 23 chemical compounds were
isolated using gas chromatography-mass spectrometry (GC-MS), of which some are new for Pterostichini or even
Carabidae. Methacrylic acid was present in all species analysed. It was predominant in the secretion extract of P.
(C.) cylindricus and P. (F.) melas. Isobutyric and 2-methylbutyric acids were the major components in the se-
cretion of M. (S.) montenegrinus. Undecane, methacrylic and tiglic acids were the main components in the se-
cretion of P. (P.) nigrita. The simplest chemical mixture was found in P. (C.) cylindricus (two compounds), while
the most complex one was detected in P. (P.) nigrita (15 compounds). No significant differences in the chemical
composition of the pygidial gland secretions were evidenced in P. (C.) cylindricus sampled from the same area
and in the same season in two different years. Morphology of the pygidial glands of the studied species was
analysed for the first time. Morphological features of the pygidial glands were observed using bright-field mi-
croscopy and nonlinear microscopy and described in details.

1. Introduction

A great number of insect species use chemical defense (Dossey,
2011; Unkiewicz-Winiarczyk and Gromysz-Kałkowska, 2012;
Gregorovičová and Černíková, 2015). All ground beetles (Carabidae)
possess a pair of abdominal pygidial defensive glands, which are very
similar among species in terms of general appearance. Each pygidial
gland consists of secretory lobes, a collecting canal, a reservoir and an
efferent duct (Forsyth, 1972). Morphology of these glands has been
studied by several authors so far (Forsyth, 1970, 1972; Kanehisa and
Shiraga, 1978; Bonacci et al., 2011; Di Giulio et al., 2015; Vesović et al.,
2017; Muzzi et al., 2019; Vesović, 2019). Ground beetles can discharge
their pygidial gland secretions in three ways: by oozing, spraying or
crepitation (Moore, 1979). Chemical composition of secretions pro-
duced by these glands can differ between species considerably (Moore,
1979; Blum, 1981). All chemical compounds secreted by Carabidae can

be sorted into the following nine major groups: hydrocarbons, aliphatic
ketones, saturated esters, formic acid, higher saturated fatty acids,
unsaturated carboxylic acids, phenols, aromatic aldehydes and qui-
nones (Moore, 1979; Will et al., 2000; Giglio et al., 2011). Recently, a
sulfur-bearing isoprene derivate, 3-methyl-1-(methylthio)-2-butene,
was reported for the first time in ground beetles in two species of the
South American genus Ceroglossus Solier, 1848 (Xu et al., 2019).

A common feature of most of these compounds that are produced
and released from the pygidial glands of ground beetles is, generally
speaking, a negative sensory sensation in potential predators, and
therefore their primary function is considered to be allomonic (Blum,
1981; Lečić et al., 2014; Vesović et al., 2017).

The pygidial gland secretions of ground beetles, as one of many
natural products of insects that are subjects of scientific studies in the
last few decades, might have multiple applications in biomedicine,
while the structure of pygidial glands and mechanisms that stand
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behind discharge of the secretions can be used in the future pioneering
biomimetic studies (Vesović, 2019).

Analyses of chemical composition of the pygidial gland secretions of
European Pterostichinae were firstly conducted by Schildknecht and
Weis (1962) and Schildknecht et al. (1964, 1968), who reported me-
thacrylic and tiglic acids, as well as unidentified alkanes for 13 species
of Pterostichini and two species of Zabrini. A few years later,
Schildknecht (1970) identified those alkanes as n-decane, n-undecane
and n-tridecane. Balestrazzi et al. (1985) analysed Pterostichus (Or-
eophilus) externepunctatus (Dejean, 1828) and identified isobutyric and
methacrylic acids, n-undecane and n-tridecane in the pygidial gland
secretion. It has been almost 30 years since these pioneering studies
with no refreshed data and publications on chemicals released by the
pygidial glands of European Pterostichini. Then Lečić et al. (2014) re-
ported isobutyric, crotonic, senecionic and propionic acids, in addition
to dominant methacrylic and tiglic acids (previously reported by
Schildknecht and Weis, 1962), in the pygidial gland secretion of Abax
(Abax) parallelepipedus (Piller & Mitterpacher, 1783). Meanwhile,
knowledge on pygidial gland chemicals has increased for non-European
pterostichine taxa, mainly Japanese (Kanehisa and Murase, 1977) and
North American (Attygalle et al., 2007).

Morphology of the pygidial glands and chemical composition of
their secretions in the representatives of the tribe Pterostichini
(Carabidae: Pterostichinae) have not been studied in detail so far. There
are only a few studies dealing with morphology of the pygidial glands
of European species of Pterostichinae. The most complete, a fully
dedicated analysis is conducted by Forsyth (1970), in which all
morpho-anatomical and histological aspects of these glands were pre-
sented on the example on Pterostichus (Steropus) madidus (Fabricius,
1775). Some of the later publications dealt more marginally with the
morphological structure of the pygidial glands of European pter-
ostichines (Forsyth, 1972; Dazzini Valcurone and Pavan, 1980;
Balestrazzi et al., 1985; Vesović, 2019).

Bright-field microscopy (BFM) is most often used to study insect
morphology, but recently nonlinear microscopy (NLM) has also been
introduced as a method offering unique insight into a variety of bio-
logical structures (Vrbica et al., 2018). The latter method was rarely
used in entomology in the past. It was recently confirmed that NLM can
be used for deep imaging of chitinous structures in insects, including
ground beetles (Rabasović et al., 2015), while only one study dealt with
the anatomy of ground beetles (Vrbica et al., 2018). While giving mi-
croscopic images similar to confocal laser scanning microscopy (CLSM),
NLM has several advantages. The most important fact is that the ra-
diation used for excitation is mostly in the near-infrared (NIR) part of
the spectrum, where the absorption and scattering are reduced. This
increases penetration depth and reduces radiation bleaching and da-
mage of the sample. With respect to CLSM, which is capable of obser-
ving only fluorescence (autofluorescence), NLM offers additional
modalities of second and third harmonic excitation, giving additional
information about noncentrosymmetric molecular structure and re-
fractive index gradients. As a bonus, femtosecond radiation used in
NLM can be used for precise cutting of entomological samples in order
to reveal their internal structure. For these reasons, we decided to
analyse four Pterostichini taxa chemically and three of those morpho-
logically (using BFM and NLM). Molops (Stenochoromus) montenegrinus
nivalis (Apfelbeck, 1890) is an endemic subspecies which inhabits high-
altitude habitats in Montenegro and Bosnia and Herzegovina (Fig. 1A);
Pterostichus (Cophosus) cylindricus (Herbst, 1784) inhabits moist to
moderate moist leaf-litter in forests of lowlands in southeastern, eastern
and central Europe (Fig. 1B); P. (Feronidius) melas melas (Creutzer,
1799) has similar habitat preferences as the former species and inhabits
somewhat wider area in Europe than the preceding one (Fig. 1C); P.
(Pseudomaseus) nigrita nigrita (Paykull, 1790) is a Palaearctic taxon
which can be found almost everywhere in Europe, in shaded lowlands
and hills, near rivers and in other moist habitats (Fig. 1D) (Trautner and
Geigenmüller, 1987; Hůrka, 1996).

Morphology of the pygidial glands of the mentioned taxa has not
been studied so far. Chemical analyses previously conducted by
Schildknecht et al. (1968) for Pterostichus (Feronidius) melas (Creutzer,
1799) are incomplete due to a low sensitivity of the formerly used
techniques, while the three remaining pterostichine taxa have not been
studied in terms of the chemical ecology. Our aims are: (i) to determine
the chemical composition of the pygidial gland secretions of four
Pterostichini taxa; and (ii) to characterize the pygidial glands of studied
ground beetle taxa morphologically.

2. Materials and methods

2.1. Collection and handling of ground beetle specimens

Adult individuals of four taxa were collected manually at several
locations both in Serbia and Montenegro. Two specimens of Molops
(Stenochoromus) montenegrinus (Miller, 1866) were collected under
stones on 28th June 2014 by S. Ćurčić and D. Antić at 2,100 m a.s.l., at
Sedlo pass, Mt. Durmitor, northern Montenegro. Individuals of P. (C.)
cylindricus and P. (F.) melas were collected from leaf-litter on 15th April
2018 (three specimens of the former taxon and nine specimens of the
latter taxon, leg. S. Ćurčić, N. Vesović and M. Vasović) and individuals
of the former species were additionally collected on 22nd April 2019
(two specimens, leg. S. Ćurčić and S. Vranić) at the Čarapićev Brest site,
village of Beli Potok, Mt. Avala, central Serbia, at 310 m a.s.l. Three
specimens of Pterostichus (Pseudomaseus) nigrita (Paykull, 1790) were
collected under stones on 14th April 2018 by N. Vesović on the em-
bankment of the Sava River, Novi Beograd, central Serbia, at 71 m a.s.l.

The collected ground beetles were stored in laboratory-controlled
conditions in a portable plastic climate chamber for a few days until
further analyses. These conditions included constant temperature (10
°C) and presence of moisture. Moist soil was gathered from the col-
lecting site. Water was sprayed into the chamber occasionally to
maintain a high level of humidity. The insects were fed on earthworms.

2.2. Chemical extraction

Gas chromatography-mass spectrometry (GC-MS) sample prepara-
tion was performed in the laboratory at room temperature. Specimens
of each ground beetle taxon analysed were milked into a 12-ml glass
vial with dichloromethane (0.5 ml) (Merck, Darmstadt, Germany). The
beetles were forced to discharge pygidial gland secretions by squeezing
their abdominal tips. To avoid oxidation and degradation of com-
pounds, a portion of the extracts was subjected to GC-MS analysis im-
mediately after preparation.

2.3. Chemical analyses

A 7890A GC system equipped with a 5975C inert XL EI/CI mass
selective detector (MSD) and a flame ionization detector (FID) (Agilent
Technologies, Santa Clara, USA), connected by capillary flow tech-
nology through a two-way splitter, were used for analyses. A polar HP-
INNOWax capillary column (30 m length, 0.32 mm inner diameter,
0.25 μm film thickness) (Agilent Technologies, Santa Clara, USA). The
GC and GC-MS analyses were performed in splitless mode. The injection
volume was 1 μl, the injector temperature was 220 °C and the transfer
line temperature was 280 °C for all analyses. The carrier gas (He) flow
rate was 2.0 ml min-1 at 40 °C (constant pressure mode), and the
column temperature was programmed linearly in the range of 40–240
°C at a rate of 10 °C min-1, with a final 10-min hold. The FID tem-
perature was 300 °C. EI mass spectra (70 eV) were acquired in the range
of 40–550 m/z, the ion source temperature being 230 °C, the quadru-
pole temperature was 150 °C, and solvent delay was 3.5 min for all
analyses.

Library search and mass spectral deconvolution and extraction were
performed using the NIST AMDIS (Automated Mass Spectral
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Deconvolution and Identification System) software, version 2.70, and
the commercially available NIST11 and Wiley07 libraries containing
approximately 500,000 spectra. Relative percentages of identified
compounds were computed from the corresponding GC-FID peak areas
using the MSD ChemStation software, version E02.02 (Agilent
Technologies, Santa Clara, USA).

2.4. Morphological analysis

The abdomens of adult individuals of all tested taxa except M. (S.)
montenegrinus were dissected in 70% ethanol. Connective tissue was
removed and pygidial glands were carefully extracted. The length of
reservoirs was measured from the apical notch to the base of efferent
duct, and the width was measured in the widest part. After analysis, the
dry ground beetle specimens were deposited in the collection of the
Institute of Zoology, University of Belgrade - Faculty of Biology,
Belgrade, Serbia.

2.5. Bright-field microscopy

A Zeiss SteREO Discovery.V8 stereomicroscope with a Zeiss
AxioCam ICc 1 digital camera attached and the AxioVision microscope
software were used for photographing morphological features of pygi-
dial glands.

2.6. Nonlinear microscopy

For NLM, morphological structures of pygidial glands were placed
on microscope slides with glycerin as a medium, each covered with a
slip. To obtain two-photon excitation fluorescence (TPEF) modality of
NLM images, we used a multi-photon microscope with a Ti-sapphire
laser Mira 900-F (Coherent, Inc., Santa Clara, USA), which can produce
femtosecond pulses in the range of 700–1,000 nm at a repetition rate of
76 MHz (Rabasović et al., 2015). We varied the irradiation wavelength,
and found that the best TPEF signal was at 840 nm. The duration of the
lasers pulses was 160 fs. NLM was conducted in the laboratory of the

University of Belgrade - Institute of Physics, Belgrade, Serbia.
For better visualization of morphological features of pygidial

glands, 3D video animations were made (Supplementary files S1–S6).

3. Results

3.1. Chemical composition of secretion mixtures

Twenty-three chemical compounds were detected in the di-
chloromethane extracts of the pygidial gland secretions of four ground
beetle taxa analysed. Twenty-two compounds were precisely identified,
while one remained unidentified (Table 1, Fig. 2).

The extract of M. (S.) montenegrinus contained 11 compounds
(Fig. 2A). All of them are carboxylic acids. The major components were
2-methylbutyric (31.2%), isobutyric (21.9%), methacrylic, trans-2-
hexenoic (11.0% each), angelic (8.4%) and caproic acids (6.8%). In
smaller amounts, we detected trans-3-hexenoic (3.1%), acetic (2.9%)
and butyric acids (2.3%). The minor components were propionic (0.9%)
and valeric acids (0.5%).

The extracts of P. (C.) cylindricus sampled in 2018 and 2019 con-
tained only methacrylic and tiglic acids (Fig. 2B), which concentration
slightly differed between the two years. In the sample from 2018, the
concentration of methacrylic and tiglic acids was 93.2% and 6.8%,
respectively, while in the sample from 2019, the concentration of me-
thacrylic and tiglic acids was 91.7% and 8.3%, respectively.

The extract of P. (F.) melas contained nine compounds (Fig. 2C): six
carboxylic acids, two medium-chain alkanes and one unidentified
compound. The major component was methacrylic acid (81.3%), fol-
lowed by tiglic acid (11.4%) and n-undecane (6.4%) in lesser amounts.
The minor components were isobutyric acid, an unidentified compound
(0.3% each), n-tridecane and 2-methylbutyric acid (0.1% each). Acetic
and senecioic acids were found in trace amounts (less than 0.1%).

The highest number of compounds was found in the extract of P. (P.)
nigrita (Fig. 2D). It contained 15 compounds: nine hydrocarbons [two
medium-chain (C11 and C13) and one long-chain (C21) alkanes, two
long-chain (C21 and C23) alkenes, two long-chain (C21 and C23) dienes

Fig. 1. Habitus (dorsal view) of the adult specimens of four analysed Pterostichini taxa: A – M. (S.) montenegrinus; B – P. (C.) cylindricus; C – P. (F.) melas; D – P. (P.)
nigrita. Scale = 5 mm. Photo N. Vesović.

S. Vranić, et al. Zoology 142 (2020) 125772

3



and two long-chain (C23) trienes] and six short-chain carboxylic acids.
The most dominant compound was methacrylic acid (65.3%). Tiglic
acid (17.4%) and n-undecane (11.2%) were found in lesser amounts.
The minor components were heneicosane (1.1%), heneicosene (0.9%),
(Z)-9-tricosene (0.7%), acetic acid, isobutyric acid, tricosatriene isomer
1 (0.6% each), heneicosadiene, tricosadiene (0.4% each), propionic
acid, tricosatriene isomer 2 (0.3% each), n-tridecane and 2-methylbu-
tyric acid (0.1% each).

3.2. Morphology of pygidial glands

The pygidial glands were analysed in three Pterostichus species: P.
(C.) cylindricus, P. (F.) melas and P. (P.) nigrita. Secretory lobes are more
or less ellipsoid to spherical, whitish and composed of variable number
of secretory units (Figs. 3 and 4, Supplementary files S1 and S2). Each
unit is composed of elongated, flattened secretory cells, which are ra-
dially arranged around a central lumen (Fig. 4C), into which secretory
products are released before reaching main collecting canal (Figs. 3 and
4). In P. (C.) cylindricus, secretory lobe units are almost spherical and
their number is between 25 and 40 (Figs. 3A and 4 A). The diameter of
a single secretory unit is 200-260 μm. In P. (F.) melas, secretory lobe
units are spherical, each about 210 μm in diameter (Figs. 3C, D and 4
C). About 20-30 secretory units constitute a cluster. In P. (P.) nigrita,
only 10 secretory units were present in a cluster (Fig. 3E). These are
elongated, ellipsoid, and their diameter varies between 170 and 290
μm. Numerous tracheal tubes can be seen to surround the clusters of
secretory lobes (Figs. 3A and 4 A). One radial collecting canal emerges
from each secretory unit (Figs. 3A, E, 4 A and C). These canals merge
into main collecting canal, with a continuous spiral ridge on its inner
wall (Fig. 4B). Main collecting canal enters posterior, narrow part of
reservoir, which then continues to efferent duct (Fig. 3B and D). The
lumen of 2.2-mm long main collecting canal in P. (C.) cylindricus is 30
μm in diameter, while the diameter of entire main collecting canal is
60-70 μm (Fig. 4B, Supplementary files S3 and S4). In P. (F.) melas, the
lumen of 3.50-mm long main collecting canal is 20 μm, while the

diameter of entire main collecting canal is about 60 μm. In P. (P.) ni-
grita, the length of main collecting canal is slightly over 2 mm, with the
diameter of about 40 μm, while the diameter of its lumen is about 15
μm.

The reservoirs in all species studied herein are more or less heart-
shaped, with differently expressed depth of the apical notch (Figs. 3B,
D, F and 4 D). The muscle wall of all reservoirs is thick, with interwoven
muscle fibers. In P. (C.) cylindricus, reservoir is 1.20-1.45 mm long at its
longest point and 1.02-1.35 mm wide at its widest point, with a highly
expressed apical notch (Fig. 3B). In P. (F.) melas, reservoir is 0.80-1.58
mm long and 1.06-1.55 mm wide, with an expressed apical notch
(Figs. 3D and 4 D, Supplementary file S5). The upper part of reservoir of
P. (P.) nigrita is almost completely flat, with a poorly expressed apical
notch. Reservoir’s wall in this species is transparent and a yellowish
secretion is visible through the wall. The length of reservoir of P. (P.)
nigrita is about 0.70 mm and the width is about 0.40 mm (Fig. 3F).

Efferent duct extends from reservoir. The lumen of efferent duct in
its anterior part is surrounded by a muscle coat, with muscle fibers
extending longitudinally (Fig. 3B, D and F). Efferent duct gradually
narrows posteriorly and cannot be strictly anatomically separated from
the posterior part of reservoir. In P. (C.) cylindricus, the diameter of
efferent duct in its anterior and posterior parts is 0.35 mm and 0.10
mm, respectively (Supplementary file S6), while its length is about 1.50
mm. In P. (F.) melas, the anterior part of efferent duct is 0.30 mm in
diameter, while the posterior part, before a broadened opening valve, is
70 μm in diameter (Fig. 3D). The length of efferent duct in P. (F.) melas
is 1.70 mm. Efferent duct of P. (P.) nigrita is about 0.10 mm in diameter
and 0.50 mm in length.

4. Discussion

4.1. Chemical survey

Methacrylic acid was found in all pterostichine taxa analysed in the
current study. In three tested Pterostichus species, this compound was

Table 1
Chemical composition of the pygidial gland secretions in four Pterostichini taxa analysed by GC-FID and GC-MS.

Peak Rt (min)a Compounds Relative percentage (%)b

M. (S.) montenegrinus P. (C.) cylindricus P. (F.) melas P. (P.) nigrita
2018 2019

1 4.18 n-Undecane – – – 6.4 11.2
2 6.71 n-Tridecane – – – 0.1 0.1
3 8.91 Acetic acid 2.9 – – d 0.6
4 10.09 Propionic acid 0.9 – – – 0.3
5 10.47 Isobutyric acid 21.9 – – 0.3 0.6
6 11.25 Butyric acid 2.3 – – – –
7 11.78 2-Methylbutyric acid 31.2 – – 0.1 0.1
8 12.03 Methacrylic acid 11.0 93.2 91.7 81.3 65.3
9 12.62 Valeric acid 0.5 – – – –
10 13.10 Angelic acid 8.4 – – – –
11 13.28 Senecioic acid – – – d –
12 13.90 Caproic acid 6.8 – – – –
13 13.94 Tiglic acid – 6.8 8.3 11.4 17.4
14 15.17 Trans-3-hexenoic acid 3.1 – – – –
15 15.29 Trans-2-hexenoic acid 11.0 – – – –
16 16.64 Heneicosane – – – – 1.1
17 17.19 Heneicosenec – – – – 0.9
18 18.47 Heneicosadienec – – – – 0.4
19 18.83 (Z)-9-Tricosene – – – – 0.7
20 19.27 Tricosadienec – – – – 0.4
21 19.80 Tricosatriene isomer 1c – – – – 0.6
22 19.88 Tricosatriene isomer 2c – – – – 0.3
23 21.43 Unidentified compound – – – 0.3 –

a Obtained from GC-MS data.
b Obtained from GC-FID peak areas.
c The exact positions of double bonds could not be determined.
d Trace amounts (< 0.1%).
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the major component in the secretion, with the lowest concentration in
P. (P.) nigrita (65.3%) and the highest concentration in P. (C.) cylindricus
(93.2%). The pygidial gland secretion of M. (S.) montenegrinus con-
tained an unusually low concentration of methacrylic acid (11%). This
was not expected, since the concentration of this compound, if present
in the pygidial gland secretion of ground beetles, usually ranges from

75 to 90% (Blum, 1981). Tiglic acid was detected in three studied
Pterostichus species, but not in M. (S.) montenegrinus. Furthermore, the
combined presence of methacrylic and tiglic acids is one of the most
common combinations in secretions of ground beetles (Blum, 1981;
Lečić et al., 2014). This combination was found in almost all re-
presentatives of the subfamilies Carabinae and Pterostichinae (Lečić

Fig. 2. GC-FID chromatograms of the dichloromethane pygidial gland secretion extracts from the adults of four analysed Pterostichini taxa: A –M. (S.) montenegrinus;
B – P. (C.) cylindricus; C – P. (F.) melas; D – P. (P.) nigrita. Ordinal numbers of peaks correspond to the numbers in Table 1.
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et al., 2014; Vesović et al., 2017; Vesović, 2019). Absence of tiglic acid
and a low concentration of methacrylic acid in M. (S.) montenegrinus
might be due to the fact that this taxon inhabits high-altitude habitats
(Trautner and Geigenmüller, 1987) with low temperatures, which
might lead to different metabolic status of the individuals. When pre-
sent together, tiglic acid is usually found in lower amounts (up to 25%)
than methacrylic acid (Blum, 1981), what is in accordance with the
results given in this study. Concentrations of methacrylic and tiglic
acids in the secretion of P. (C.) cylindricus sampled from the same po-
pulation during the spring of 2018 and 2019 showed that the two
compounds maintain a stable ratio over multiple seasons within the

population (relative percentages of the two acids were only 1.5% dif-
ferent between samples). These minor differences are most probably
just a usual intraspecific fluctuation in the secretion among individuals.

In M. (S.) montenegrinus, the major components were 2-methylbu-
tyric (31.2%) and isobutyric acids (21.9%). Both compounds were de-
tected in minor amounts in two tested Pterostichus species: P. (F.) melas
and P. (P.) nigrita. Within Pterostichinae, isobutyric acid has been
previously found only in two species: A. (A.) parallelepipedus (Lečić
et al., 2014) and P. (O.) externepunctatus (Balestrazzi et al., 1985).
Isobutyric acid is often accompanied by isovaleric or 2-methylbutyric
acids (Lečić et al., 2014). Presence of 2-methylbutyric acid in pygidial

Fig. 3. Morphology of the pygidial glands of three Pterostichini ground beetles observed with BFM: A – aggregation of secretory lobes in P. (C.) cylindricus; B – gland
reservoir in P. (C.) cylindricus; C – aggregation of secretory lobes in P. (F.) melas; D – a whole pygidial gland in P. (F.) melas; E – aggregation of secretory lobes in P. (P.)
nigrita; F – gland reservoir in P. (P.) nigrita. Abbreviations: ed – efferent duct; mcc – main collecting canal; ov – opening valve; r – reservoir; rcc – radial collecting
canal; sl – secretory lobe; t – tracheal tubes. Scale bars = 0.5 mm.
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gland secretions is characteristic only for the two species of the sub-
family Pterostichinae: Pterostichus (Argutor) sulcitarsis Morawitz, 1863
(Kanehisa and Kawazu, 1982) and P. (Hypherpes) californicus (Dejean,
1828) (Attygalle et al., 2007). Isobutyric acid is likely a byproduct of
the biochemical synthesis of methacrylic acid from L-valine, while 2-
methylbutyric acid is likely a byproduct in the conversion of L-iso-
leucine to tiglic acid (Attygalle et al., 1991a). Specifically, isobutyryl-
CoA is an intermediate in the biosynthesis of methacrylyl-CoA from L-
valine. Each of these thioesters is converted to its respective carboxylic
acids, isobutyric acid and methacrylic acid, independently. Similarly, 2-
methylbutyryl-CoA is an intermediate in the biosynthesis of tiglyl-CoA

from L-isoleucine. Each thioester again is converted to its respective
carboxylic acids, 2-methylbutyric acid and tiglic acid, independently
(Stark et al., 2003).

Acetic acid was detected in minor amounts in M. (S.) montenegrinus
and P. (P.) nigrita and trace amounts in P. (F.) melas. This acid has been
recorded in pygidial gland secretions of representatives of many dif-
ferent subfamilies of ground beetles (Vesović, 2019).

Propionic acid was the minor constituent of the secretions of M. (S.)
montenegrinus and P. (P.) nigrita. Within Pterostichinae, this compound
was detected only in the secretions of A. (A.) parallelepipedus (Lečić
et al., 2014) and P. (H.) californicus (Attygalle et al., 2007), and within

Fig. 4. Morphology of the pygidial glands of two Pterostichini ground beetles observed with TPEF modality of NLM: A – aggregation of secretory lobes in P. (C.)
cylindricus; B – the structure of main collecting canal in P. (C.) cylindricus; C – a close-up view of several secretory lobes in P. (F.) melas; D – gland reservoir in P. (F.)
melas. Abbreviations: lr – the lumen of reservoir; lsl – the lumen of secretory lobe; mcc – main collecting canal; r – reservoir; rcc – radial collecting canal; sc –
secretory cells; sl – secretory lobes; sr – spiral ridge; t – tracheal tubes. Scale bars = 200 μm (A, C and D) and 50 μm (B).
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other ground beetles, only in Oodes americanus Dejean, 1826 (Harpa-
linae) (Attygalle et al., 1991b) and Pheggomisetes globiceps ninae S.
Ćurčić, Schönmann, Brajković, B. Ćurčić & Tomić, 2004 (Trechinae)
(Vesović et al., 2015).

Butyric, valeric, angelic, caproic, trans-2-hexenoic and trans-3-hex-
enoic acids were found only in the secretion of M. (S.) montenegrinus.
Butyric acid has been previously found in representatives of several
ground beetles subfamilies, but most often in Carabinae, within which
was detected in five species (Vesović, 2019). Within Pterostichinae, it
has been found in the secretions of A. (A.) parallelepipedus (Lečić et al.,
2014) and P. (H.) californicus (Attygalle et al., 2007).

Within ground beetles, valeric acid has only been detected in the
secretions of Archipatrobus flavipes (Motschulsky, 1864) (Patrobinae)
and Bembidion (Bembidion) quadrimaculatum (Linnaeus, 1761)
(Trechinae) (Schildknecht et al., 1968), making the presence in M. (S.)
montenegrinus the first record of the compound in Pterostichinae.

Angelic acid has been previously identified in ground beetles chiefly
in the secretions of Anthiinae (Scott et al., 1975), Carabinae (Lečić
et al., 2014; Vesović, 2019) and Scaritinae (Moore and Wallbank, 1968;
Kanehisa and Murase, 1977; Davidson et al., 1989; Attygalle et al.,
1991a). Within Pterostichinae, it was detected only in the secretion of
Abacomorphus asperulus Fauvel, 1882 (Moore and Wallbank, 1968).
Questionable presence of this acid has been reported for subfamilies
Broscinae and Trechinae (Kanehisa and Murase, 1977).

Caproic acid was also detected in a relatively high concentration
(6.8%) in M. (S.) montenegrinus compared to other ground beetles
(Attygalle et al., 1991b; Vesović et al., 2015). This is its first evidence in
a representative of the tribe Pterostichini. Within other ground beetles,
caproic acid has been recorded in species belonging to the subfamilies
Broscinae, Carabinae, Oodinae, Platyninae, Scaritinae and Trechinae
(two highly specialised troglobitic representatives) (Moore and
Wallbank, 1968; Moore, 1979; Attygalle et al., 1991b; Vesović et al.,
2015).

2-Hexenoic acid has been found in a few ground beetle species:
Amara (Bradytus) ampliata (Bates, 1873) (Harpalinae) (Kanehisa and
Kawazu, 1982), Schizogenius lineolatus (Say, 1823) (Scaritinae) (Will
et al., 2000) and Carabus (Megodontus) caelatus Fabricius, 1801 (Car-
abinae) (Vesović et al., 2020). However, in the mentioned cases, its cis/
trans isomerism has remained unknown. In this study, we detected a
trans isomer of hexenoic acid inM. (S.) montenegrinus. Trans-2-hexenoic
acid has been previously found only in O. americanus (Harpalinae)
(Attygalle et al., 1991b), Carenum bonellii Brullé, 1835 and Laccopterum
foveigerum (Chaudoir, 1868) (Scaritinae) (Moore and Wallbank, 1968).
In the latter species, it is the major component of the secretion (Blum,
1981). It is interesting to note that 2-hexenoic acid has been found in
several high-altitude species of ground beetles [C. (M.) caelatus and M.
(S.) montenegrinus] (Vesović et al., 2020), regardless of belonging to
separate subfamilies. We are not certain about the reasons for this, but
assume that specific sources of food or possible altitude-dependant al-
ternations of physiological pathways might have some impact, but it
was not verified. Within other insects, it was recorded in the defensive
secretions of a few species of Blattodea (Blum, 1981).

The presence of trans-3-hexenoic acid in M. (S.) montenegrinus is the
first record of the compound in semiochemicals of ground beetles.
Previously, 3-hexenoic acid (with cis/trans isomerism unknown) had
been detected only in S. lineolatus (Will et al., 2000).

Senecioic acid was detected in trace amount in P. (F.) melas. It was
always detected in lesser amounts in a few ground beetle species be-
longing to the subfamilies Broscinae, Carabinae, Oodinae and
Pterostichinae (Kanehisa and Kawazu, 1982; Will et al., 2000; Lečić
et al., 2014; Vesović, 2019). N-undecane and n-tridecane, both detected
in P. (F.) melas and P. (P.) nigrita, are common in the secretions of
Pterostichinae, as well as for many other ground beetle subfamilies
(Vesović, 2019). In some cases, these two alkanes can be found together
(Will et al., 2000; Vesović et al., 2015). They represent the most
common alkanes produced by the defensive glands of many different

insect groups, such as beetles, true bugs and ants (Blum, 1978, 1981).
N-undecane in some insects may also act as an alarm pheromone (Blum,
1978).

Heneicosane was rarely detected in ground beetles so far. It was
only found in the secretions of two ground beetle species:
Helluomorphoides clairvillei (Dejean, 1831) (Anthiinae) (Attygalle et al.,
1992) and Anchomenus dorsalis (Pontoppidan, 1763) (Bonacci et al.,
2011). This alkane is far more common product of Dufour’s gland of
Hymenoptera (Blum, 1981).

The presence of (Z)-9-tricosene in P. (P.) nigrita in minor amount is
the first record of the compound for Pterostichini and the second for
Carabidae [after the record of Bonacci et al. (2011) for A. dorsalis]. This
alkene was the first cuticular hydrocarbon which acts as a sex pher-
omone in some flies, bees and long-horned beetles (Blomquist and
Bagnères, 2010; Francke and Schulz, 2010).

Heneicosene, heneicosadiene, tricosadiene and tricosatriene, found
in the secretion of P. (P.) nigrita, have never been recorded before in
other ground beetles. Although the exact positions of the double bonds
could not be determined, some isomers of these hydrocarbons have
been found in other insect groups. Heneicosadiene was suggested to be
a sex attractant in moths (Blomquist and Bagnères, 2010), while dif-
ferent isomers of tricosadienes and tricosatrienes make an integral part
of female sex pheromones in different insect groups (Francke and
Schulz, 2010).

It is known that individuals of the same species may produce se-
cretions which differ both in chemical composition and quantity. These
may reflect genetic differences of populations on different habitats or
seasonal variation (Pasteels et al., 1983). Analysing the secretion of P.
(C.) cylindricus sampled in two different years, from the same area and
in the same season, we realized that the samples from both years were
qualitatively the same. Observed quantitative differences were very
small and may be the result of the different metabolic status of analysed
individuals.

Although organic acids are, in most cases, the main product of the
pygidial glands in Pterostichini, hydrocarbons may also be a significant
part of their secretions (Moore and Wallbank, 1968; Schildknecht et al.,
1968; Will et al., 2000). If we compare pterostichine taxa analysed in
this study, P. (C.) cylindricus had the simplest mixture of compounds,
while the greatest number of compounds was found in the secretion of
P. (P.) nigrita. In the latter taxon, a high number of hydrocarbons was
found along with carboxylic acids, most of them being new for Pter-
ostichini or even Carabidae. Compared with previously analysed Pter-
ostichus taxa (Schildknecht et al., 1968; Kanehisa and Murase, 1977;
Kanehisa and Kawazu, 1982; Balestrazzi et al., 1985; Will et al., 2000;
Attygalle et al., 2007), P. (P.) nigrita had significantly more hydro-
carbons, including unsaturated long-chain hydrocarbons which have
never been found before in Carabidae. While medium-chain alkanes are
common for Pterostichus species, long-chain alkanes were rarely found
in ground beetles so far (Attygalle et al., 1992; Vesović et al., 2015).

Schildknecht et al. (1968) had already chemically analysed the se-
cretion of P. (F.) melas (however, with no information provided which
subspecies were analysed), while other three pterostichine species were
studied for the first time in this study. The only compounds detected by
Schildknecht et al. (1968) in the secretion of P. (F.) melas were n-al-
kanes, methacrylic and tiglic acids. The latter acids were found in P. (F.)
melas in this study, as well as alkanes, which we identified as n-un-
decane and n-tridecane. Additionally, we detected four carboxylic acids
and one unidentified compound, which were not reported by
Schildknecht et al. (1968) for the same species. The same authors
analysed the secretion of Molops (Molops) elatus (Fabricius, 1801), the
only chemically studied Molops species so far, and detected only me-
thacrylic and tiglic acids (Schildknecht et al., 1968). Since tiglic acid is
almost always accompanied by methacrylic acid in ground beetles, the
absence of the former compound in the secretion of M. (S.) montene-
grinus in this study is a very rare phenomenon and sets the precedent of
this acid not being detected in Pterostichini. In other ground beetles,
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methacrylic acid sometimes may be present alone, without tiglic acid
(Moore and Wallbank, 1968; McCullough, 1969, 1972; Benn et al.,
1973; Will et al., 2000), but there are no available data on the presence
of tiglic acid alone, without methacrylic acid. If we take into account
that only one species of the genus Molops Bonelli, 1810 was previously
analysed (Schildknecht et al., 1968), any chemotaxonomical compar-
ison between species of the genus is currently not appropriate.

Further investigations should be directed toward analysing chemical
composition of the pygidial gland secretions of ground beetle species
that have not been studied yet. Re-analyses of previously examined
species are also important since gas chromatography was less precise
earlier, resulting in no possibility to detect minor constituents of the
extracts. Identifying all constituents of the pygidial gland secretions
(including the minor ones) is necessary in order to clarify the exact role.
There are some assumptions that, along with defense against predators,
they may act as alarm or sexual pheromones (Bonacci et al., 2011;
Holliday et al., 2016). In addition, antimicrobial properties of the py-
gidial gland secretions released by adults were observed in a few
ground beetle species (Nenadić et al., 2016a, b, 2017). Furthermore,
minor or even trace constituents may significantly increase deterrent
effect of the pygidial gland secretions (Blum, 1978). Usage of semi-
ochemical characters in taxonomy is still unreliable. Lack of informa-
tion in that field makes it almost impossible to come to any conclusions.
Nevertheless, indications exist that some compounds from the secretion
mixtures in ground beetles can be used in chemotaxonomy at higher
taxonomic levels (Will et al., 2000).

4.2. Morphological survey

Pygidial glands in all taxa analysed herein were similar in structure
and seem to follow the pattern of Pterostichini (Forsyth, 1970, 1972).
All parts of the pygidial glands of ground beetles are closely associated
with tracheoles, indicating their high aerobic metabolism (Giglio et al.,
2011).

Secretory lobes in the tested Pterostichus taxa consist of a variable
number of secretory units. Unlike most European species of the genus
Pterostichus Bonelli, 1810, possessing 8-20 secretory units (Forsyth,
1972; Vesović, 2019), P. (C.) cylindricus has more secretory units (25-
40). Such high number of secretory units is characteristic for Pter-
ostichus species from Japan (Kanehisa and Shiraga, 1978). Single se-
cretory units of the analysed Pterostichus taxa are more or less ellipsoid.
This corresponds with the findings of Kanehisa and Murase (1977), who
stated that such form of secretory lobes is characteristic for carboxylic
acid-secreting species.

Long main collecting canal is present in all three studied Pterostichus
species. Main collecting canal enters reservoir in its posterior, narrow
part, which practically continues into efferent duct in all species ana-
lysed herein, similarly as in other representatives of Pterostichini which
were previously studied (Forsyth, 1970, 1972; Balestrazzi et al., 1985).

The presence of two-notched reservoir is observed in Pterostichus
taxa analysed in this study. The greatest difference in shape of reservoir
between the analysed species is in depth of apical notch, which is al-
most absent in P. (P.) nigrita and poorly expressed in P. (F.) melas, while
in P. (C.) cylindricus, reservoir is clearly divided in its apical region into
two lobes, which gives reservoir a heart-shaped form. The muscle wall
of reservoir is thicker in P. (C.) cylindricus and P. (F.) melas than in P.
(P.) nigrita, where it is transparent and through which secretion can be
seen. The muscle wall of reservoir is generally well-developed in
Pterostichini, with the exception of the genera Abax Bonelli, 1810 and
Molops (Forsyth, 1972; Vesović, 2019). In the studied Pterostichus taxa,
reservoir narrows in its distal part and transitions to efferent duct,
through which secretions are discharged outwards by spraying.

Considering the dimensions of individual pygidial gland compo-
nents in three pterostichine species whose glands were analysed mor-
phologically in the current study, most of the measurements generally
were in positive correspondence with the beetle’s body size. Namely, P.

(C.) cylindricus and P. (F.) melas had similar size, which were mainly
considerably greater than those in P. (P.) nigrita. The diameters of se-
cretory lobes in P. (C.) cylindricus, P. (F.) melas and P. (P.) nigrita were
on average 230, 210 and 250 μm, respectively. Contrary to other
glandular parts, it can be observed that secretory lobes in P. (P.) nigrita
were the largest due to the fact that they were the least numerous per
cluster. In the three above-mentioned species, main collecting canal’s
length was 2.20, 3.50 and 2.00 mm, respectively. The width of this
canal was 65, 60 and 40 μm, respectively, while the diameter of its
lumen was 30, 20 and 15 μm, respectively. Similar values were ob-
tained for measurements of reservoir. The length was 1.30, 1.30 and
0.70 mm, respectively, while its width was 1.20, 1.20 and 0.40 mm,
respectively. Finally, efferent duct in the three Pterostichini taxa was
1.50, 1.70 and 0.70 mm long and 0.35, 0.30 and 0.10 mm wide, re-
spectively.

Pygidial glands are universally present in Caraboidea. These are
homologous morphological structures, which probably have been
evolved early in the evolution of all Adephaga (Forsyth, 1972; Dettner,
1979). The form of reservoir and secretory lobes is the most informative
feature for phylogenetic interpretation, while the form of main col-
lecting canal and efferent duct is much more uniform and less sig-
nificant for phylogenetic analyses (Vesović, 2019).

Different microscopy techniques allow us to see morphological
structures in various and diverse ways. Classical approach using BFM is
efficient to generally observe the pygidial glands of ground beetles and
to conduct some measurements, but there are limitations regarding the
examination of certain structures covered by chitin, such as central
lumens of secretory lobes or lumens of various glandular ducts. Thus,
usage of TPEF modality of NLM seems to be a highly promising addi-
tional way to study the morpho-anatomical features of pygidial glands.
In comparison to BFM, TPEF modality of NLM enables a better visua-
lization of morphological structures and a deeper insight into them
(e.g., walls of collecting canals with spiral ridges, inner structures of
secretory lobes and reservoirs). It is important to mention that the color
on NLM images is due to signal processing and reflects the intensity of
the collected radiation. As usual, “warmer” colors (such as red) corre-
spond to more intense fluorescence. This reflects the autofluorescence
properties of certain biological molecules, such as myosin or chitin.

Funding

This work was supported by the Serbian Ministry of Education,
Science and Technological Development [grant numbers ON173038
(contract number 451-03-68/2020-14/200178), ON172053 (contract
number 451-03-68/2020-14/200168), III45016 and ON171038]. It was
additionally funded jointly by the Serbian Ministry of Education,
Science and Technological Development and the Ministry of Science
and Technology of the People’s Republic of China (Grant ”Mimetics of
Insects for Sensing and Security”, I-2).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

We are grateful to Dr. Dragan Antić (Institute of Zoology, University
of Belgrade - Faculty of Biology, Belgrade, Serbia) for his help in col-
lecting some ground beetle specimens during our fieldwork on Mt.
Durmitor, northern Montenegro. We are grateful to an anonymous re-
viewer, whose constructive comments improved the quality of the
paper.

S. Vranić, et al. Zoology 142 (2020) 125772

9



Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at https://doi.org/10.1016/j.zool.2020.125772.

References

Attygalle, A.B., Meinwald, J., Eisner, T., 1991a. Biosynthesis of methacrylic and iso-
butyric acids in a carabid beetle, Scarites subterraneus. Tetrahedron Lett. 32,
4849–4852. https://doi.org/10.1016/S0040-4039(00)93477-4.

Attygalle, A.B., Meinwald, J., Liebherr, J.K., Eisner, T., 1991b. Sexual dimorphism in the
defensive secretion of a carabid beetle. Experientia 47, 296–299. https://doi.org/10.
1007/BF01958165.

Attygalle, A.B., Meinwald, J., Eisner, T., 1992. Defensive secretion of a carabid beetle,
Helluomorphoides clairvillei. J. Chem. Ecol. 18, 489–498. https://doi.org/10.1007/
BF00994247.

Attygalle, A.B., Wu, X., Will, K.W., 2007. Biosynthesis of tiglic, ethacrylic and 2-me-
thylbutyric acids in a carabid beetle, Pterostichus (Hypherpes) californicus. J. Chem.
Ecol. 33, 963–970. https://doi.org/10.1007/s10886-007-9276-3.

Balestrazzi, E., Dazzini Valcurone, M.L., De Bernardi, M., Vidari, G., Vita-Finzi, P.,
Mellerio, G., 1985. Morphological and chemical studies on the pygidial defence
glands of some Carabidae (Coleoptera). Naturwissenschaften 72, 482–484. https://
doi.org/10.1007/BF00441073.

Benn, M.H., Lencucha, A., Maxie, S., Telang, S.A., 1973. The pygidial defensive secretion
of Carabus taedatus. J. Insect Physiol. 19, 2173–2176. https://doi.org/10.1016/0022-
1910(73)90132-7.

Blomquist, G.J., Bagnères, A.G., 2010. Introduction: history and overview of insect hy-
drocarbons. In: Blomquist, G.J., Bagnères, A.G. (Eds.), Insect Hydrocarbons: Biology,
Biochemistry, and Chemical Ecology. Cambridge University Press, New York, pp.
3–18. https://doi.org/10.1017/CBO9780511711909.002.

Blum, M.S., 1978. Biochemical Defenses of Insects. Academic Press, New York. https://
doi.org/10.1016/B978-0-12-591640-0.50016-9.

Blum, M.S., 1981. Chemical Defenses of Arthropods. Academic Press, New York. https://
doi.org/10.1016/B978-0-12-108380-9.X5001-7.

Bonacci, T., Brandmayr, P., Zetto, T., Perrotta, I.D., Guarino, S., Peri, E., Colazza, S.,
2011. Volatile compounds released by disturbed and undisturbed adults of
Anchomenus dorsalis (Coleoptera, Carabidae, Platynini) and structure of the pygidial
gland. ZooKeys 81, 13–25. https://doi.org/10.3897/zookeys.81.1122.

Davidson, B.S., Eisner, T., Witz, B., Meinwald, J., 1989. Defensive secretion of the carabid
beetle Pasimachus subsulcatus. J. Chem. Ecol. 15, 1689–1697. https://doi.org/10.
1007/BF01012258.

Dazzini Valcurone, M., Pavan, M., 1980. Glandole pigidiali e secrezioni difensive dei
Carabidae (Insecta Coleoptera). Pubbl. Ist. entomol. Univ. Pavia 12, 1–36.

Dettner, K., 1979. Chemotaxonomy of water beetles based on their pygidial gland con-
stituents. Biochem. Syst. Ecol. 7, 129–140. https://doi.org/10.1016/0305-1978(79)
90021-8.

Di Giulio, A., Muzzi, M., Romani, R., 2015. Functional anatomy of the explosive defensive
system of bombardier beetles (Coleoptera, Carabidae, Brachininae). Arthropod
Struct. Dev. 44, 468–490. https://doi.org/10.1016/j.asd.2015.08.013.

Dossey, T.A., 2011. Chemical defenses of insects: a rich resource for chemical biology in
the tropics. In: Vivanco, J.M., Weir, T. (Eds.), Chemical Biology of the Tropics.
Springer-Verlag, Berlin-Heidelberg, pp. 27–57.

Forsyth, D.J., 1970. The ultrastructure of the pygidial defence glands of the carabid
Pterostichus madidus F. J. Morphol. 131, 397–416. https://doi.org/10.1002/jmor.
1051310404.

Forsyth, D.J., 1972. The structure of the pygidial defence glands of Carabidae
(Coleoptera). Trans. Zool. Soc. London 32, 249–309. https://doi.org/10.1111/j.
1096-3642.1972.tb00029.x.

Francke, W., Schulz, S., 2010. Pheromones of terrestrial invertebrates. In: first edition. In:
Mander, L., Liu, H.W. (Eds.), Comprehensive Natural Products II: Chemistry and
Biology Vol. 4. Elsevier, Oxford, pp. 153–223. https://doi.org/10.1016/b978-
008045382-8.00095-2.

Giglio, A., Brandmayr, P., Talarico, F., Zetto, T., 2011. Current knowledge on exocrine
glands in carabid beetles: structure, function and chemical compounds. ZooKeys 100,
193–201. https://doi.org/10.3897/zookeys.100.1527.

Gregorovičová, M., Černíková, A., 2015. Reactions of green lizards (Lacerta viridis) to
major repellent compounds secreted by Graphosoma lineatum (Heteroptera:
Pentatomidae). Zoology 118, 176–182. https://doi.org/10.1016/j.zool.2015.02.001.

Holliday, A.E., Mattingly, T.M., Toro, A.A., Donald, L.J., Holliday, N.J., 2016. Age- and
sex-related variation in defensive secretions of adult Chlaenius cordicollis and evi-
dence for their role in sexual communication. Chemoecology 26, 107–119. https://
doi.org/10.1007/s00049-016-0210-4.

Hůrka, K., 1996. Carabidae of Czech and Slovak Republics. Kabourek, Zlín. .
Kanehisa, K., Kawazu, K., 1982. Fatty acid components of the defensive substances in

acid-secreting carabid beetles. Appl. Entomol. Zool. 17, 460–466. https://doi.org/10.
1303/aez.17.460.

Kanehisa, K., Murase, M., 1977. Comparative study of the pygidial defensive systems of
carabid beetles. Appl. Entomol. Zool. 12, 225–235. https://doi.org/10.1303/aez.12.
225.

Kanehisa, K., Shiraga, T., 1978. Morphological study of the pygidial defensive systems in
carabid beetles. Ber. Ohara Inst. landwirtsch. Biol., Okayama Univ. 17, 83–94.

Lečić, S., Ćurčić, S., Vujisić, L., Ćurčić, B., Ćurčić, N., Nikolić, Z., Anđelković, B.,
Milosavljević, S., Tešević, V., Makarov, S., 2014. Defensive secretions in three
ground-beetle species (Insecta: Coleoptera: Carabidae). Ann. Zool. Fenn. 51,
285–300. https://doi.org/10.5735/086.051.0301.

McCullough, B.T., 1969. Chemical analysis of the scent fluid of Pasimachus californicus

and P. duplicatus (Coleoptera: Carabidae). Ann. Entomol. Soc. Am. 62, 1492. https://
doi.org/10.1093/aesa/62.6.1492.

McCullough, B.T., 1972. Analysis of the defensive scent fluid of Pasimachus elongatus
(Coleoptera: Carabidae). Ann. Entomol. Soc. Am. 65, 772. https://doi.org/10.1093/
aesa/65.3.772.

Moore, B.P., 1979. Chemical defense in carabids and its bearing on phylogeny. In: Erwin,
T.L., Ball, G.E., Whitehead, D.R., Halpern, A.L. (Eds.), Carabid Beetles: Their
Evolution, Natural History and Classification. Dr. W. Junk, London, pp. 193–203.
https://doi.org/10.1007/978-94-009-9628-1_9.

Moore, B.P., Wallbank, B.E., 1968. Chemical composition of the defensive secretion in
carabid beetles and its importance as a taxonomic character. Proc. R. Entomol. Soc.
Lond., Ser. B 37, 62–72. https://doi.org/10.1111/j.1365-3113.1968.tb00199.x.

Muzzi, M., Moore, W., Di Giulio, A., 2019. Morpho-functional analysis of the explosive
defensive system of basal bombardier beetles (Carabidae: Paussinae: Metriini).
Micron 119, 24–38. https://doi.org/10.1016/j.micron.2019.01.003.

Nenadić, M., Soković, M., Glamočlija, J., Ćirić, A., Perić-Mataruga, V., Ilijin, L., Tešević,
V., Vujisić, L., Todosijević, M., Vesović, N., Ćurčić, S., 2016a. Antimicrobial activity
of the pygidial gland secretion of three ground beetle species (Insecta: Coleoptera:
Carabidae). Sci. Nat. 103, 34. https://doi.org/10.1007/s00114-016-1358-z.

Nenadić, M., Soković, M., Glamočlija, J., Ćirić, A., Perić-Mataruga, V., Tešević, V., Vujisić,
L., Todosijević, M., Vesović, N., Ćurčić, S., 2016b. Antimicrobial activity of the py-
gidial gland secretion of the troglophilic ground beetle Laemostenus (Pristonychus)
punctatus (Dejean, 1828) (Insecta: Coleoptera: Carabidae). Bull. Entomol. Res. 106,
474–480. https://doi.org/10.1017/S0007485316000109.

Nenadić, M., Soković, M., Glamočlija, J., Ćirić, A., Perić-Mataruga, V., Ilijin, L., Tešević,
V., Todosijević, M., Vujisić, L., Vesović, N., Ćurčić, S., 2017. The pygidial gland se-
cretion of the forest caterpillar hunter, Calosoma (Calosoma) sycophanta: the anti-
microbial properties against human pathogens. Appl. Microbiol. Biotechnol. 101,
977–985. https://doi.org/10.1007/s00253-016-8082-7.

Pasteels, M.J., Gregoiré, J.-C., Rowell-Rahier, M., 1983. The chemical ecology of defense
in arthropods. Annu. Rev. Entomol. 28, 263–289. https://doi.org/10.1146/annurev.
en.28.010183.001403.

Rabasović, M.D., Pantelić, D., Jelenković, B., Ćurčić, S., Rabasović, M.S., Vrbica, M.,
Lazović, V., Ćurčić, B., Krmpot, A., 2015. Nonlinear microscopy of chitin and chit-
inous structures: a case study of two cave-dwelling insects. J. Biomed. Opt. 20,
016010. https://doi.org/10.1117/1.JBO.20.1.016010.

Schildknecht, H., 1970. The defensive chemistry of land and water beetles. Angew. Chem.
Int. Ed. 9, 1–9. https://doi.org/10.1002/anie.197000011.

Schildknecht, H., Weis, K.H., 1962. Die Abwehrstoffe einiger Carabiden insbesondere von
Abax ater. XII. Mitteilung über Insektenabwehrstoffe. Z. Naturforsch. B: Chem. Sci.
17, 439–447. https://doi.org/10.1515/znb-1962-0706.

Schildknecht, H., Holoubek, K., Weis, K.H., Krämer, H., 1964. Defensive substances of the
arthropods, their isolation and identification. Angew. Chem. Int. Ed. 3, 73–82.
https://doi.org/10.1002/anie.196400731.

Schildknecht, H., Maschwitz, U., Winkler, H., 1968. Zur Evolution der Carabiden-
Wehrdrüsensekrete. Über Arthropoden-Abwehrstoffe XXXII. Naturwissenschaften 55,
112–117. https://doi.org/10.1007/BF00624238.

Scott, P.D., Hepburn, H.R., Crewe, R.M., 1975. Pygidial defensive secretions of some
carabid beetles. Insect Biochem. 5, 805–811. https://doi.org/10.1016/0020-
1790(75)90024-4.

Stark, A., Brennecke, J., Russell, R.B., Cohen, S.M., 2003. Identification of Drosophila
microRNA targets. PLoS Biol. 1, e60. https://doi.org/10.1371/journal.pbio.0000060.

Trautner, J., Geigenmüller, K., 1987. Illustrated Key to the Cicindelidae and Carabidae of
Europe. Josef Margraf, Aichtal.

Unkiewicz-Winiarczyk, A., Gromysz-Kałkowska, K., 2012. Ethological defence mechan-
isms in insects. III. Chemical defence. Ann. Univ. Mariae Curie-Skłodowska, Sect. C
Biol. 67, 63–74. https://doi.org/10.2478/v10067-012-0021-0.

Vesović, N., 2019. Morphological Study of the Pygidial Glands and Analysis of the
Chemical Composition of the Secretions of Selected Ground Beetle Species (Insecta:
Coleoptera: Carabidae). Doctoral Dissertation. University of Belgrade - Faculty of
Biology, Belgrade [in Serbian].

Vesović, N., Ćurčić, S., Todosijević, M., Nenadić, M., Zhang, W., Vujisić, L., 2020. Pygidial
gland secretions of Carabus Linnaeus, 1758 (Coleoptera: Carabidae): chemicals re-
leased by three species. Chemoecology 30, 59–68. https://doi.org/10.1007/s00049-
019-00298-w.

Vesović, N., Ćurčić, S., Vujisić, L., Nenadić, M., Krstić, G., Perić-Mataruga, V.,
Milosavljević, S., Antić, D., Mandić, B., Petković, M., Vučković, I., Marković, Đ.,
Vrbica, M., Ćurčić, B., Makarov, S., 2015. Molecular diversity of compounds from
pygidial gland secretions of cave-dwelling ground beetles: the first evidence. J. Chem.
Ecol. 41, 533–539. https://doi.org/10.1007/s10886-015-0593-7.

Vesović, N., Vujisić, L., Perić-Mataruga, V., Krstić, G., Nenadić, M., Cvetković, M., Ilijin,
L., Stanković, J., Ćurčić, S., 2017. Chemical secretion and morpho-histology of the
pygidial glands in two Palaearctic predatory ground beetle species: Carabus
(Tomocarabus) convexus and C. (Procrustes) coriaceus (Coleoptera: Carabidae). J. Nat.
Hist. 51, 545–560. https://doi.org/10.1080/00222933.2017.1293183.

Vrbica, M., Petrović, A., Pantelić, D., Krmpot, A., Rabasović, M., Pavlović, D., Jovanić, S.,
Guéorguiev, B., Goranov, S., Vesović, N., Antić, D., Marković, Đ., Petković, M.,
Stanisavljević, L., Ćurčić, S., 2018. The genus Pheggomisetes Knirsch, 1923
(Coleoptera: Carabidae: Trechinae) in Serbia: taxonomy, morphology and molecular
phylogeny. Zool. J. Linn. Soc. 183, 347–371. https://doi.org/10.1093/zoolinnean/
zlx078.

Will, K.W., Attygalle, A.B., Herath, K., 2000. New defensive chemical data for ground
beetles (Coleoptera: Carabidae): interpretations in a phylogenetic framework. Biol. J.
Linn. Soc. 71, 459–481. https://doi.org/10.1006/bijl.2000.0456.

Xu, S., Errabeli, R., Will, K., Arias, E., Attygalle, A.B., 2019. 3-Methyl-1-(methylthio)-2-
butene: a component in the foul-smelling defensive secretion of two Ceroglossus
species (Coleoptera: Carabidae). Chemoecology 29, 171–178. https://doi.org/10.
1007/s00049-019-00286-0.

S. Vranić, et al. Zoology 142 (2020) 125772

10

https://doi.org/10.1016/j.zool.2020.125772
https://doi.org/10.1016/S0040-4039(00)93477-4
https://doi.org/10.1007/BF01958165
https://doi.org/10.1007/BF01958165
https://doi.org/10.1007/BF00994247
https://doi.org/10.1007/BF00994247
https://doi.org/10.1007/s10886-007-9276-3
https://doi.org/10.1007/BF00441073
https://doi.org/10.1007/BF00441073
https://doi.org/10.1016/0022-1910(73)90132-7
https://doi.org/10.1016/0022-1910(73)90132-7
https://doi.org/10.1017/CBO9780511711909.002
https://doi.org/10.1016/B978-0-12-591640-0.50016-9
https://doi.org/10.1016/B978-0-12-591640-0.50016-9
https://doi.org/10.1016/B978-0-12-108380-9.X5001-7
https://doi.org/10.1016/B978-0-12-108380-9.X5001-7
https://doi.org/10.3897/zookeys.81.1122
https://doi.org/10.1007/BF01012258
https://doi.org/10.1007/BF01012258
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0060
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0060
https://doi.org/10.1016/0305-1978(79)90021-8
https://doi.org/10.1016/0305-1978(79)90021-8
https://doi.org/10.1016/j.asd.2015.08.013
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0075
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0075
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0075
https://doi.org/10.1002/jmor.1051310404
https://doi.org/10.1002/jmor.1051310404
https://doi.org/10.1111/j.1096-3642.1972.tb00029.x
https://doi.org/10.1111/j.1096-3642.1972.tb00029.x
https://doi.org/10.1016/b978-008045382-8.00095-2
https://doi.org/10.1016/b978-008045382-8.00095-2
https://doi.org/10.3897/zookeys.100.1527
https://doi.org/10.1016/j.zool.2015.02.001
https://doi.org/10.1007/s00049-016-0210-4
https://doi.org/10.1007/s00049-016-0210-4
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0110
https://doi.org/10.1303/aez.17.460
https://doi.org/10.1303/aez.17.460
https://doi.org/10.1303/aez.12.225
https://doi.org/10.1303/aez.12.225
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0125
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0125
https://doi.org/10.5735/086.051.0301
https://doi.org/10.1093/aesa/62.6.1492
https://doi.org/10.1093/aesa/62.6.1492
https://doi.org/10.1093/aesa/65.3.772
https://doi.org/10.1093/aesa/65.3.772
https://doi.org/10.1007/978-94-009-9628-1_9
https://doi.org/10.1111/j.1365-3113.1968.tb00199.x
https://doi.org/10.1016/j.micron.2019.01.003
https://doi.org/10.1007/s00114-016-1358-z
https://doi.org/10.1017/S0007485316000109
https://doi.org/10.1007/s00253-016-8082-7
https://doi.org/10.1146/annurev.en.28.010183.001403
https://doi.org/10.1146/annurev.en.28.010183.001403
https://doi.org/10.1117/1.JBO.20.1.016010
https://doi.org/10.1002/anie.197000011
https://doi.org/10.1515/znb-1962-0706
https://doi.org/10.1002/anie.196400731
https://doi.org/10.1007/BF00624238
https://doi.org/10.1016/0020-1790(75)90024-4
https://doi.org/10.1016/0020-1790(75)90024-4
https://doi.org/10.1371/journal.pbio.0000060
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0215
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0215
https://doi.org/10.2478/v10067-012-0021-0
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0225
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0225
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0225
http://refhub.elsevier.com/S0944-2006(20)30031-3/sbref0225
https://doi.org/10.1007/s00049-019-00298-w
https://doi.org/10.1007/s00049-019-00298-w
https://doi.org/10.1007/s10886-015-0593-7
https://doi.org/10.1080/00222933.2017.1293183
https://doi.org/10.1093/zoolinnean/zlx078
https://doi.org/10.1093/zoolinnean/zlx078
https://doi.org/10.1006/bijl.2000.0456
https://doi.org/10.1007/s00049-019-00286-0
https://doi.org/10.1007/s00049-019-00286-0


Contents lists available at ScienceDirect

Limnologica

journal homepage: www.elsevier.com/locate/limno

First record of freshwater sponge Trochospongilla horrida Weltner, 1893 in
Serbia – A morphological and genetic study

Stefan Andjusa,⁎, Nadja Nikolicb, Ana Marjanovicc, Marija Brankovicc, Vladimir Lazovicd,
Bojana Tubića, Jelena Čanak Atlagića, Vera Nikoliće, Momir Paunovića
aUniversity of Belgrade, Institute of Biological Research “Sinisa Stankovic”, Bul. despota Stefana 142, 11060, Belgrade, Serbia
bUniversity of Belgrade, School of Dental Medicine, dr Subotica 8, 11000, Belgrade, Serbia
cUniversity of Belgrade, School of Medicine, dr Subotica 8, 11000, Belgrade, Serbia
dUniversity of Belgrade, Institute of Physics, Pregrevica 118, 11080, Belgrade, Serbia
eUniversity of Belgrade, Faculty of Biology, Studentski trg 16, 11000, Belgrade, Serbia

A R T I C L E I N F O

Keywords:
Porifera
Trochospongilla horrida
Serbian rivers
28S rDNA

A B S T R A C T

Trochospongilla horrida Weltner, 1893 (Spongillidae, Spongillida) has a relatively wide, though discontinuous,
distribution in the Northern Hemisphere. The aim of this paper was to report the first finding of T. horrida in
Serbia. During 2017, research was carried out on ten tributaries of the Sava and the Danube. T. horrida was
identified at three localities in Tisa, Juzna Morava and Zapadna Morava rivers, out of 51 inspected sites. For the
first time ribosomal 28S DNA was used for T. horrida identification.

The genus Trochospongilla Vejdovski, 1888 includes 21 species
which can be found worldwide. Representatives of the genus have been
reported in Europe, China, India, Central Africa, North and South
America (Bonetto and De Drago, 1965; Pronzato and Manconi, 2001;
Van Soest et al., 2018). Although found throughout the Holarctic area,
the species Trochospongilla horrida Weltner, 1893 is considered a rela-
tively rare species (Pronzato and Manconi, 2001; Richelle-Maurer et al.,
1994). T. horrida can populate larger rivers and their deltas, canals,
oxbow lakes, backwaters and lakes. It has been detected in the USA,
Canada (Manconi and Pronzato, 2016) and Panama (Poirrier, 1990).
European rivers and lakes have also been thoroughly investigated for
the presence of Porifera (Pronzato and Manconi, 2001), and T. horrida
has been found in Germany (Gugel, 2000), Belgium (Richelle-Maurer
et al., 1994), Italy (Manconi and Pronzato, 2002; Pronzato and
Manconi, 2001), Poland (Konopacka, 1983), the Czech Republic
(Dorschner et al., 1993), Romania (Andjus et al., 2017). At present,
there is no information about the distribution of T. horrida in Serbia. In
the preliminary report on sponges in Serbia, only Sava and Danube
rivers were included and in the Serbian stretches of these two rivers T.
horrida was not detected (Andjus et al., 2017).

The morphology of the sponge skeleton spicules is commonly used
for the identification of Porifera, complemented with molecular genetic
analyses. Sequencing of 18S and 28S ribosomal RNA gene is usually
performed in order to confirm the species. Interestingly, 28S ribosomal
DNA has not been previously used in T. horrida identification.

The aims of the present study were to: (a) to present the first record
of T. horrida in Serbian rivers (other than Sava and Danube); (b) use the
28S ribosomal DNA for further genetic characterization of T. horrida.

During September and October 2017, ten tributaries of the Sava and
the Danube rivers (Velika Morava, Zapadna Morava, Juzna Morava,
Tisa, Kolubara, Porecka River, Mlava, Beli Timok, Crni Timok and
Nisava) were surveyed for the presence of freshwater sponges, so far
very poorly studied in Serbia.

Samples were collected from hard substrate (stones, submerged
wood or roots of aquatic vegetation) using hand nets, hand collection
and breath-hold diving and preserved in 96% ethyl alcohol.

The following physico-chemical parameters were measured in situ:
water temperature, pH, conductivity and dissolved oxygen, using ap-
propriate instrumentation (HANNA HI 9126, HI 9146, and HI98130
instruments, and TFA EN 13,485 digital thermometer).

Spicules were isolated using the nitric acid technique (Manconi and
Pronzato, 2016), as follows - pieces of sponge tissue (2–3mm) were
covered with 2–5ml of concentrated nitric acid to decompose for 24 h;
the acid was then removed with a pipette and the spicule pellet was
rinsed and soaked in distilled water; finally, the spicules were rinsed
with and resuspended in 96% ethanol.

For Light Microscopy (LM), a drop of suspension was placed on a
cover slip and after the alcohol had dried the cover slip was placed over
the microscope slide with Canada balsam. For Scanning Electron
Microscopy (SEM), drops of spicule suspension in ethanol were placed
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on specimen holders and coated with gold in a gold sputter at 18mA for
1min.

The spicule suspensions were analyzed and photographed in a
MIRA3 TESCAN, high vacuum mode using the SE detector with accel-
erating voltage.

A fragment of 340 base pairs (bp) corresponding to the D3 domain
of sponge 28S rDNA together with the highly conserved region of 150
bp was amplified using the pair of primers as described previously
(Lopp et al., 2007; Roovere et al., 2006) – forward 5′-GAC CCG TCT
TGA AAC ACG GA-3′ and reverse 5′-TCG GAG GGA ACC AGC TAC TA-
3′. The PCR amplifications were performed in 25 μl reaction volumes
containing about 100 ng of sponge DNA, 2.5mMMgCl2, 200 μM each of
dATP, dCTP, dGTP, and dTTP, 0.5 μM of each primer and one unit of
Taq polymerase. The DNA was denatured at 95 °C for 1min, followed
by 35 cycles of denaturation at 94 °C for 45 s, annealing at 55 °C for
45 s, and extension at 72 °C, for 1min, with a final extension at 72 °C for
5min. The presence of PCR products was confirmed by electrophoresis
in 8% polyacrylamide gel. The amplification products were directly
sequenced in forward and reverse directions using the ABI Big Dye
Terminator chemistry and an ABI 3500 instrument (Applied Biosys-
tems, Foster City, CA). For the detection of defects and polymorphic
sites on the ends of the sequences we used Sequencher 5.4.6. software
(Free trial version). Comparison of the obtained sequences with se-
quences in the GenBank database was performed using the Basic Local
Alignment Tool (BLAST), available at http://www.ncbi.nlm.nih.gov.
Sequences were aligned using the program ClustalW with the para-
meters provided in the software package MEGA (Kumar et al., 2016).

T. horrida presence was recorded at three sites in three different
rivers: Tisa, locality Kanjiza (46°04′28.4″N, 20°03′17.8″E), Juzna
Morava, locality St. Roman (43°36′58.4″N, 21°30′56.8″E) and Zapadna
Morava, locality upstream from Kraljevo (43°46′32.1″N, 20°37′45.7″E).
Sponge populations were found on rocks in slowly flowing forested
river stretches, rich in sediment, at a depth of about 0.5 m (Fig. 1a, b).

The average values of the measured parameters from the three lo-
calities where T. horrida was found were as follows: water temperature
15 °C, pH 7.7, dissolved oxygen level 8.69mg/l and the conductivity
552 μs/cm.

T. horrida appeared as a thin encrustation of irregular shape, 2–3 cm
in diameter, with visible pores, light green to grey. It was identified on
the basis of its recognizable mineral spicules: megascleres (approxi-
mately 200 x 13 μm) are straight to slightly curved fusiform oxeas

covered with sharp spines (Fig. 2a); the gemmuloscleres are in the form
of birotules with a short shaft (height of gemmulosclere shorter than
rotule diameter) and two rotules with smooth edges, of approximately
the same size (Fig. 2b, c). Microscleres are absent. Another typical
characteristic are spherical gemmules 475–540 μm in diameter, located
in the basal part of the sponge, grouped in carpets, or singly enveloped
in pneumatic pseudo-cage armoured by acanthoxeas, as described by
Pronzato and Manconi (2001).

Sequencing of the fragment of sponge 28S rDNA revealed differ-
ences and similarities between the 28S sequence of T. horrida and the
sequences of the most frequent freshwater sponges in European rivers
described by Roovere et al. (2006). Differences were present in eight
hotspots, all situated between the 90th and 135th bp, as presented in
Fig. 3. Previously, partial sequences of 28S rRNA gene were available
only for two species of the genus Trochospongilla - T. latouchiana and T.
pennsylvanica (accession numbers EF151955.1 and DQ178650.1, re-
spectively). However, it was not possible to make any alignment be-
tween our sequence of T. horrida (accession number MH569483.1) and
the two sequences mentioned above since the 28S gene regions were
not overlapping.

Given the specific oxea megascleres and gemmuloscleres, the de-
termination of T. horrida is accurate. Nowadays however, genetic con-
firmation is considered as a standard procedure (Addis and Peterson,
2005; Lopp et al., 2007; Nichols, 2005; Roovere et al., 2006). Surpris-
ingly, only 18S was used for T. horrida genetic identification in previous
studies. According to some authors 28S ribosomal DNA, which contains
more variable sites than 18S rDNA, complemented with conserved se-
quences, is optimal for species level identification (Lopp et al., 2007;
Roovere et al., 2006). The present study is the first report on T. horrida
in Serbian rivers. The results are in general agreement with some pre-
vious findings about the relatively wide distribution of T. horrida, while
showing discontinuity in the Northern Hemisphere in cold-temperate
regions, along with its scarcity as previously described by Manconi and
Pronzato (2016). Sponges were rare in Serbian rivers, although the
abiotic factors, such as temperature and oxygen levels were favorable
for zoobenthic diversity in general (Bashinskiy et al., 2018). Out of the
five sponge species found in Serbian rivers during our survey (T. hor-
rida, Ephydatia fluviatilis (Linnaeus, 1759), Spongilla lacustris Linnaeus,
1758, Ephydatia muelleri (Lieberkühn, 1856), and Eunapius fragilis
(Leidy, 1851)), T. horrida, along with E. fragilis was the least frequently
found Porifera. Out of 51 inspected localities on ten different rivers,

Fig. 1. a) The locality of Zapadna Morava River; b) a specimen of T. horrida attached to the underside of a rock found near the shore.
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Fig. 2. a) Oxea (megasclere) with spines; b) fully formed gemmulosclere (axis length 9 μm, rotule width 15 μm); c) immature gemmulosclere (axis length 6 μm, rotule
width 4 μm).

Fig. 3. 28S rDNA sequence of T. horrida compared with four common European freshwater sponges previously sequenced by Roovere et al. (2006), with emphasized
base difference.

S. Andjus, et al. Limnologica 76 (2019) 48–51

50



only three localities harbored this species. Its abundance was also very
low. Namely, only 4 specimens were found, one in Juzna Morava, one
in Zapadna Morava and 2 in Tisa River. There are also opposite reports.
For instance, Gugel found that Trochospongilla was the most frequent
sponge in the river Rhine in the period 1992–1995 (Gugel, 2000). In
agreement with other studies, T. horrida was found in Serbian rivers
with slightly alkaline waters and slower flows (Gugel, 2000; Ricciardi
and Reiswig, 1993).

The Balkan Peninsula is well known for its remarkable biodiversity,
and since endemic species of Porifera have been found, for instance
Spongilla stankovici Arndt, 1938 and Ochridospongia routunda Arndt,
1938 in large Macedonian/Albanian lakes (Bănărescu, 2004), other
regions with yet unexplored habitats, including Serbia should also be
more extensively investigated and mapped for the presence of fresh-
water sponges.
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A new troglobitic species of the genus Leptomeson Jeannel, 1924 
(Coleoptera: Leiodidae: Cholevinae: Leptodirini) from the Island of Šolta 
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Leptomeson Jeannel, 1924, originally treated as a subgenus of Anthroherpon Reitter, 1889 (Jeannel, 1924), was erected to 
a distinct genus by Guéorguiev (1990). It currently includes 13 endemic taxa (nine species and four subspecies) (Perreau, 
2015), of which five species are recently described (Giachino et al., 2011). All Leptomeson taxa are troglobitic, montane 
or insular, and are distributed in a narrow Dinaric area in the proximity to the Adriatic Sea coast belonging to Croatia and 
Bosnia and Herzegovina (Perreau, 2000; Giachino et al., 2011) (Fig. 1). 

In the recent Catalogue of Palaearctic Coleoptera, within the chapter on the family Leiodidae, Perreau (2015) has 
reported a few erroneous and inaccurate data on the distribution of certain Leptomeson taxa. Namely, Leptomeson dom-
browskii pubipenne (Müller, 1941) inhabits Mt. Midena in Bosnia and Herzegovina [close to but not in the Duvanjsko 
Polje (= Duvno field), as reported by Perreau (2015), who claimed the locality is situated in Croatia] (Perreau, 2000). Lep-
tomeson leonhardi (Reitter, 1902) lives on Mts. Vran and Čvrsnica in Bosnia and Herzegovina [Perreau (2015) reported it 
from Mts. Vran and Muharnica, the latter being indeed the northern plateau of Mt. Čvrsnica]. Leptomeson loreki (Zoufal, 
1904) inhabits a cave in the vicinity of the town of Nevesinje in Bosnia and Herzegovina [not Nevesinje, as reported by 
Perreau (2015)] (Perreau, 2000). Leptomeson radjai Giachino, Bregović & Jalžić, 2011 lives in the vicinity of the cities 
of Šibenik and Split in Croatia [not on Mali Šibenik, a peak of Mt. Biokovo in Croatia, as reported by Perreau (2015)] 
(Giachino et al., 2011). Additionally, Leptomeson svircevi knirschi Guéorguiev, 1990 inhabits Lisac peak, Mt. Crna Gora, 
Prenj massif in Bosnia and Herzegovina [not Mt. Prenj in Montenegro, as reported by Perreau (2015)] (Guéorguiev, 1990; 
Perreau, 2000) (Fig. 1). 

The following five taxa are known from the territory of Croatia so far: Leptomeson biokovensis Giachino, Bregović 
& Jalžić, 2011 (from Mt. Biokovo), L. bujasi Giachino, Bregović & Jalžić, 2011 (from the Island of Brač), L. dalmatinus 
Giachino, Bregović & Jalžić, 2011 (from the Island of Čiovo), L. dombrowskii dombrowskii (Apfelbeck, 1907) (from Mts. 
Biokovo and Mosor) and L. radjai (from the vicinity of the cities of Šibenik and Split) (Giachino et al., 2011) (Fig. 1). 

Based on the current distribution of the genus Leptomeson, we have supposed that some new species to science may 
be discovered in the surrounding areas of the Dinaric Alps in the proximity to the Adriatic Sea coast. Špiljar Speleological 
Society organized a number of field trips in Dalmatia (Croatia) in the last few years leaded by one of the authors of this 
study (T.R.), especially on some Adriatic islands close to type localities of other known species of this genus. Eventually, 
a sample of leptodirine leiodid beetles was recently collected in a pit on the Island of Šolta by the aforementioned author 
and a few other members of the Špiljar Speleological Society. The specimens enabled us to describe a new species of the 
genus Leptomeson. 

Abbreviations of collections. IZFB—collection of the Institute of Zoology, University of Belgrade—Faculty of 
Biology, Belgrade, Serbia; NHMS—collection of the Natural History Museum, Split, Croatia. 

Abbreviations of collector names. AB—leg. Ana Buklijaš; DA—leg. Dragan Alajbeg; DK—leg. Dejan Kalebić; 
IB—leg. Ivana Birčić; TR—leg. Tonći Rađa. 

Abbreviations of measures. AM/BA—ratio of anterior pronotal margin length to pronotal base length; AN/AL—
percentage length of antennomeres (ratio of each antennomere length x 100 to antennal length measured from the base of 
antennal scape to the apex of terminal antennal segment); A2/A1—ratio of antennomere 2 length to antennomere 1 length; 
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A11/A10—ratio of antennomere 11 length to antennomere 10 length; BO/AL—ratio of body with no head included (prono-
tum + elytra) length to antennal length measured from the base of antennal scape to the apex of terminal antennal segment; 
EL/EW—ratio of length of elytra (as linear distance measured along suture from elytral base to apex) to maximum width of 
elytra; M—mean value for certain measurements; MP/BA—ratio of mesothoracic peduncle length to pronotal base length; 
PW/PL—ratio of maximum width of pronotum (as greatest transverse distance) to length of pronotum; R—range of total 
measurements performed; TL—maximum body length measured from the apex of mandibles to the apex of elytra. 

Abbreviations of types. HT—holotype; PT—paratype; TT—topotype. 
Other abbreviations used in the text. MI—middle; Mt.—mountain; No.—number. 
Other examined taxa. Leptomeson raguzi Giachino, Bregović & Jalžić, 2011: one TT male, Majića Ponor Cave, 

village of Drinovci, near Grude, Bosnia and Herzegovina, 20.vii.2000, TR (IZFB). 

FIGURE 1. The distribution of a new leptodirine species from Croatia and other species of the genus Leptomeson.

Leptomeson soltensis Ćurčić & Rađa, sp. n. (Figs. 2–16) 
Type material. HT male labelled as follows: “Jama na Idrenici Pit, village of Maslinica, Island of Šolta, MI Dalmatia, 
Croatia, 23.vii.2016 (hand collecting), TR & AB” (white label, printed) / Holotypus Leptomeson soltensis sp. n. Ćurčić & 
Rađa det. 2017 (red label, printed) (NHMS) (Fig. 2). PTs: four females, same data as for HT (IZFB); five males and nine 
females labelled as follows: “Jama na Idrenici Pit, village of Maslinica, Island of Šolta, MI Dalmatia, Croatia, 09.vii.2017 
(pitfall trapping), DK, DA & IB” (IZFB). All PTs are labelled with white, printed locality labels and with red printed 
labels “Paratypus Leptomeson soltensis sp. n. Ćurčić & Rađa det. 2017”. 

Description. TL R 4.65–5.05 mm, M 4.89 mm, males (M 4.725 mm) smaller than females (M 4.95 mm) (HT 4.65 
mm) (Table 1). Integument shiny, of testaceous color, while legs, palps and antennae somewhat lighter. With leptodiroid 
and elongate body, narrow and elongate pronotum, convex physogastric and scaphoid elytra and wingless (Figs. 2 and 
8). Head wider than pronotum, eyeless. Microsculpture weakly expressed, almost absent dorsally (Figs. 2, 11 and 14), 
developed ventrally (Fig. 10), nearly isodiametric, pentagonal and hexagonal. Head and pronotum almost glabrous (Figs. 
2, 9 and 11), while elytra with sparsely distributed hairs (Figs. 15 and 16). 

Head hypognathous, elongate, with no eyes and occipital carina, widened anteriorly, broader than pronotum, with an 
impressed vertex (Figs. 2 and 9). Mandibles concave apically, maxillary palps elongate, penultimate palpomere sub-coni-
cal, broadened distally, terminal palpomere conical and elongate. Antennae extremely long (BO/AL R 0.58–0.66, M 0.62, 
in males M 0.58, while in females M 0.64), thin, antennomere 2 shorter than antennomere 1 (A2/A1 R 0.71–0.82, M 0.77), 
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distalmost antennomere longer than preceding (A11/A10 R 1.10–1.31, M 1.17) (Table 1). Both dorsal and ventral surfaces 
smooth, shiny, with a few sparsely distributed short, erect hairs and small punctures. No microsculpture developed. 

Values of AN/AL M R for all specimens, males and females are presented in Table 1. 

TABLE 1. Linear measurements and morphometric ratios in Leptomeson soltensis sp. n. Numerical values out of paren-
theses represent mean values, while those in parentheses are ranges (* - values in mm). 

All specimens Males Females
No. of examined specimens 12 4 8 
TL* 4.89 (4.65–5.05) 4.725 (4.65–4.80) 4.95 (4.70–5.05) 
BO/AL 0.62 (0.58–0.66) 0.58 (0.58–0.59) 0.64 (0.62–0.66) 
A2/A1 0.77 (0.71–0.82) 0.79 (0.76–0.82) 0.76 (0.71–0.815) 
A11/A10 1.17 (1.10–1.31) 1.26 (1.21–1.31) 1.14 (1.10–1.17) 
A1/AL 5.46 (5.23–5.78) 5.505 (5.23–5.78) 5.43 (5.27–5.53) 
A2/AL 4.27 (4.065–4.38) 4.34 (4.30–4.38) 4.22 (4.065–4.30) 
A3/AL 10.21 (9.77–10.98) 10.03 (9.96–10.09) 10.33 (9.77–10.98) 
A4/AL 10.01 (9.53–10.57) 9.85 (9.53–10.16) 10.12 (9.84–10.57) 
A5/AL 12.50 (12.15–13.09) 12.15 (12.15) 12.73 (12.50–13.09) 
A6/AL 10.285 (10.09–10.57) 10.13 (10.09–10.16) 10.39 (10.25–10.57) 
A7/AL 10.52 (10.28–10.74) 10.42 (10.28–10.56) 10.59 (10.45–10.74) 
A8/AL 9.05 (8.37–9.375) 8.76 (8.37–9.16) 9.25 (9.15–9.375) 
A9/AL 9.28 (8.54–9.72) 9.44 (9.16–9.72) 9.18 (8.54–9.57) 
A10/AL 10.035 (9.35–10.96) 10.80 (10.65–10.96) 9.52 (9.35–9.84) 
A11/AL 8.38 (8.13–8.785) 8.58 (8.37–8.785) 8.245 (8.13–8.40) 
PW/PL 0.32 (0.31–0.33) 0.32 (0.32–0.325) 0.325 (0.31–0.33) 
AM/BA 1.22 (1.15–1.30) 1.23 (1.20–1.26) 1.22 (1.15–1.30) 
MP/BA 0.89 (0.80–0.95) 0.87 (0.84–0.90) 0.90 (0.80–0.95) 
EL/EW 1.94 (1.82–2.08) 1.98 (1.87–2.08) 1.93 (1.82–2.05) 

Pronotum very narrow and elongate, approximately three times as long as wide (PW/PL R 0.31–0.33, M 0.32, in 
males M 0.32, while in females M 0.325), constricted in posterior half and very gently prior to 1/3 of its length, widest 
at anterior margin, at base distinctly narrower, narrowest between 2/3 and 3/4 of its length, AM/BA R 1.15–1.30, M 1.22 
(Figs. 2, 9 and 11; Table 1). Lateral margins strongly sinuate basally, slightly concave anteriorly, very finely bordered in 
basal 2/3 of pronotal length. Hind angles obtuse and blunt, while fore angles obtuse and rounded. Base convex, not bor-
dered. Disc convex both basally (more pronouncedly) and anteriorly, with a concavity between the latter regions. Dorsal 
surface smooth, shiny, with a few sparsely distributed short hairs and small punctures. No microsculpture developed. 

Mesothoracic peduncle elongate, somewhat shorter than pronotal base (MP/BA R 0.80–0.95, M 0.89) (Table 1). Lat-
eral margins slightly concave. Scutellum elongate, sub-triangular, with pronounced polygonal microsculpture and slightly 
concave dorsal surface (Figs. 12 and 13). 

Prosternum narrow, elongate, with a long sharp sagittal carina, with pronounced microsculpture. Mesosternum sub-
triangular, elongate, slightly angled ventrally, with pronounced microsculpture (Figs. 8 and 10), without carina. Meso-
coxal cavities widely confluent. Mesosternal process short, sub-triangular. Metasternum huge, slightly wider than long, 
covered with densely distributed short hairs and punctures, with pronounced microsculpture (Fig. 10). Metacoxal cavities 
separated. Abdominal ventrites transverse, covered with densely distributed short hairs and punctures, with pronounced 
microsculpture (Fig. 10). 

Elytra elongate, physogastric, scaphoid (EL/EW R 1.82–2.08, M 1.94, in males M 1.98, while in females M 1.93), 
thick in lateral view (Fig. 8), widest slightly prior to middle, with lateral margins rounded, separated and briefly rounded 
apically (Figs. 2 and 14) (Table 1). Elytral suture evident. No sutural stria present. Disc strongly convex, smooth, shiny, 
with sparse and superficial puncturation. No microsculpture developed. Hairs short, sparsely distributed, yellow, erect, 
slightly denser around elytral median suture and basally, near scutellum (Figs. 15 and 16). 

Legs elongate and narrow (Fig. 2). Femora broadened basally, gradually narrowing distally. Tibiae straight and thin 
both basally and distally. Tarsi not dilated. Protarsomeres pentamerous in males and tetramerous in females. Tarsal claws 
slightly widened medially, long. 
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FIGURES 2–7. Leptomeson soltensis sp. n. from the Jama na Idrenici Pit, village of Maslinica, Island of Šolta, MI Dalmatia, Croatia. 
2—holotype male, habitus (dorsal view); 3—holotype male, aedeagus (dorsal view); 4—holotype male, left paramere apex (dorsal 
view); 5—holotype male, aedeagus (lateral view); 6—paratype female, spermatheca (lateral view); 7—paratype female, abdominal 
segment VIII. Scales = 1 mm (Fig. 2), 100 μm (Figs. 3, 5 and 7) and 50 μm (Figs. 4 and 6).
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Aedeagus short, robust, almost straight (Figs. 3 and 5). Median lobe in dorsal aspect weakly broadened sub-basally, 
with a sub-triangular apex, basal bulb short and rounded (Fig. 3). Median lobe in lateral aspect gradually narrowing api-
cally, with a straight pointed apex; basal bulb long and widened (Fig. 5). Parameres elongate, shorter than median lobe, 
each with three apical setae, in dorsal view curved inwards, gradually narrowing apically, spoon-like and twisted at apex 
(Figs. 3 and 4), while in lateral view weakly curved, not narrowing apically (Fig. 5). Inner sac with a long chitinized me-
dian phanera in the form of a stylet (Fig. 3). 

Spermatheca tiny, weakly chitinized, strongly curved, rounded at top (Fig. 6). 
Female abdominal sternite VIII large, transverse, with a narrow anterior process, pubescent (Fig. 7). 
Differential diagnosis. L. soltensis sp. n. is most closely related to L. dalmatinus and L. bujasi, which inhabit two 

Croatian Adriatic islands in the surroundings of the Island of Šolta (Čiovo and Brač, respectively) (Giachino et al., 2011). 
The three mentioned taxa share the following features: presence of pronotum with weakly expressed microsculpture or 
without microsculpture, elytral disc with short pubescence, parameres bearing three apical setae each and median lobe of 
aedeagus of similar shape (Giachino et al., 2011). 

The new species differs from L. dalmatinus in the BO/AL M in males and females (0.58 and 0.64, respectively vs. 
0.64 and 0.69, respectively), degree of expression of anterior pronotal constriction (barely distinguished vs. well ex-
pressed), PW/PL M in females (0.325 vs. 0.37), MP/BA (mesothoracic peduncle somewhat shorter than pronotal base vs. 
mesothoracic peduncle about as long as pronotal base), EL/EW M in males and females (1.98 and 1.93, respectively vs. 
2.18 and 2.00, respectively), position of maximum width of elytra (slightly prior to middle vs. around at middle), shape of 
median lobe apex in dorsal aspect (sub-triangular, not protruding vs. not sub-triangular, largely rounded and strongly pro-
truding beak-wise), length of parameres (shorter than median lobe vs. as long as median lobe) and shape of spermatheca 
(more curved vs. less curved) (Giachino et al., 2011) (Table 2). 

FIGURES 8–10. Leptomeson soltensis sp. n. from the Jama na Idrenici Pit, village of Maslinica, Island of Šolta, MI Dalmatia, Croatia. 
8—paratype female, habitus (lateral view); 9—paratype female, head and pronotum (lateral view); 10—paratype female, mesosternum, 
metasternum and abdomen (ventral view). Scales = 1.0 mm (Fig. 8) and 0.5 mm (Figs. 9 and 10).
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FIGURES 11–16. Leptomeson soltensis sp. n. from the Jama na Idrenici Pit, village of Maslinica, Island of Šolta, MI Dalmatia, 
Croatia. 11—paratype female, pronotum (dorsal view); 12—paratype female, mesothoracic peduncle (dorsal view); 13—paratype fe-
male, microsculpture of scutellum (dorsal view); 14—paratype female, elytra (dorsal view); 15—paratype female, basal part of elytra 
(dorsal view); 16—paratype female, elytral hairs (dorsal view). Scales = 250 μm (Fig. 14), 200 μm (Fig. 11), 100 μm (Figs. 12 and 15), 
50 μm (Fig. 16) and 20 μm (Fig. 13).
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It differs from L. bujasi in the BO/AL M in females (0.64 vs. 0.80), A11/A10 in females (antennomere 11 longer than 
antennomere 10 vs. antennomere 11 shorter than antennomere 10), degree of expression of anterior pronotal constriction 
(barely distinguished vs. well expressed), PW/PL M in males (0.32 vs. 0.28), shape of pronotal base (convex vs. almost 
straight), MP/BA (mesothoracic peduncle somewhat shorter than pronotal base vs. mesothoracic peduncle about as long 
as pronotal base), EL/EW M in females (1.93 vs. 1.82), position of maximum width of elytra (slightly prior to middle vs. 
just beyond middle), shape of median lobe apex in dorsal aspect (not protruding vs. slightly protruding beak-wise), length 
of parameres (shorter than median lobe vs. as long as median lobe), shape of parameral apex in dorsal aspect (spoon-like, 
twisted vs. simple, narrow) and shape of spermatheca (less widened distally vs. more widened distally) (Giachino et al., 
2011) (Table 2).

TABLE 2. Main morphological differences between Leptomeson soltensis sp. n. and the most related species L. dalmatinus 
and L. bujasi. Source of data: Giachino et al. (2011), current paper.

Character Leptomeson soltensis sp. n. L. dalmatinus L. bujasi

BO/AL M in males 
and females

0.58 and 0.64, respectively 0.64 and 0.69, respectively 0.55 and 0.80, respectively

A11/A10 in females Antennomere 11 longer than 
antennomere 10

Antennomere 11 longer than 
antennomere 10

Antennomere 11 shorter than 
antennomere 10

Degree of expression of 
anterior pronotal constriction

Barely distinguished Well expressed Well expressed

PW/PL M in males 
and females

0.32 and 0.325, respectively 0.30 and 0.37, respectively 0.28 and 0.30, respectively

Shape of pronotal base Convex Convex Almost straight

MP/BA Mesothoracic peduncle 
somewhat shorter than pronotal 
base

Mesothoracic peduncle about 
as long as pronotal base

Mesothoracic peduncle about 
as long as pronotal base

EL/EW M in males
 and females

1.98 and 1.93, respectively 2.18 and 2.00, respectively 2.00 and 1.82, respectively

Position of maximum width 
of elytra

Slightly prior to middle Around at middle Just beyond middle

Shape of median lobe apex 
in dorsal aspect

Sub-triangular, not protruding Not sub-triangular, largely 
rounded and strongly 
protruding beak-wise

Slightly protruding beak-wise

Length of parameres Shorter than median lobe As long as median lobe As long as median lobe

Shape of parameral apex 
in dorsal aspect

Spoon-like, twisted Spoon-like, twisted Simple, narrow

Shape of spermatheca More curved, less widened 
distally

Less curved More widened distally

Etymology. The species is named after the Island of Šolta, MI Dalmatia, Croatia, on which is situated the type local-
ity. 

Type locality. Jama na Idrenici Pit, village of Maslinica, Island of Šolta, MI Dalmatia, Croatia. 
Distribution. The new species currently inhabits solely the Jama na Idrenici Pit. 
Habitat. The type specimens were collected by hand and pitfall trapping with rotten meat as bait in the deepest, to-

tally dark part of the Jama na Idrenici Pit, on vertical limestone walls with a high level of humidity (presence of trickling 
water). 
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gen. nov. belongs to the phyletic series of “Leonhardella”. The new beetle taxa differ from their closest 
relatives in numerous morphological characters. They most likely belong to phyletic lineages of 
Pliocene age. The new leiodid taxa are endemic to the Dinaric mountain chain of western Serbia. Keys 
to the leptodirine leiodid genera of the phyletic series of “Leonhardella” and to the taxa of the genus 
Proleonhardella Jeannel, 1910 are included.

Keywords. New genus, new species, endogean and cave-dwelling, Cholevinae, Leptodirini.

Ćurčić S., Pavićević D., Vesović N., Vrbica M., Kuraica M., Marković Đ., Petković M., Lazović V., Pantelić D. & 
Bosco F. 2021. On the diversity of subterranean beetles of the Dinarides: new leiodid taxa (Coleoptera: Leiodidae) 
from Serbia. European Journal of Taxonomy 782: 55–81. https://doi.org/10.5852/ejt.2021.782.1589

Introduction
A moderately rich endogean and a relatively poor cave-dwelling fauna of leiodid beetles occur in 
Serbia. This diversity is highest in the western and southwestern parts of the country (Jeannel 1924; 
Perreau 2000; Ćurčić 2005; Ćurčić et al. 2006, 2008b, 2015, 2018). Most subterranean leptodirine 
taxa from Serbia are either bathyscioid (Magdelainella spp., Proleonhardella spp., Pavicevicia spp., 
Bathyscia montana apfelbecki Ganglbauer, 1899 and Pseudobathyscidius serbicus (Karaman, 1964)) 
or pholeuonoid (Pholeuonopsis spp.) (Jeannel 1924; Nonveiller 1983; Moldovan et al. 2018; Perreau 
2019). Highly-evolved scaphoid taxa are the representatives of the genus Remyella Jeannel, 1931, 
which are distributed in a narrow Dinaric area in southwestern Serbia and northeastern Montenegro 
(Njunjić et  al. 2017). Interestingly, no highly-evolved leptodiroid taxa are known from Serbia so 
far, although some species of Anthroherpon Reitter, 1889 inhabit certain areas close to the country’s 
border (Njunjić et al. 2015). Most leiodid taxa from Serbia are associated with the Central Dinarides, 
a smaller amount with the Inner Dinarides, while the Carpathian-Balkan mountain system is 
characterized by only a few taxa (e.g., the endemic genus Pseudobathyscidius Karaman, 1964 and 
the endemic Magdelainella subgenus Derveniella Pavićević & Perreau, 2008) (Perreau 2015; Hlaváč 
et al. 2017).

The genus Proleonhardella Jeannel, 1910 currently includes 10 endemic taxa (eight species and two 
subspecies) (Perreau 2000, 2015; Hlaváč et al. 2017), which were all described in the first half of the 
twentieth century. Proleonhardella taxa are distributed in a narrow Dinaric area belonging to Bosnia 
and Herzegovina, Serbia, and Montenegro (Perreau 2000; Pavićević et al. 2012). The genus is divided 
into two subgenera: Proleonhardella Jeannel, 1910 and Pholeuonillus Breit, 1913. The former subgenus 
includes seven species and two subspecies inhabiting caves in the montane areas of central, eastern 
and southeastern Bosnia and Herzegovina, southwestern Serbia and northern Montenegro (Perreau 
2000; Pavićević et al. 2012). The latter subgenus contains only one endogean montane species from 
southern Bosnia and Herzegovina (Perreau 2000). Two species of Proleonhardella occur in Serbia: 
Proleonhardella (Proleonhardella) hirtella Jeannel, 1934 (described from the Popova Pećina Cave, 
village of Seljane, near the town of Prijepolje, southwestern Serbia) and P. (P.) remyi Jeannel, 1934 
(described from the Bjeloševačka (= Dvostruka) Pećina Cave, village of Bjeloševina, near the town of 
Pljevlja, northern Montenegro) (Fig. 9) (Perreau 2000).

In the chapter on the family Leiodidae in the recent Catalogue of Palaearctic Coleoptera, Perreau (2015) 
reported the presence of both species of Proleonhardella solely for Serbia (Pešter Plateau). In reality, the 
type localities of both species are not situated on the Pešter Plateau, but in its surroundings. Additionally, 
they inhabit the territory of Montenegro, as documented by Pavićević et al. (2012) and Hlaváč et al. 
(2017). Namely, P. (P.) hirtella, besides its type locality, is known to inhabit three caves and pits near 
the towns of Prijepolje and Priboj (southwestern Serbia) and one pit near the town of Pljevlja (northern 
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Montenegro) (Pavićević et al. 2012). On the other hand, P. (P.) remyi, besides its type locality, lives 
in numerous caves and pits in the area of Kamena Gora and near the towns of Prijepolje and Priboj 
(southwestern Serbia), as well as in two caves and one pit near the town of Pljevlja (northern Montenegro) 
(Pavićević et  al. 2012). The two species cohabitate in some caves and pits (five such localities are 
known), where the populations of the latter are more abundant (Pavićević et al. 2012). Additionally, the 
type locality of P. (P.) remyi in northern Montenegro is erroneously reported by Perreau (2000) to be 
situated in Serbia.

On the basis of the current distribution of Serbian endogean and cave-dwelling leiodid taxa, we assumed 
that some taxa new to science (genera and species) might be discovered in certain karstic areas of the 
Dinaric Alps of Serbia, which were so far not investigated and from which no taxa of leiodids from the 
underground have been documented.

Several field surveys conducted by the staff of the Institute of Zoology, University of Belgrade - 
Faculty of Biology and the Institute for Nature Conservation of Serbia at a few speleological sites in 
western Serbia, as well as by the late Prof. Guido Nonveiller on Mt Bobija in western Serbia, resulted 
in the discovery of a new leptodirine genus, viz., Bozidaria Ćurčić & Pavićević gen. nov., and two 
new leptodirine species, B. serbooccidentalis Ćurčić & Pavićević gen. et sp. nov. and Proleonhardella 
(Proleonhardella) tarensis Ćurčić & Pavićević sp. nov., the descriptions and diagnoses of which are 
given in the current study.

Material and methods
The material of Bozidaria serbooccidentalis gen. et sp. nov. is comprised of a large series of 
individuals: four males and five females collected in traps for endogean fauna baited with rotten 
meat during 1980 on Mt Bobija, near the town of Ljubovija, western Serbia, as well as 30 males 
and 44 females collected by pitfall trapping during 2010 and 2017 in the Simina Jama Pit, village of 
Gornje Košlje, Debelo Brdo saddle, Mt Povlen, near the town of Ljubovija, western Serbia. That of 
Proleonhardella (Proleonhardella) tarensis sp. nov. includes four males and four females collected 
by pitfall trapping during 2014 in Pit 4-1-3-27, village of Kaluđerske Bare, Mt Tara, near the town 
of Bajina Bašta, western Serbia, as well as three males and five females collected by pitfall trapping 
during 2003 in the Sovljačka Pećina Cave, village of Šljivovica, Mt Tara, near the town of Bajina 
Bašta, western Serbia.

Type specimens were studied in the laboratories of the Institute of Zoology, University of Belgrade - 
Faculty of Biology, Belgrade, Serbia. The beetles were dissected, analysed in detail and photographed. 
Dry individuals were glued onto rectangular paper mounting cards. Extracted genitalia were fixed in a 
medium composed of Canada balsam and toluene and put onto rectangular transparent plastic mounting 
cards placed on the same entomological pin together with the mounting card of the dry individual.

Observations were conducted with a Carl Zeiss-Stemi 2000 binocular stereo microscope. A Nikon 
SMZ 18 stereo microscope combined with a Nikon DS-Fi1c digital camera, as well as a Leica DMLS 
light microscope combined with a Leica DC 300 camera, were used to photograph morphological 
details of the whole specimens and genitalia of new beetle taxa. The detailed morphology of the new 
taxa was imaged using scanning electron microscopy (SEM) at the Photonics Center, Institute of 
Physics Belgrade, University of Belgrade. SEM micrographs were made using a MIRA3 FEGSEM 
field-emission scanning electron microscope (FESEM) (Tescan, Brno, Czech Republic) in high 
vacuum mode, at a voltage of 15 kV. All samples were sputter coated with gold/palladium for 
30 seconds. The index of intensity of the electron beam was 15.00. Pressure in the column was about 
127 MPa.
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Abbreviations of measurements
A1/A2	 =	 ratio of length of antennomere I to length of antennomere II
A3/A2	 =	 ratio of length of antennomere III to length of antennomere II
A3/A5	 =	 ratio of length of antennomere III to length of antennomere V
A7/A6	 =	 ratio of length of antennomere VII to length of antennomere VI
A7/A8	 =	 ratio of length of antennomere VII to length of antennomere VIII
A8LW	 =	 ratio of length to width of antennomere VIII
A9LW	 =	 ratio of length to width of antennomere IX
A9/A8	 =	 ratio of length of antennomere IX to length of antennomere VIII
A10LW	 =	 ratio of length to width of antennomere X
A11LW	 =	 ratio of length to width of antennomere XI
A11/A9+A10	 =	 ratio of length of antennomere XI to length of antennomeres IX and X combined
EL/EW	 =	 ratio of length of elytra (as linear distance between base to apex of elytra along 

median suture) to maximum width of elytra
EL/PL	 =	 ratio of length of elytra (as linear distance between base to apex of elytra along 

median suture) to length of pronotum
HL/HW	 =	 ratio of length of head (as linear distance between anterior margin of clypeus to 

occipital carina) to maximum width of head
M	 =	 mean value for certain measurements
P1LW	 =	 ratio of length to width of protarsomere I
PB/AM	 =	 ratio of length of pronotal base to length of anterior pronotal margin
PL/PW	 =	 ratio of length of pronotum to maximum width of pronotum
PL+EL/AL	 =	 ratio of length of pronotum and elytra combined (as linear distance between anterior 

pronotal margin to apex of elytra along median suture) to total antennal length
R	 =	 range of measured values
TL	 =	 maximum body length from anterior margin of clypeus to apex of elytra along 

median suture

Repositories
CDP	 =	 collection of Dragan Pavićević, Belgrade, Serbia
IZFB	 =	 Institute of Zoology, University of Belgrade - Faculty of Biology, Belgrade, Serbia
SBS	 =	 Serbian Biospeleological Society, Novi Sad, Serbia

Other abbreviations used in the text
Ma	=	 million years
Mt	 =	 Mountain/Mount

Other material examined
Proleonhardella (Proleonhardella) hirtella Jeannel, 1934

SERBIA • 1 ♂; southwestern Serbia, municipality of Priboj, village of Krnjača, Tmuša Gorge, Goveđa 
Pećina Cave; 17 Jul. 2013; Dragan Antić leg.; IZFB.

Proleonhardella (Proleonhardella) remyi Jeannel, 1934
SERBIA • 6 ♂♂, 8 ♀♀; southwestern Serbia, municipality of Priboj, village of Krnjača, Tmuša Gorge, 
Goveđa Pećina Cave; 17 Jul. 2013; Dragan Antić leg.; IZFB • 8 ♂♂, 18 ♀♀; southwestern Serbia, 
municipality of Prijepolje, Kamena Gora, village of Kamena Gora, Bezdan Pit; 20 May–5 Nov. 2017; 
Miloš Kuraica leg.; pitfall traps; IZFB.
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Results
Subphylum Hexapoda Latreille, 1825

Class Insecta Linnaeus, 1758
Order Coleoptera Linnaeus, 1758
Suborder Polyphaga Emery, 1886
Family Leiodidae Fleming, 1821

Subfamily Cholevinae Kirby, 1837
Tribe Leptodirini Lacordaire, 1854

Genus Bozidaria Ćurčić & Pavićević gen. nov.
urn:lsid:zoobank.org:act:8CF69930-741E-4484-9F09-5E8C1FBC86AA

Type species
Bozidaria serbooccidentalis Ćurčić & Pavićević gen. et sp. nov., by monotypy.

Diagnosis
Bozidaria gen. nov. is most closely related to the following Dinaric genera of the group Théléomorphes 
belonging to the phyletic series of “Leonhardella” (Jeannel 1924): Proleonhardella, Blattochaeta 
Reitter, 1910, Augustia Zariquiey, 1927 and Pholeuodromus Breit, 1913. These genera share a similar 
body form, the presence of tetramerous tarsi in males, the absence of a comb on anterior tibiae, the first 
antennomere clearly shorter than the second antennomere, apically widened distal antennomeres, the 
absence of sutural striae, and the presence of a similar type of aedeagus.

The new genus differs from its closest relatives in the body shape (elliptical, elongate vs bathyscioid, 
oval/ovoid, mostly wide in Proleonhardella), TL (R 2.51–2.80 mm vs R 4.0–5.5 mm in Blattochaeta and 
R 3.8–4.6 mm in Pholeuodromus), body pubescence (short, recumbent vs long, erect in Blattochaeta), 
shape of antennae (elongate, thin, including distal antennomeres vs short, distal antennomeres wide, 
barely longer than wide in Proleonhardella), length of antennae (exceeding the middle of the body vs 
reaching, but not exceeding the middle of the body in Augustia and not reaching the middle of the body 
in Pholeuodromus), presence/absence of mesosternal carina (present vs absent in Augustia), shape of 
mesosternal carina (with no concavity on its anterior border, not atrophied vs with a concavity on its 
anterior border in Blattochaeta and atrophied posteriorly in Pholeuodromus), shape of lateral pronotal 
margins (arcuate vs weakly convex in Augustia), position of maximum pronotal length (sub-basally vs 
at base in Pholeuodromus), ratio of pronotum width to elytral width (pronotum slightly narrower than 
elytra vs pronotum as wide as elytra in Blattochaeta and Pholeuodromus and pronotum clearly narrower 
than elytra in Augustia), shape of elytra (more rounded, gradually narrowed distally vs less rounded, 
more pronouncedly attenuated distally in Augustia), shape of aedeagus (long, elongate vs short, wide in 
Blattochaeta and Augustia and mostly wide in Proleonhardella), shape of basal bulb (elongate, narrow 
vs short, rounded in Proleonhardella, Blattochaeta and Augustia) and its basal projection (long vs short 
in Proleonhardella and Augustia), and shape of parameral apex (narrow vs widened in Blattochaeta) 
(Jeannel 1910, 1924, 1930, 1931, 1934; Reitter 1910; Breit 1913; Zariquiey 1927; Knirsch 1928; 
Guéorguiev 1976).

Etymology
This genus is named after the late Academician Božidar Ćurčić, a well-known Serbian biospeleologist 
and zoologist.

http://zoobank.org/urn:lsid:zoobank.org:act:8CF69930-741E-4484-9F09-5E8C1FBC86AA
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Description
Habitus. A small-sized elliptical leptodirine with short and wide head, transverse pronotum and elongate 
obovoid elytra. Blind, reddish-brown, body shiny, densely pubescent, dorsoventrally convex, finely 
punctate. Pubescence composed of short yellow hairs, on pronotum and elytra recumbent, while on head 
erect. Legs and antennae long and slender, densely pubescent. Microsculpture composed of isodiametric 
meshes.

Head. Anophthalmous, of almost equal length and width. Antennae inserted medially on head, elongate, 
thin, apically widened and flattened, exceeding middle of body, reaching basal third of elytral length. 
Antennomere I shorter than antennomere II. Antennomere III shorter than antennomere II and longer 
than antennomere IV. Antennomeres IV–VI of similar length. Antennomere VII elongate, apically 
widened. Antennomere VIII short, elongate, oval. Ultimate antennomere slender, ovoid, about as long 
as antennomeres IX and X combined. Occipital carina present.

Thorax. Pronotum almost twice as wide as long, with arcuate and well-rounded lateral margins, slightly 
narrower than elytra, widest slightly prior to pronotal base. Mesosternal carina well-developed, with no 
furrow, high, obtuse-angled, with an apical tooth.

Elytra. Elongate, much longer than pronotum, rounded medially, regularly arcuate distally, not 
attenuated. Scutellar striae absent. A part of pygidium not covered by elytra.

Legs. Extended and slender. Fore tarsi tetramerous. Male protarsi dilated. Tibiae with spines on external 
edges. No comb on external edges or apical parts of protibiae. Meso- and metatibiae with no apical 
baskets.

Abdomen. Median lobe of aedeagus slender, rounded sub-terminally, with an elongate triangular apex. 
Basal bulb elongate, narrow, with a long sub-triangular basal projection. Each paramere longer than 
median lobe, thin, sub-terminally widened, with three apical setae.

Gonostyli. Elongate, slender, almost straight.

Distribution
The new genus is currently known to inhabit deep soil on Mt Bobija and the Simina Jama Pit on 
Mt Povlen in the surroundings of the town of Ljubovija, western Serbia. It is probable that it might be 
present both in the soil and caves of the adjacent areas.

Key to the leptodirine leiodid genera of the phyletic series of “Leonhardella”  
(modified after Guéorguiev 1976) (Fig. 1)
1.	 Body of bathyscioid form, oval or ovoid, wide and short ................................................................. 2
–	 Body of elliptical or pholeuonoid form ............................................................................................. 6

2.	 Mesosternal carina absent (Fig.  1A). Cavernicolous, Mt Čvrsnica, southwestern Bosnia and 
Herzegovina ...............................................................................................  Augustia Zariquiey, 1927

–	 Mesosternal carina present (Fig. 1B) ................................................................................................. 3

3.	 Antennae short, not reaching middle of body .................................................................................... 4
– 	 Antennae much longer, reaching middle of body .............................................................................. 5

4.	 Pubescence fine and recumbent, except in both lateral exterior border of elytra and apical elytral 
half, where long hairs occur. Antennae very short, barely exceeding pronotal base. Longer species 
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(TL 2.5 mm). Mesosternal carina rounded. Basal lamina of tegmen of aedeagus without tooth. 
Cavernicolous, region of Kuči, vicinity of the city of Podgorica, eastern Montenegro ......................
.................................................................................................................Weiratheria Zariquiey, 1927

–	 Pubescence entirely normal and recumbent. Antennae somewhat longer, but not reaching middle 
of body. Shorter species (TL 1.85 mm). Mesosternal carina triangular. Basal lamina of tegmen of 
aedeagus with a pronounced tooth basally. Cavernicolous, vicinity of the town of Karystos, island of 
Euboea, southern Greece ........................................................................... Henrotiella Perreau, 1999

5.	 Pubescence short and recumbent. Anterior border of mesosternal carina without concavity 
(Fig.  1C). Protarsi weakly dilated in males. Shorter species (TL 1.3–3.5 mm). Cavernicolous 
and endogean, central, eastern and southern Bosnia and Herzegovina, southwestern and western 
Serbia and eastern Montenegro ...................................................... Proleonhardella Jeannel, 1910

–	 Pubescence long and erect. Anterior border of mesosternal carina with a deep concavity (Fig. 1D). 
Protarsi not dilated in males. Longer species (TL 4.0–5.5 mm). Cavernicolous, western, southwestern 
and eastern Montenegro, southern Bosnia and Herzegovina and southern Croatia ............................
...................................................................................................................  Blattochaeta Reitter, 1910

6.	 Body of elliptical form (Fig. 1E). Pronotum regularly or almost regularly arcuate, slightly narrower 
than elytra or as wide as elytra .......................................................................................................... 7

–	 Body of pholeuonoid form (Fig.  1F). Pronotum campanuliform or strongly sinuated backwards, 
clearly narrower than elytra ..............................................................................................................11

7.	 Body shorter (TL 1.8–2.0 mm). Antennae almost reaching middle of body. Elytra very attenuated 
apically, with sparse pubescence. Ventral border of mesosternal carina triangular and deeply grooved. 
Endogean and cavernicolous, southern Croatia and western Bosnia and Herzegovina ......................
................................................................................................................... Anisoscapha Müller, 1917

–	 Body longer (TL 2.5–5.2 mm). Antennae reaching middle of body. Elytra regularly arcuate apically, 
with dense pubescence. Ventral border of mesosternal carina not grooved ...................................... 8

8.	 Body shorter (TL 2.5–3.0 mm). Mesosternal carina not atrophied. Protarsi dilated in males 
(Fig. 1G) ............................................................................................................................................ 9

–	 Body longer (TL 3.8–5.2 mm). Mesosternal carina atrophied posteriorly. Protarsi not dilated in 
males (Fig. 1H) ................................................................................................................................ 10

9.	 Body very elongate and narrower. Pubescence long and erect. Median lobe more elongate, thin. 
Basal bulb small, with a short rounded basal projection (Fig.  1I). Paramerae distally widened. 
Cavernicolous, southern and southeastern Bosnia and Herzegovina and western Montenegro ..........
...................................................................................................................  Anillocharis Reitter, 1903

–	 Body less elongate and wider. Pubescence short and recumbent. Median lobe less elongate, wide. 
Basal bulb elongate, with a long sub-triangular basal projection (Fig. 1J). Paramerae distally narrow. 
Endogean and cavernicolous, Mts Bobija and Povlen, western Serbia ...............................................
.............................................................................................. Bozidaria Ćurčić & Pavićević gen. nov.

10.	Body shorter (TL 3.8–4.6 mm). Pronotum as wide as elytra. Lateral pronotal margins regularly 
arcuate. Anterior border of mesosternal carina with no concavity. Paramerae with three setae. 
Endogean, central and southern Bosnia and Herzegovina .....................  Pholeuodromus Breit, 1913

–	 Body longer (TL 5.0–5.2 mm). Pronotum slightly narrower than elytra. Lateral pronotal margins 
weakly sinuate in basal third. Anterior border of mesosternal carina with a deep concavity. Paramerae 
with four setae. Cavernicolous, southeastern Bosnia and Herzegovina and northern Montenegro ....
.................................................................................................................  Blattodromus Reitter, 1904
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Fig. 1. Illustrations of morphological characters presented in the Key to the leptodirine leiodid genera 
of the phyletic series of “Leonhardella” (after Jeannel 1911, 1924; Ćurčić et al. 2008a). A. Absence of 
mesosternal carina. B. Presence of mesosternal carina. C. Absence of a concavity on mesosternal carina. 
D. Presence of a deep concavity on mesosternal carina. E. Presence of elliptical body shape. F. Presence 
of pholeuonoid body shape. G. Presence of dilated protarsi in males. H. Presence of undilated protarsi 
in males. I. Presence of a short rounded basal projection on basal bulbus. J. Presence of a long sub-
triangular basal projection on basal bulbus. K. Presence of subglobular antennomere VIII. L. Presence 
of elongate antennomere VIII. M. Presence of paramerae with two setae. N. Presence of paramerae with 
three setae.
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11.	Antennomere VIII subglobular (Fig. 1K). Elytral punctuation strong and deep. Pubescence long, 
usually double, with bristle-like setae. Cavernicolous and endogean, western Serbia, southern, 
southeastern, central, western and eastern Bosnia and Herzegovina and northwestern Montenegro .
.......................................................................................................... Pholeuonopsis Apfelbeck, 1901

–	 Antennomere VIII elongate (Fig. 1L). Elytral punctuation fine and shallow. Pubescence short, with 
no bristle-like setae .......................................................................................................................... 12

12.	Body shorter (TL 2.0 mm). Pronotum elongate, very narrow basally. Mesosternal carina low. 
Paramerae with two setae (Fig. 1M). Cavernicolous, vicinity of the town of Ključ, western Bosnia 
and Herzegovina ..................................................................................  Deelemaniella Perreau, 2002

–	 Body longer (TL 3.2–4.5 mm). Pronotum as long as wide or transverse, wider basally. Mesosternal 
carina high or atrophied. Paramerae with three setae (Fig. 1N) ...................................................... 13

13.	Mesosternal carina high. Protarsi somewhat dilated in males. Tibiae with no external spur. 
Cavernicolous, northwestern, western and northern Montenegro and southeastern and southern 
Bosnia and Herzegovina .......................................................................... Leonhardella Reitter, 1903

–	 Mesosternal carina atrophied. Protarsi not dilated in males. Tibiae with external spur. Cavernicolous, 
Mt Durmitor, northern Montenegro ..................................  Tartariella Nonveiller & Pavićević, 1999

Bozidaria serbooccidentalis Ćurčić & Pavićević gen. et sp. nov.
urn:lsid:zoobank.org:act:A2B51421-4CD9-4696-BF46-7EACBC395C4E

Figs 2–3

Diagnosis
The genus is currently monotypic and therefore a differential diagnosis for Bozidaria serbooccidentalis 
gen. et sp. nov. cannot be provided.

Etymology
The species is named after western Serbia, where its type locality and known localities are situated.

Type material
Holotype

SERBIA • ♂; western Serbia, town of Ljubovija, Mt Bobija; alt. 1000 m; 19 Apr. 1980; Guido Nonveiller 
leg.; traps for endogean fauna baited with rotten meat; IZFB-21/1.

Paratypes
SERBIA • 1 ♂, 2 ♀♀; same collection data as for holotype; SBS-21/1 to 21/3 • 1 ♀; same collection 
data as for holotype; IZFB-21/2 • 2 ♂♂, 2 ♀♀; same collection data as for holotype; CDP-21/1 to 21/4 
• 10 ♂♂, 14 ♀♀; western Serbia, town of Ljubovija, Mt Povlen, Debelo Brdo saddle, village of Gornje 
Košlje, Simina Jama Pit; 44°08′32.2″ N, 19°37′40.4″  E; 20 May–5 Nov. 2017; Miloš Kuraica leg.; 
pitfall trapping; IZFB-21/3 to 21/26 • 2 ♂♂, 1 ♀; same locality as for preceding; 31 Dec. 2010; Iva 
Njunjić leg.; pitfall trapping; SBS-21/4 to 21/6 • 18 ♂♂, 39 ♀♀; same collection data as for preceding; 
CDP-21/5 to 21/61 (Fig. 2).

Description
Habitus. Body elliptical, TL R 2.51–2.80 mm (R 2.51–2.73 mm in males, R 2.67–2.80 mm in females), 
reddish-brown in colour, shiny, pubescent, with a fine punctuation (Fig. 2A).

Head. Short, wide, slightly wider than long (HL/HW M 0.97), without eyes (Fig. 2A). Antennae long 
and slender, apically gradually widened and flattened, ending slightly after basal third of elytra in males 

http://zoobank.org/urn:lsid:zoobank.org:act:A2B51421-4CD9-4696-BF46-7EACBC395C4E
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Fig. 2. Bozidaria serbooccidentalis Ćurčić & Pavićević gen. et sp. nov. from the Simina Jama Pit, 
village of Gornje Košlje, Debelo Brdo saddle, Mt Povlen, near the town of Ljubovija, western Serbia. 
A–F.  Paratype male (IZFB-21/3). A.  Habitus (dorsal view). B. Surface of pronotum (dorsal view). 
C. Mesosternal carina (lateral view). D. Surface of elytra (dorsal view). E. Aedeagus (dorsal view). 
F. Left paramere apex (dorsal view). G–I. Paratype female (IZFB-21/4). G. Left gonostylus (dorsal 
view). H. Spermatheca (lateral view). I. Abdominal segment VIII (ventral view). Scale bars: A = 500 μm; 
B, D, G, I = 100 μm; C, E = 200 μm; F = 25 μm; H = 50 μm.
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or slightly prior to basal third of elytra in females. Antennomere II longer than antennomere I (A1/A2 M 
0.795). A3/A2 M 0.67. A3/A5 M 1.24. Antennomeres IV–VI of similar length, of which IV narrowest 
and VI widest. Antennomere VII apically widened. A7/A6 M 1.56. Antennomere VIII slightly longer 
than half of antennomere VII (A7/A8 M 1.53), oval, somewhat elongate (A8LW M 1.52). Antennomere 
IX somewhat elongate, gradually widened distally (A9LW M 1.47). A9/A8 M 1.52 in males, M 1.42 
in females. Antennomere X slightly longer than wide (A10LW M 1.24), more widened apically. 
Antennomere XI slender, ovoid, apically pointed, more elongate in males (A11LW M 2.45) than in 
females (A11LW M 1.97), as long as preceding two antennomeres combined or slightly shorter than 
the latter. Occipital carina present. Hairs yellow, erect. Microsculpture composed of small isodiametric 
meshes.

Thorax. Pronotum transverse, widest sub-basally, almost twice as wide as long (PL/PW M 0.59) (Fig. 2A). 
Lateral pronotal margins arcuate, rounded medially, sub-parallel prior to hind pronotal angles. Pronotal 
base more than twice as long as anterior pronotal margin (PB/AM M 2.13). Both anterior pronotal 
margin and pronotal base convex medially, the latter less pronouncedly. PL+EL/AL M 1.63 in males, 
M 1.89 in females. Fore angles prominent, obtuse, rounded, hind angles sharp, rounded, prominent, 
directed backwards. Microsculpture of pronotum composed of large isodiametric meshes. Hairs yellow, 
recumbent (Fig. 2B). Pronotal disc weakly convex. Mesosternal carina high, obtuse-angled, anterior 
margin strongly convex, posterior margin barely convex, almost straight, with hairs and teeth (Fig. 2C). 
Mesosternal carina with an apical tooth. Ventral border of mesosternal carina not grooved.

Elytra. Elongate (EL/EW M 1.38 in males, M 1.40 in females), more than 2.5 times as long as pronotum 
(EL/PL M 2.65), obovoid, sub-parallel below humeral angles, weakly narrowed basally, rounded 
medially, narrowed apically (Fig. 2A). Apex rounded. Sutural striae absent. Scutellum small, triangular. 
Elytra widest between basal third and mid-length. Microsculpture composed of large isodiametric 
meshes. Hairs yellow, recumbent (Fig. 2D). Elytral disc convex. Pygidium not completely covered by 
elytra.

Legs. Elongate and thin, with hairs (Fig. 2A). Tibiae with a few spines laterally. Anterior tarsi tetramerous 
in both genders, somewhat dilated in males (P1LW M 1.825 in males, M 1.88 in females).

Abdomen. Median lobe of aedeagus elongate, thin, sub-parallel, sub-apically rounded (Figs 2E, 3A). 
Apex elongate, triangular. Basal bulb relatively narrow, elongate, with a sub-triangular basal projection. 
Copulatory piece weakly chitinised, consisting of a basal phanera, median paired stripes and apical 
paired sclerotizations. Median lobe proximally straight, distally relatively curved, gradually narrowed 
distally in lateral view (Fig. 3B). Basal bulb narrow in lateral view. Parameres slender, thin, longer than 
median lobe, sub-terminally widened, terminally narrowed, apex slightly dilated, proximally arcuate 
and distally straight in lateral view, with three setae: one apical terminal, one apical inner and one 
sub-apical inner (Fig.  2F). Two apical parameral setae close-set. Parameral apices directed inwards. 
Parameres basally slightly curved, distally relatively straight in lateral view, sub-terminally widened, 
terminally narrowed in lateral view (Fig. 3B).

Gonostyli. Almost straight, elongate, thin, with one apical seta, three inner setae and one outer seta 
(Fig. 2G).

Spermatheca. Small, curved, widest in proximal third, apically sub-spherical (Fig. 2H).

Female abdominal sternite VIII. Large, transverse, setose both medially and distally, with a narrow, 
pointed anterior process. Microsculpture consisting of transverse polygonal meshes (Fig. 2I).
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Bionomy, distribution and type locality
The type specimens were collected in traps for endogean fauna (cans) baited with rotten meat placed 
in the deep soil on Mt Bobija, near the town of Ljubovija, western Serbia, as well as by pitfall trapping 
with rotten meat as bait in the deep, totally dark parts of the Simina Jama Pit, village of Gornje Košlje, 
Debelo Brdo saddle, Mt Povlen, near the town of Ljubovija, western Serbia (Fig. 9). The type locality on 
Mt Bobija is located on its northern slope, at an altitude of 1000 m a.s.l., in a beech forest, close to several 

Fig. 3. Bozidaria serbooccidentalis Ćurčić & Pavićević gen. et sp. nov. from the Simina Jama Pit, 
village of Gornje Košlje, Debelo Brdo saddle, Mt Povlen, near the town of Ljubovija, western Serbia. 
Holotype male (IZFB-21/1), aedeagus. A. Dorsal view. B. Lateral view. Scale bar = 200 μm.
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streams. The entrance of the Simina Jama Pit is situated at 920 m a.s.l., the total length of its investigated 
channels is 270 m, while its depth is 56 m. It starts with a 31-m long vertical passage, which splits into 
two horizontal channels – left and right (Anđelić et al. 2011). Beetle specimens were found at the end 
and in the middle of the left horizontal channel with a clay muddy substrate and rocks, on the vertical 
limestone walls and floor with a high level of humidity (presence of trickling water). The places where the 
specimens were found in the pit are shown in Fig. 4. It is assumed that the species is actually endogean, as 
is the case with some other leiodid taxa (e.g., Magdelainella spp.), which inhabit the soil beneath deeply 
sunken rocks and forest detritus, but can also be found in caves and pits (Pavićević et al. 2012).

Fig. 4. A plan and a longitudinal section of the Simina Jama Pit, village of Gornje Košlje, Debelo Brdo 
saddle, Mt Povlen, near the town of Ljubovija, western Serbia (modified after Anđelić et al. 2011). The 
red circles indicate the places where specimens of Bozidaria serbooccidentalis Ćurčić & Pavićević gen. 
et sp. nov. were found.
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Genus Proleonhardella Jeannel, 1910

Proleonhardella (Proleonhardella) tarensis Ćurčić & Pavićević sp. nov.
urn:lsid:zoobank.org:act:E1B53D50-0C09-4E5C-AFB1-AC9F6EBBD426

Figs 5–6

Diagnosis
Proleonhardella (Proleonhardella) tarensis sp. nov. is most closely related to P. (P.) hirtella (from several 
caves and pits near the towns of Prijepolje (southwestern Serbia) and Pljevlja (northern Montenegro)), 
P. (P.) weiratheri (Reitter, 1913) (from the Vrteljka Cave, village of Đipi, Mt Sjemeć, near the town 
of Višegrad, eastern Bosnia and Herzegovina) and P. (P.) neumanni (Apfelbeck, 1901) (from a small 
unnamed cave, village of Podromanija, near the town of Sokolac, eastern Bosnia and Herzegovina) 
(Fig. 9) (Perreau 2000; Pavićević et al. 2012). Another congener from Serbia, P. (P.) remyi (from caves 
and pits in the area of Kamena Gora and near the towns of Prijepolje, Priboj (southwestern Serbia) and 
Pljevlja (northern Montenegro)), is of bathyscioid shape (P. (P.) tarensis sp. nov. is more elongate and 
of oval shape), it is significantly longer than the new species (TL R 3.0–3.5 mm vs 2.185–2.435 mm in 
P. (P.) tarensis sp. nov.) and has a quite different shape of aedeagus (stout, with a rounded apex, longer 
than parameres vs elongate, with a pointed apex, shorter than parameres in P. (P.) tarensis sp. nov.), 
indicating that these two species are not closely related (Jeannel 1934; Ćurčić et al. 2008a).

The new species differs from its closest congeners in the TL R (2.185–2.435 mm vs 1.6–1.8 mm in 
P. (P.) hirtella and 1.6–2.0 mm in P. (P.) weiratheri), antennal length (ending prior to basal third of 
elytra vs reaching only basal quarter of elytra in P. (P.) hirtella and exceeding middle of body in P. (P.) 
weiratheri), A1/A2 M (0.76 vs 0.80 in P. (P.) neumanni), A7/A6 M (1.66 vs 1.50 in P. (P.) hirtella), 
A7/A8 R (1.75–2.00 vs 3.00 in P. (P.) hirtella), A11/A9+A10 M (0.90 vs 1.00 in P. (P.) weiratheri), 
shape of antennomere VIII (oval and slightly longer than wide in males and spherical in females vs as 
long as wide in males and almost transverse in females in P. (P.) weiratheri), shape of antennomeres IX 
and X (slightly longer than wide vs as long as wide in P. (P.) hirtella), position of maximum width of 
pronotum (sub-basally vs at base in P. (P.) hirtella and P. (P.) weiratheri), shape of mesosternal carina 
(obtuse-angled vs almost right-angled in P. (P.) neumanni), shape of elytra (narrowed basally vs parallel 
basally in P. (P.) hirtella and P. (P.) weiratheri and clearly sinuate basally in P. (P.) neumanni), EL/EW 
(R 1.31–1.39 vs M 1.75 in P. (P.) weiratheri), position of maximum width of elytra (slightly after basal 
third vs prior to middle in P. (P.) neumanni), and shape of aedeagus (less elongate, with wider apex 
and larger basal bulb vs more elongate, with narrower apex and smaller basal bulb in P. (P.) hirtella) 
(Apfelbeck 1901; Reitter 1913; Jeannel 1924, 1934).

Etymology
The species is named after Mt Tara in western Serbia, where its type locality is situated.

Type material
Holotype

SERBIA • ♂; western Serbia, town of Bajina Bašta, Mt Tara, village of Kaluđerske Bare, Pit 4-1-3-27; 
43°54′30.712″ N, 19°33′11.585″ E; 5 Jul. 2014; Fabrizio Bosco leg.; pitfall trapping; IZFB-21/27.

Paratypes
SERBIA • 3 ♂♂, 3 ♀♀; same collection data as for holotype; IZFB-21/28 to 21/33 • 1 ♀; same collection 
data as for holotype; SBS-21/7 • 1 ♂, 2 ♀♀; western Serbia, town of Bajina Bašta, Mt Tara, village of 
Šljivovica, Sovljačka Pećina Cave; 43°52′39.7″ N, 19°30′56.3″ E; 7 May 2003; Dragan Pavićević leg.; 
pitfall trapping; SBS-21/8 to 21/10 • 2 ♂♂, 3 ♀♀; same collection data as for preceding; CDP-21/62 to 
21/66 (Fig. 5).

http://zoobank.org/urn:lsid:zoobank.org:act:E1B53D50-0C09-4E5C-AFB1-AC9F6EBBD426
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Description
Habitus. Body oval, relatively elongate, TL R 2.185–2.435 mm (R 2.185–2.32 mm in males, 2.435 mm 
in females), colour brownish-red (one teneral female specimen yellowish), shiny, pubescent and with a 
fine punctuation (Fig. 5A).

Head. Short, wide, slightly longer than wide (HL/HW R 1.00–1.06), anophthalmous (Fig. 5A). Antennae 
long and narrow, ending prior to basal third of elytra, apically widened and flattened. Antennomere II 
longer than antennomere I (A1/A2 M 0.76). Antennomeres III–VI small, narrow, of similar shape and 
length. A3/A2 M 0.58. A3/A5 M 1.19. Antennomere VII apically widened, obovoid. A7/A6 M 1.66. 
Antennomere VIII half as long as antennomere VII, oval and slightly longer than wide in males (A8LW 
M 1.31), while somewhat shorter (A7/A8 M 1.75), nearly as long as wide (A8LW M 1.04) and spherical 
in females. Antennomeres IX and X slightly longer than wide (A9LW M 1.28 and A10LW M 1.21, 
respectively), apically widened. A9/A8 M 1.60 in males, 2.00 in females. Antennomere XI ovoid, twice 
as long as wide in males, somewhat shorter in females (A11LW M 1.92), slightly shorter than two 
preceding antennomeres combined (A11/A9+A10 M 0.90). Occipital carina present. Hairs yellow, erect. 
Microsculpture composed of small isodiametric meshes.

Thorax. Pronotum transverse, almost twice as wide as long (PL/PW M 0.59), widest sub-basally 
(Fig. 5A). Lateral pronotal margins arcuate, most rounded medially, almost sub-parallel prior to hind 
pronotal angles. Anterior pronotal margin somewhat convex medially, base almost straight, around twice 
as long as anterior pronotal margin (PB/AM M 1.985). PL+EL/AL M 1.685 in males, 1.94 in females. 
Fore angles prominent, obtuse, rounded, hind angles sharp, rounded, prominent, directed backwards. 
Microsculpture of pronotum composed of large isodiametric meshes. Hairs yellow, recumbent (Fig. 5B). 
Pronotal disc weakly convex. Mesosternal carina high, obtuse-angled, anterior margin convex, posterior 
margin straight, setose and with unpronounced teeth (Fig. 5C). Mesosternal carina with an apical tooth.

Elytra. Elongate (EL/EW M 1.39 in males, 1.31 in females), more than twice as long as pronotum (EL/
PL M 2.46), obovoid, sub-parallel below humeral angles, conspicuously narrowed basally, rounded 
medially, attenuated apically (Fig. 5A). Apex rounded. Sutural striae absent. Scutellum small, triangular. 
Elytra widest slightly after basal third. Microsculpture composed of large isodiametric meshes. Hairs 
yellow, recumbent (Fig.  5D). Elytral disc gently convex apically, more steeply distally. Pygidium 
completely covered by elytra.

Legs. Moderately elongate and thin, with hairs (Fig.  5A). Tibiae with a few spines. Anterior tarsi 
tetramerous in both genders, dilated in males (P1LW M 1.50 in males, 2.00 in females).

Abdomen. Median lobe of aedeagus elongate, thin, sub-parallel, sub-terminally somewhat widened, then 
narrowed apically (Figs 5E, 6A). Apex triangular. Basal bulb large, elongate, with a sub-triangular basal 
projection. Copulatory piece weakly chitinised, consisting of a basal phanera, median paired stripes and 
distal paired sclerotizations. Median lobe proximally weakly curved, distally more curved, gradually 
narrowed distally in lateral view (Fig.  6B). Basal bulb relatively narrow in lateral view. Parameres 
slender, thin, longer than median lobe, sub-terminally widened, terminally narrowed, basally arcuate 
and distally straight in lateral view, with three setae: one apical terminal, one apical inner and one 
sub-apical inner (Fig.  5F). Two apical parameral setae close-set. Parameral apices directed inwards. 
Parameres basally slightly curved, distally relatively straight, sub-terminally widened, terminally 
narrowed, apically directed downwards in lateral view (Fig. 6B).

Gonostyli. Straight, elongate, thin, with one apical seta, three inner setae and one outer seta (Fig. 5G).

Spermatheca. Small, hook-like, widest in middle, apically sub-spherical (Fig. 5H).
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Fig. 5. Proleonhardella (Proleonhardella) tarensis Ćurčić & Pavićević sp. nov. from Pit 4-1-3-27, 
village of Kaluđerske Bare, Mt Tara, near the town of Bajina Bašta, western Serbia. A–F. Paratype male 
(IZFB-21/28). A. Habitus (dorsal view). B. Surface of pronotum (dorsal view). C. Mesosternal carina 
(lateral view). D. Surface of elytra (dorsal view). E. Aedeagus (dorsal view). F. Left paramere apex 
(dorsal view). G–I. Paratype female (IZFB-21/29). G. Left gonostylus (dorsal view). H. Spermatheca 
(lateral view). I. Abdominal segment VIII (ventral view). Scale bars: A = 500 μm; B, D, G, I = 100 μm; 
C, E = 200 μm; F = 25 μm; H = 50 μm.
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Female abdominal sternite VIII. Large, transverse, setose in distal half, with a small, narrow anterior 
process. Microsculpture consisting of transverse polygonal meshes (Fig. 5I).

Comparisons
Proleonhardella (P.) hirtella, P. (P.) weiratheri and P. (P.) tarensis sp. nov. are somewhat elongate and 
their aedeagus is narrower than in the remaining congeners, suggesting their specific position within the 
genus. Based on these features, they are similar to Bozidaria gen. nov., but are much shorter (TL R 1.6–
1.8 mm in P. (P.) hirtella, 1.6–2.0 mm in P. (P.) weiratheri and 2.185–2.435 mm in P. (P.) tarensis sp. nov. 

Fig. 6. Proleonhardella (Proleonhardella) tarensis Ćurčić & Pavićević sp. nov. from Pit 4-1-3-27, 
village of Kaluđerske Bare, Mt Tara, near the town of Bajina Bašta, western Serbia. Holotype male 
(IZFB-21/27), aedeagus. A. Dorsal view. B. Lateral view. Scale bar = 200 μm.
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vs 2.51–2.80 mm in B. serbooccidentalis gen. et sp. nov.), share other characteristics of Proleonhardella 
and additionally differ from the new genus in the shape of the antennae, the median lobe of the aedeagus, 
the basal bulb and its basal projection.

Proleonhardella (P.) tarensis sp. nov. and its closest relatives (P. (P.) hirtella, P. (P.) weiratheri 
and P. (P.) neumanni) share the presence of elongate, somewhat convex elytra, which are more than 
twice as long as the pronotum. Furthermore, the new species, P. (P.) hirtella and P. (P.) weiratheri 
have a somewhat elongate body shape, while the body shape in the remaining Proleonhardella taxa 

Fig. 7. Pit 4-1-3-27, village of Kaluđerske Bare, Mt Tara, near the town of Bajina Bašta, western Serbia 
(modified after Bosco 2016). A. Entrance. B. A chamber in which one type specimen of Proleonhardella 
(Proleonhardella) tarensis Ćurčić & Pavićević sp. nov. was collected. C. A 3D view. D. A plan and a 
longitudinal section. The red circles indicate the places where specimens of P. (P.) tarensis Ćurčić & 
Pavićević sp. nov. were found.



ĆURČIĆ S. et al., New leiodids (Coleoptera: Leiodidae) from western Serbia

73

is more or less bathyscioid. These three species have an elongate aedeagus, contrary to other known 
congeners, in which the aedeagus is more or less short (Jeannel 1924, 1934). The shape of the aedeagus 
of P. (P.) neumanni wasn’t mentioned in the description of the species or elsewhere (Apfelbeck 1901; 
Jeannel 1924).

Fig. 8. Sovljačka Pećina Cave, village of Šljivovica, Mt Tara, near the town of Bajina Bašta, western 
Serbia (modified after Bosco 2016). A. Entrance. B. Immediate surroundings (a coniferous forest and 
view of the Sovljak stream). C. A plan and a longitudinal section. The red circles indicate the places 
where specimens of P. (P.) tarensis Ćurčić & Pavićević sp. nov. were found.
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Bionomy, distribution and type locality
The type specimens were gathered using pitfall traps with rotten meat as bait in Pit 4-1-3-27 in the 
village of Kaluđerske Bare, as well as in the Sovljačka Pećina Cave in the village of Šljivovica (Fig. 9). 
Both localities are situated on Mt Tara, near the town of Bajina Bašta, western Serbia. Beetles were 
found in the inner (from the middle to the innermost point), totally dark parts of the cave sites. The 
entrance of Pit 4-1-3-27 is situated at 868 m a.s.l., the total length of its investigated channels is 28 
m, while its depth is 22 m. After a short vertical passage, the pit opens into a large chamber which 
contains big rocks at its lowest part. At this point another vertical passage starts, at the end of which 
is situated a small, moist semicircular chamber with a clay substrate and rocks (Bosco 2016). Beetle 
specimens were found in the inner part of the larger chamber, among rocks, and in the smaller chamber 
with a clay substrate and rocks, on the floor and vertical limestone walls with a high level of humidity 
(presence of trickling water). The entrance of the Sovljačka Pećina Cave is situated at 1080 m a.s.l. 
and its total length is 43 m (Bosco 2016). The cave is located in a coniferous forest in a valley where 
the Sovljak stream runs. It is entirely horizontal and consists of a single channel which is oriented to 
the left. Its height is slightly decreasing towards the end. Beetle individuals were found in the inner 

Fig. 9. Map of the distribution of taxa of the genera Bozidaria Ćurčić & Pavićević gen. nov. and 
Proleonhardella Jeannel, 1910. White circles: B. serbooccidentalis Ćurčić & Pavićević gen. et 
sp. nov. Turquoise star: P. (Pholeuonillus) adolfi (Reitter, 1911). Light blue sun: P. (Proleonhardella) 
matzenaueri matzenaueri (Apfelbeck, 1907). Dark blue sun: P. (P.) matzenaueri ottonis Müller, 1917. 
Purple flower: P. (P.) leonhardi (Breit, 1913). Yellow cross: P. (P.) apfelbecki Jeannel, 1924. Brown 
circles: P.  (P.)  remyi Jeannel, 1934. Green squares: P. (P.) hirtella Jeannel, 1934. Pink pentagon: 
P. (P.) neumanni (Apfelbeck, 1901). Red triangle: P. (P.) weiratheri (Reitter, 1913). Orange rhombuses: 
P. (P.) tarensis Ćurčić & Pavićević sp. nov. Scale bar = 50 km.
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part of the cave, on the floor among rocks, both on limestone and clay substrate, where a high level 
of humidity (presence of trickling water) was evident. Images of the cave localities and the places 
where the specimens were found in the caves are shown in Figs 7–8. The new species is most probably 
endogean and is likely to be found outside caves as well – in the deep soil strata and other speleological 
sites in the surroundings.

Key to the taxa of the genus Proleonhardella Jeannel, 1910 
(modified after Jeannel 1924) (Figs 9–10)
1.	 Body more elongate, elliptical. Pronotum as wide as elytra, well constricted basally. Pronotal 

lateral margins well-rounded backwards. Mesosternal carina very low. Elytral punctuation rough 
and deep (subgenus Pholeuonillus Breit, 1913). Endogean, Mt Treskavica, southern Bosnia and 
Herzegovina ........................................................................  P. (Pholeuonillus) adolfi (Reitter, 1911)

–	 Body less elongate, oval. Pronotum narrower than elytra, weakly constricted basally. Pronotal lateral 
margins weakly rounded backwards. Elytral punctuation fine. Mesosternal carina elevated, angled 
(subgenus Proleonhardella Jeannel, 1910) ........................................................................................ 2

2.	 Elytra shorter, more convex, less than twice as long as pronotum (Fig. 10A) .................................. 3
–	 Elytra longer, less convex, more than twice as long as pronotum (Fig. 10B) ................................... 6

3.	 Body of oval shape, longer (TL 1.8–2.2 mm). Antennae short, not reaching middle of body. 
Antennomere III not longer than antennomere V. Antennomere VIII globular in males (Fig. 10C). 
Cavernicolous, Mts Bjelašnica and Igman, central Bosnia and Herzegovina [P. (Proleonhardella) 
matzenaueri (Apfelbeck, 1907)] ........................................................................................................ 4

–	 Body of subglobular shape, shorter (TL less than 1.8 mm). Antennae long, reaching middle of 
body. Antennomere III longer than antennomere V. Antennomere VIII slightly elongate in males 
(Fig. 10D) .......................................................................................................................................... 5

4.	 Body of almost regular oval shape, longer (TL 2.0–2.2 mm). Elytra not widened towards middle. 
Cavernicolous, Mt Bjelašnica, central Bosnia and Herzegovina .........................................................
..................................................  P. (Proleonhardella) matzenaueri matzenaueri (Apfelbeck, 1907)

–	 Body narrower anteriorly, shorter (TL 1.8–2.0 mm). Elytra clearly widened medially. Cavernicolous, 
Mt Igman, central Bosnia and Herzegovina ........................................................................................
....................................................................  P. (Proleonhardella) matzenaueri ottonis Müller, 1917

5.	 Body more elongate and convex, longer (TL 1.5 mm). Elytral punctuation finer and denser. Antennae 
shorter, with apical antennomeres thicker. Antennomere VIII barely longer than wide, antennomere 
IX as long as wide and antennomere X transverse in females. Cavernicolous, Mt Treskavica, southern 
Bosnia and Herzegovina ............................................. P. (Proleonhardella) leonhardi (Breit, 1913)

–	 Body less elongate and convex, shorter (TL 1.3 mm). Elytral punctuation stronger and less dense. 
Antennae longer, with apical antennomeres less thick. Antennomeres VIII, IX and X longer than 
wide in females. Cavernicolous, village of Trnovo, vicinity of the city of Sarajevo, central Bosnia 
and Herzegovina ....................................................... P. (Proleonhardella) apfelbecki Jeannel, 1924

6.	 Body longer (TL 3.0–3.5 mm). Cavernicolous, Kamena Gora and vicinity of the towns of Prijepolje, 
Priboj and Pljevlja, southwestern Serbia and northern Montenegro ...................................................
........................................................................................... P. (Proleonhardella) remyi Jeannel, 1934

–	 Body shorter (TL less than 2.435 mm) .............................................................................................. 7

7.	 Elytra parallel in basal half (Fig. 10E) ............................................................................................... 8
–	 Elytra narrowed in basal half (Fig. 10F) ............................................................................................ 9
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8.	 Pubescence long. Punctuation less fine. Apical antennomeres more widened. Pronotum less rounded. 
Apex of median lobe of aedeagus less bent ventrally. Elytral apex wide, obtuse and oblique. 
Cavernicolous, vicinity of the towns of Prijepolje and Priboj (southwestern Serbia) and Pljevlja 
(northern Montenegro) ...................................................  P. (Proleonhardella) hirtella Jeannel, 1934

–	 Pubescence short. Punctuation finer. Apical antennomeres less widened. Pronotum more rounded. 
Apex of median lobe of aedeagus more bent ventrally. Elytral apex attenuated. Cavernicolous, 
Mt Sjemeć, eastern Bosnia and Herzegovina .......... P. (Proleonhardella) weiratheri (Reitter, 1913)

9.	 A1/A2 M 0.80. Mesosternal carina almost right-angled. Elytral lateral margins below humeral angles 
clearly sinuate. Maximum width of elytra prior to middle. Cavernicolous, village of Podromanija, 
near the town of Sokolac, eastern Bosnia and Herzegovina ................................................................
...........................................................................  P. (Proleonhardella) neumanni (Apfelbeck, 1901)

–	 A1/A2 M 0.76. Mesosternal carina obtuse-angled. Elytral lateral margins below humeral angles 
sub-parallel. Maximum width of elytra slightly after basal third. Cavernicolous, Mt Tara, western 
Serbia .....................................................  P. (Proleonhardella) tarensis Ćurčić & Pavićević sp. nov.

Fig. 10. Illustrations of morphological characters presented in the Key to the taxa of the genus 
Proleonhardella Jeannel, 1910 (after Jeannel 1924; Ćurčić et al. 2008a). A. Short elytra, less than twice 
as long as pronotum. B. Long elytra, more than twice as long as pronotum. C. Globular antennomere 
VIII in males. D. Slightly elongate antennomere VIII in males. E. Elytra parallel in basal half. F. Elytra 
narrowed in basal half.
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Discussion
It should be noted that a new genus of leptodirines belonging to the phyletic series of “Leonhardella” 
was recently established. Ćurčić et al. (2008a) considered the status of P. (P.) remyi and described a new 
genus, Serboleonhardella S. Ćurčić & Schönmann, 2008, based on this taxon. Numerous differences 
between P. (P.) remyi and other members of the genus Proleonhardella, some of which are quite 
significant (body size and form, antennal length, shape of certain antennomeres, form of median lobe 
and shape of parameral apex), indicated a need to separate P. (P.) remyi as a distinct genus or at least 
to a specific position within the genus Proleonhardella. This genus was not reported in the catalogues 
of Perreau (2015) and Hlaváč et al. (2017), nor has it been synonymized so far. Even Jeannel (1934) 
recognised that P. (P.) remyi is quite remarkable for its large size compared to other congeners, which 
barely exceed 2 mm in length. The occurrence together of several congeners is a rare phenomenon in 
caves. Such is the case with P. (P.) remyi and P. (P.) hirtella, which were recorded together at five 
speleological sites in southwestern Serbia and northern Montenegro (Pavićević et al. 2012). This might 
also suggest that these taxa are indeed not congeneric. Additionally, Ćurčić et al. (2008a) proposed a 
new status for Pholeuonillus – as a full genus instead of a subgenus. Interestingly, Pholeuonillus was 
established by Breit (1913), who gave it generic rank. Later on, Jeannel (1924) treated it as a subgenus of 
Proleonhardella – a status that was maintained until now. It is recommended to study the taxa in question 
and other members of the genus Proleonhardella using molecular analyses in order to illuminate their 
phylogenetic relationships and to have their taxonomic status reconsidered and changed, if needed.

A series of high fluvial plateaus of the Inner Dinarides occur in western and southwestern Serbia (Zlatibor, 
Jabuka-Babine, etc.). According to their position in the area’s relief, these plateaus are presumed to be 
of Pliocene age (Cvijić 1924, 1926). The palaeokarst in the areas of Mts Povlen and Tara was most 
probably formed at the same time as the Zlatibor plateau, in the second half of the Pliocene. Based 
on chronostratigraphic criteria by the International Commission on Stratigraphy (Gibbard et al. 2010; 
Gaudenyi & Jovanović 2012), it is estimated that the palaeokarst in question is around 3–3.5 Ma old. It 
is likely that the karstic areas of Mts Povlen and Tara were connected with other karstic regions in their 
vicinity, favouring links between their subterranean faunas in old geological times, as evidenced by the 
occurrence of two new endogean and cavernicolous leptodirine taxa and their closest relatives in the 
surrounding areas.

The tribe Leptodirini has a Palaearctic distribution with its highest diversity located in the Mediterranean 
(Perreau 2000, 2015). It has undergone extensive diversification in the subterranean environment (Ribera 
et al. 2010). In their comprehensive molecular approach to the phylogeny of western Mediterranean 
Leptodirini, including the fauna of the Iberian Peninsula, Ribera et al. (2010) revealed that the main 
subterranean lineages of the tribe were separated before the Early Oligocene.

The Dinaric mountain chain has provided suitable conditions for subterranean life for millions of years, 
which resulted in the presence of a rich and diverse cave-dwelling fauna (Zagmajster et al. 2008; Kozel 
et al. 2020; Sendra & Reboleira 2020). The leiodid beetle tribe Leptodirini is among the richest groups in 
the subterranean habitats (Sket 2005), comprising 175 species and 50 genera, most of which are endemic 
to the Dinarides. This mountain range is recognized for having the world’s greatest species richness of 
subterranean fauna (Sket 2004; Culver et al. 2006; Deharveng et al. 2012). A very few studies dealing 
with phylogenetic relationships of certain subtribes within Dinaric Leptodirini exist. These studies were 
based only on morphology (Jeannel 1930; Perreau & Pavićević 2008; Perreau 2019) and in most cases 
they have not been tested with molecular data. Only recently, Njunjić et al. (2018) commented on the 
suprageneric classification of eastern Mediterranean Leptodirini based on molecular phylogeny data. 
The clade comprising the subtribes Bathysciina Horn, 1880 and Bathysciotina V. Guéorguiev, 1974 was 
estimated to have originated in the Oligocene (ca 30 Ma ago), while the tested genera of Bathysciina 
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belonging to the phyletic series of “Leonhardella” (Leonhardella and Proleonhardella) separated more 
recently – in the Miocene (ca 20 Ma ago) (Njunjić et al. 2018).

As in the study of Njunjić et al. (2018) only two taxa belonging to the subtribe Bathysciina (phyletic 
series of “Leonhardella”) were subjected to molecular characterization (Leonhardella (Leonhardellina) 
antennaria Apfelbeck, 1907 and P. (P.) remyi), more Dinaric genera of Bathysciina should be included 
in future molecular analyses to establish their phylogenetic relationships and to understand their origin 
and the colonization of the region by the subterranean representatives of the group. Discoveries of 
fascinating new genera of Bathysciina in the underground of the Dinaric karst in the last few decades 
(Nonveiller & Pavićević 1999; Perreau 1999), including the one described herein, suggest that further 
investigations of the caves of the area are needed.
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Synergy of interference, scattering and
pigmentation for structural coloration of
Jordanita globulariae moth
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Structural and pigment colorations are omnipresent in insects, producing a range of colors for

camouflage, warning, mimicry and other strategies necessary for survival. Structural coloration has

attracted a lot of attention due to its significance in biophotonics, biomimetics and even esthetic appeal.

The coupling of structural and pigment colorations has been largely unnoticed. Herein we show how

pigments, scattering and interference work together in two-dimensional waveguiding structures to

produce the coloration of Jordanita globulariae (Huebner, 1793), a moth whose forewings sparkle with

slightly iridescent green scales. We show that subwavelength structures scatter and couple light into a

concave multilayered structure to enhance the absorption of pigments. A finite element method (FEM)

model, adequately describing the photonic properties of J. globulariae, was developed based on the

nanoscale architecture of the insect’s wing scales. The principle of absorption enhanced by scattering

and waveguiding is present in many insect species and might be imitated to tailor the spectral properties

of optical devices.

1. Introduction

Animals produce colors in two fundamentally different ways: by
pigments and structurally. Most animals have pigmentary
coloration that is based on the selective absorption of a certain
range of wavelengths. However, the most intense and brightest
colors are structural. They result from the interaction of
light with micro- and nanostructures comparable with visible
wavelengths.1

Pigment coloration is prevalent, except for blue and green,
which seem to be rare, but nonetheless can be found in some
vertebrates,2 the most notable being the green coloration of
frogs.3 The same is true for insects, whose blue-green colors can
be produced by bile pigments such as pterobilin, phorcabilin
and sarpedobilin. Some butterfly species have a bluish- or
greenish-pigmented hue obtained by bile pigments (seen in
two Papilionidae genera: Papilio and Graphium). Pigmented
blue has not been found in other insects.4 Structural coloration
seems to be an alternative, evolutionarily developed, way to
generate shiny, pronounced shades of arbitrary colors, including
blues and greens.

There are many different studies and advanced techniques
dealing with structural coloration.5,6 The genesis of green
coloration is particularly interesting because of its significance
in camouflage. Structural green sometimes arises solely from
photonic structures7,8 or due to color mixing within concave
structures (as in the wing scales of some Papilionidae species
(Lepidoptera) and Cicindelidae (Coleoptera)).9,10 It is worth
noting that green may be a result of the color-mixing of
structural blue and pigmentary yellow.11,12

Such a peculiar coloration is even more interesting if it is
found on the wings of moths (Heterocera: Lepidoptera). Moths
are mostly nocturnal, and therefore, generally drab in color
(brown or grey). However, there are some moth species that
possess attractive coloration such as the tropical Madagascan
sunset moth.13 There is also a whole group of colorful, day-flying
moths of the Zygaenidae family. The majority of zygaenids are
tropical, but they are nevertheless quite well represented in
temperate regions. The species Jordanita globulariae (subfamily
Procridinae) caught our attention because of the dull, slightly
iridescent green coloration of its forewings.

In this study we reveal the structure and function of the
scales of the Jordanita globulariae moth through morphological
characterization, spectral measurement and numerical simula-
tion. The synergistic operation of structure and pigments is
analyzed. We also discuss the role of this particular coloration
in the moth’s lifestyle.
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2. Materials and methods
2.1 Specimen details

Jordanita globulariae (Fig. 1) is a day-flying moth (fam. Zygae-
nidae, subfam. Procridinae). The species is widespread from
the Iberian Peninsula in the west to the Urals in the east
of Europe. The forewing’s length is 10.5–17 mm in males and
7.7–10.1 mm in females. It flies during the sunny days from
May to August, usually in limestone pastures.14 Larvae are fed
on species from the genera Centaurea L., Cirsium and Globularia
L. On very hot days, the moth usually perches on flowers and
other vegetation. Males occasionally fly at night.15 Adults of this
moth have green forewings, while the hind ones are grey-
brown. When at rest, the hindwings are completely obscured
under the green forewings, enabling the insect to hide in
foliage. Several species within this family have similar morpho-
logical characteristics [e.g. Adscita statices (Linnaeus, 1758)].
We had three, conserved and pinned J. globulariae specimens at
our disposal, collected during May and June of 2011 on Mt.
Fruška Gora, near the city of Novi Sad, Serbia (leg. D. Stojanović).

2.2 Microscopy and spectroscopy

Field-emission gun scanning electron microscope (FEGSEM)
(MiraSystem, TESCAN) was used to study the fine anatomy of
the moth scales. Dried insect forewings were mounted and
sputter-coated with 5–10 nm of Au/Pd in preparation for SEM.
We used an Au/Pd target because it has a smaller grain size and
it is the recommended metal coating for a wide range of
sample types.

Individual scales were prepared for SEM by the double
transfer method: a scale was detached with a low-surface-
energy adhesive (‘‘Post-it’’ sticky note), followed by transfer to
a high-surface-energy tape (conductive carbon). In this way, the
original scale orientation was preserved. During this process
some of the scales were mechanically broken, revealing the
inner structure and cross section of the scales.

Optical characteristics of the wings and scales were analyzed
on a trinocular microscope MET104 (Colo Lab Experts) with a
Plan Achromatic POL Polarizing objective lens (10X/20X/40X).

To record reflectance spectra, we used a fiber optic spectro-
meter (Ocean Optics, HR2000CG-UV-NIR) with a 400 mm core
diameter fiber. A halogen lamp was used as a light source and
spectra were referenced to a standard white surface. Angular
variation of the reflectance spectra was measured with a
stationary sample illuminated by the light source at normal
incidence. The spectrometer fiber was rotated within the angular
range from 101 to 501.

2.3 Optical modeling

A finite element method (FEM) was used to model the inter-
action of visible light with wing pigmented scale nanostructures.
The model is two-dimensional because it saves computation time,
which was approximately 20 min on our PC. It would be difficult
to model the exact shape of photonic structures that are certainly
not spherical, but somewhat irregular, rather oval and elongated
along one axis (Fig. 2(b) and 3(a)). Thus, a 2D model (which is
equivalent to a 3D infinite cylinder) is a satisfactory approxi-
mation, as the photonic structure studied here departs signifi-
cantly from cylindrical only at its edges. The arrayed structure of
wing scales is modeled using one unit cell with periodic boundary
conditions. Perfectly matched layers (PMLs) are placed above and
below the structure in order to minimize any reflected signal.
In the model, the average mesh size was manually set to one-fifth

Fig. 1 Jordanita globulariae with structurally green dorsal sides of the
forewings.

Fig. 2 (a) A SEM image of the J. globulariae forewing with two types of
scales. Magnified SEM images of: (b) a long scale covered with several cup-
shaped dips and (c) a short scale with a random, sponge-like structure.

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
7 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
on

 9
/2

/2
02

1 
10

:4
0:

44
 P

M
. 

View Article Online

https://doi.org/10.1039/d1sm00157d


This journal is © The Royal Society of Chemistry 2021 Soft Matter, 2021, 17, 6477–6485 |  6479

of the minimum incident wavelength, which was 400 nm in our
case. However, mesh density was adaptively adjusted to correctly
model the tiniest structures of the model. To create a numerical
simulation, it is necessary to know the complex refractive index of
the biological structure. It is difficult to know the exact value, but
we found that modest variation (Dn B � 0.03) of the refractive
index has only a slight impact on simulations. The real part of
the complex refractive index was taken from the literature:
n = 1.57.16,17

The extinction coefficient was determined experimentally by
measuring the transmission of light through the structure and
applying Beer–Lambert’s law. We assumed that the structures
analyzed here had a subwavelength size and could be regarded
within the effective medium approximation. Imaginary part k of
the refractive index was 0.011 at 400 nm, 0.019 at 500 nm and
0.01 at 800 nm.

3. Results
3.1 Morphological and optical analysis of J. globulariae wing
structures

The dorsal side of J. globulariae forewings is covered with scales
that seem to be randomly distributed (Fig. 2(a)). The scales are
either long with a regular internal architecture (Fig. 2(b)),
or short with an irregular, sponge-like structure (Fig. 2(c)).

Long scales (with characteristic dimensions of approxi-
mately 20 mm � 150 mm) seem to be more elaborate. At higher
magnification (Fig. 3(a)), we can see that their upper lamina is
ornamented with thin, lamellar ridges (separated by approxi-
mately 3 mm) connected by cross ribs. Together, ridges and
cross ribs produce a sequence of concave dips (cup-like struc-
tures, 0.5–3 mm deep) whose surface has a large number of tiny
pores (20–50 nm). The interior of the whole scale is hollow,
supported by large, 1.5 mm high, trabeculae (Fig. 3(a)) connect-
ing the upper and lower lamina (which is irregular, single-
layered and about 100 nm thick).

The cross section of the scale (Fig. 3(b)) shows the concave
upper lamina with five chitin layers whose thickness is approxi-
mately 110 nm. They are mutually separated by tiny, pillar-like
structures, producing 90 nm-thin, air-filled, voids. This
arrangement will be further considered as a curved multilayer
serving as a specific, spectrally selective, filter.

On the other hand, short scales (whose approximate size is
40 mm � 80 mm) are quite different. They are almost hollow,
filled with an intricate, irregular, sponge-like structure (Fig. 4(a)
and (b)), but surface ridges and cross ribs can be seen as well.

From an optical point of view, the green color of the insect is
diffuse, dim and slightly iridescent (Fig. 1) – i.e. we were able
to observe a significant color shift only for large, almost
grazing, angles of observation. If observed through an optical
microscope, long scales reflect, while short ones absorb light
(Fig. 5). If the image of a long scale is further magnified (inset
in Fig. 5), a number of discrete blue-green and yellow dots can
be seen.

Comparing SEM and optical images, we can see accurate
matching between the morphology of long scales and the
observed optical pattern. It is well known that the spectral
reflection of a layered structure is influenced by the distance
between the layers, the refractive index and the angle of
incidence. In this case, reflection is strongly affected by the
concave shape of the layers. We can see that light falling on the
center of the concavity has a different angle of incidence
compared to off-center zones. This is why we observe differently
colored spots in the inset of Fig. 5. Macroscopically, colors are
mixed to produce the insect’s green color.

Apart from structural coloration, scales are slightly pigmen-
ted, as can be seen from the transmission optical image
(Fig. 6(a) – scales were immersed in an index matching fluid
to suppress Fresnel reflections). Interestingly, the long (struc-
turally colored) scale has significantly higher (0.25) absorption
than the short (nonstructural) one (0.16).

Absorption is much higher in the blue part of the spectrum
and decreases towards the green-red part (as can be seen in
Fig. 6(b)). We found that the average coefficient of absorption is
between 0.35 1/mm in the blue part of the spectrum and
0.1 1/mm in the red. All the above facts signify that the effect
of pigments cannot be disregarded, as we will further show.

Fig. 3 SEM image of J. globulariae long wing-scale structure. (a) A cross
section of the scale showing concave, multilayered upper lamina and
single-layer lower lamina separated by trabeculae (LR – lamellar ridges;
CR – cross ribs; T – trabeculae; UL – upper lamina; LL – lower lamina).
Green and yellow arrows indicate different wavelengths for radiation
hitting the structure at its center or its edges. (b) A concave multilayer of
the upper lamina with five chitin layers.

Fig. 4 SEM images of (a) a short wing scale of J. globulariae and (b) its
hollow, sponge-like internal structure.
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We measured the angular variation of the spectrum by
rotating the detector (spectrometer fiber) and keeping the wing
and illuminator positions fixed. Illumination was at normal
incidence with respect to the wing. The reflection was recorded
within the angular range of 10–50 degrees. Under these condi-
tions we observed a slight spectral shift of 40 nm (Fig. 7(a)).
This corresponds to the perception of unsaturated green color,

irrespective of the angle of observation. As a final remark, we
emphasize that the spectrum fits nicely into the spectrum of
foliage (Fig. 7(b)), enabling the insect to hide effectively in its
natural environment.

3.2 Optical modeling of J. globulariae wing scales

Here we present an optical model of structurally colored scales
(Fig. 8(a)) designed to simulate all the characteristic features
observed in SEM images (Fig. 3):

– concave dip (1.5 mm radius) with five chitin layers, 110 nm
thick, and refractive index 1.57;

– layers separated by (20 nm � 90 nm) producing 90 nm air
spaces;

– outer surface with a number of 10 nm-diameter holes.
On this basis, we will establish a link between the architec-

ture and the optical response of wing scales.
In a simplified model and before going into more detail,

we will approximate the structure with a collection of Bragg
gratings with different orientations. According to Bragg’s law:

l = 2nd cos y (1)

where l is the wavelength of multilayer reflectance maximum,
d is the grating period, n is the effective refractive index of
the grating, and y is the angle of incidence of radiation.
Observe that the incident plane wave irradiates the concave
structure within the range of angles – 0 degrees in the center
and 50 degrees at the edges. At the center of a concave dip
(angle of incidence y = 01) the Bragg wavelength can be
estimated at 520 nm (assuming a grating period of 200 nm
and an effective refractive index of 1.3). Towards the edge, the
Bragg resonance drops to 370 nm. Due to only five Bragg layers,
the reflection maxima are broad (Fig. 8(b)) and the resulting
spectra cover the UV-blue part of the spectrum.

We can conclude that, without an additional mechanism,
J. globulariae wings will evenly reflect visible light, making the
insect appear to be bluish. Absorption alone is not enough
to modify the reflection spectrum due to the thinness of indivi-
dual scales and small amount of pigment (Fig. 6). In the following
we will prove that scattering amplifies absorption in accordance
with the theory of Yablonovitch described in ref. 18. It was shown
that rough surfaces amplify the radiation intensity within planar
layers by 2n2 factor, where n is the refractive index of the material.
This leads to increased absorption of up to 4n2 times compared to
ideally flat layers. For chitinous structures of scales (n = 1.57),
absorption may thus increase up to 9.9 times.

The Yablonovitch theory is universally applicable to layers of
any thickness, as it is based on the basic laws of radiation. For
subwavelength multilayer structures, as is the case here, the
effects of evanescent waves certainly lead to radiation being
redistributed among the layers. However, the total thickness
of all layers taken together is significantly larger than the
wavelength and the radiation stays entrapped and waveguided.
Here we add that the theory is limited to randomly distributed
(Lambertian) incoming radiation. This is usually the case for
the environmental, solar, irradiation omnipresent in most
natural surroundings. We have previously used the theory to

Fig. 5 Optical micrograph of J. globulariae wing scales. An enlarged
part of a structurally colored one is shown on the right (with yellow and
blue-green dots).

Fig. 6 J. globulariae moth: (a) Transmission optical image of long (L) and
short (R) scales. (c) Transmittance spectrum of the long, structurally
colored scale.
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explain a golden coloration of rather simple wing scales of
Diachrysia chrysitis moths.19

In the case of J. globulariae wing scales, scatterers are
numerous and include nanometer scale pits on the surface,
nanopillars between the layers and many of the other defects
of otherwise regular structures. The whole problem is too

complicated to be analyzed analytically because it includes
the effects of scattering on subwavelength structures, spectrally
dependent absorption, waveguiding and radiation localization,
as well as interference effects on a very specific concave Bragg
grating. This is why we had to use FEMs to calculate the
reflection spectrum of the scales. A model in Fig. 8(a) was

Fig. 7 (a) A slight angular variation (within a 10–501 range) of the J. globulariae wing reflectance spectrum. (b) A reflectance spectrum of the green
leaves of Hibiscus.

Fig. 8 (a) Geometry of a concave multilayer model used in FEM. Arrows indicate the radiation direction and y is the angle of incidence. (b) Strong
spectral shift for different angles of incidence. (c) A model, depicted in (a), is adaptively meshed for correct FEM analysis of the smallest features.
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adaptively meshed (i.e. finer structures were meshed more
densely – Fig. 8(c)) in order to obtain the correct results.

First, we calculated the electromagnetic intensity distribu-
tion (square of the amplitude) without taking into account
absorption (Fig. 9(a)). We clearly observed the localization
of the field within the concave Bragg structure due to wave-
guided modes. They were introduced into the structure
because of scattering on subwavelength structures (pillars
and pits) in accordance with the Yablonovitch theory. Result-
ing spectra are wide and independent on the angle of
incidence (Fig. 9(b)).

If absorption is introduced into the model, in accordance
with the characteristics of real scales, we can clearly see that
waveguided modes are strongly absorbed (Fig. 9(c)) and the
resulting spectra are narrowed (Fig. 9(d)) and independent on
the angle of illumination, to match those observed experimen-
tally (Fig. 7(a)). This is in stark contrast to the completely flat
Bragg grating – its reflectance is very high (up to 90%) but its
angular dependence is significant (the shift is larger than
150 nm).

It seems that natural evolution has brought about a nicely
balanced set of features: concave structures to induce angular
insensitivity of coloration, residual pigments to absorb light
and subwavelength structures to enhance scattering and wave-
guiding. As a result, J. globulariae becomes quite inconspicuous
within its environment.

We can note that theoretical spectra have a number of local
minima and maxima, resulting from a very complex structure
with many resonances (Fig. 9(b) and (d)). In reality, the
resulting spectrum is obtained by reflection from a large
number of scales. They are not identical, and the resonances
are averaged to produce a smooth curve as in Fig. 7(a).

To further refine the model, we sliced a spherical multilayer into
8 planar cross-sections and approximated each one as a collection
of cylindrical layers (as shown in Fig. 10(a)). Due to symmetry of the
structure, there were only 4 different sections (designated 1–4 in
Fig. 10(a)) to which we applied an FEM technique in the manner
described above. By averaging spectral distributions of all cross
sections, we obtained the resulting spectrum in Fig. 10(b), which is
comparable to the experimentally recorded curves in Fig. 7(a).

Fig. 9 (a) Strong localization of the electromagnetic field (l = 479 nm) inside the structure (WITHOUT pigmentation taken into account), and (b) the
corresponding spectra at different angles of incidence. (c) Absorption of a localized electromagnetic field (l = 479 nm) inside the structure
(WITH pigmentation taken into account), and (d) the corresponding spectra at different angles of incidence.
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4. Discussion

We have shown that the wings of the J. globulariae moth
possess a set of structural features that produce a slightly
iridescent (i.e. observable only at grazing incidence) green
structural color. This is important for a day-flying insect to
remain unseen on the green background of vegetation. To do
this, wings evolved with low angular variation and reflectance
comparable to that of green surroundings.

Similar structural coloration was also observed in other
insects. It was found that Papilio palinurus produces its green
coloration as a result of color mixing between reflected and
retroreflected light from a concave multilayer structure.10

There, the effects of scattering and pigmentation were not
analyzed, and the coloration was explained solely by the multi-
layer interference.

The question of adequate modeling is an important (and
still open) problem for understanding the interaction of light
with biophotonic structures. Three-dimensional modeling
is extremely demanding, with respect to execution time and

memory requirements. Massively parallel computers are used
with computational time of the order of several hours (for a
single 3D geometry and single wavelength) and tens (even
hundreds) of gigabytes of working memory.7

Overall architecture of J. globulariae structures is variable –
ranging from almost spherical to cylindrical, with several layers
and a number of randomly distributed nano-pillars and holes.
Such complexity is beyond the capability of most computers.
Even the fastest ones are incapable of calculating irregular,
stochastically distorted, nano-patterned geometries on a
reasonable timescale. Here, we used 2D, cylindrical models of
essentially three-dimensional structures. This is quite sufficient
for oblong structures, while for those closer to spherical sym-
metry, a dip was sectioned in order to make the approximation
more adequate. Anyway, optical microscopy (Fig. 5) shows that
the overall optical effect is quite tolerant to random variation
of size, shape and nanostructure. The computational results
presented here confirm that slightly absorbing nanostructures
restrict the radiation to the green-red part of the spectrum

Fig. 10 (a) A characteristic multilayer dip of J. globulariae wing scale is modeled as a collection of cylindrical cross-sections designated by numbers 1–4.
(b) The resulting spectral distribution, obtained by angular averaging spectra of cross-sections 1–4.
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(compare Fig. 9(b) and (d)) in accordance with the theory of
absorption enhancement by scattering.

The role of pigments was analyzed in ref. 20. The authors
described the Eudocima materna moth whose cover scales act as
an interference mirror (not the multilayer one), while ground
scales are strongly pigmented. For certain angles of observa-
tion, cover scales mirror the incoming radiation, thereby mak-
ing underlying pigmented scales invisible. For other angles,
radiation is redirected by the mirror scales outside the viewing
direction, making the underlying pigmented scales visible.
Again, interference, scattering and absorption are not inter-
linked and enhanced.

A somewhat different analysis of the interplay between wing
coloration and visual pigments was performed in ref. 21. It was
found that additional visual pigment in the photoreceptors
of Lycaenidae is well tuned to the characteristic structural
coloration of butterflies within this family.

A good overview of photonic structures has been given in
ref. 22. The authors remark that green pigments are absent in
butterfly wing scales and analyze blackness and fluorescence
enhancement caused by structures.

Structures at all dimensional scales are included and work
in synergy to produce the coloration of J. globulariae. At the
molecular level, dark pigments (melanin) are needed to
selectively absorb the blue part of the spectrum. However, in
this particular insect there is only a small amount of pigment,
which is not enough to significantly absorb the blue part of
the spectrum as shown in Fig. 9(b). Therefore, nanoscales,
pillars, pits and other subwavelength structures are necessary
to preferentially scatter blue light and enhance its absorption.
Micron-sized concave multilayers selectively filter the red part
of the spectrum while making it angularly independent.

On a higher scale (in the order of hundreds of micrometers
and millimeters), the wing as a whole must be accounted for.
Our model shows that the reflectivity of a single structural scale
is in the order of 40% (Fig. 9(d)). However, the reflectivity of the
wing is much lower (20–25%, Fig. 7) as a result of sparse scale
population, attenuation by nonstructural scales and the wing
membrane. The resulting value corresponds well to the reflec-
tivity of vegetation, making the insect almost invisible in its
environment. We have calculated the CIE xy color coordinates
of the green leaves of Hibiscus.23,24 J. globulariae and our model
show how well nature has ‘‘adjusted’’ the insect to the environment
(Fig. 11). Here, a CIE diagram is used as a simple way to compare
complex spectra, not as a measure of human color perception,
which is certainly quite different compared to that of insects.

For reference, we have shown the color coordinates of a
model without scattering and absorption. In this case, the
insect’s color would have been blue, making it highly visible.

In this paper we had no space to analyze the ‘‘nonstructural’’
scales, but it seems that there are structural effects too.
By looking closely at Fig. 6(a), we can see that the absorption
of a nonstructural scale is lower than that of the structural one,
yet it is highly absorbing on the wing (Fig. 5). It seems
that scattering enhances the absorption of the rather hollow
structure of a ‘‘nonstructural’’ scale as well.

From a biological point of view, the color green usually has a
cryptic role in insects,25–27 providing very effective camouflage
among leaves. This greenish color, which is not highly reflec-
tive, indicates a primary defensive role in J. globulariae. Slight
iridescence and color contrast, which are very important in
communication between species, further speak in favor of the
protective role of such an optical signal.28

On the other hand, species of this family (including
J. globulariae) also possess a chemical defense mechanism. All
Zygaenidae15 contain hydrogen cyanide (HCN), taken from
plants or synthesized from plant glucose.29 Therefore, they
are poisonous or, at least, distasteful to potential predators.
Sending a warning is another reason why the species of this
moth family may have such coloration. The color green
becomes highly visible during feeding on flowers14 when it
acquires its second, aposematic role.30 Other examples are also
known among Lepidoptera where warning and camouflage
coloration are not contradictory.31 We can therefore assume
that the role of J. globulariae can be cryptic, when resting,
hidden in leaves, and aposematic, during nectar feeding.

In most moths, the dorsal side of the front wings is visible
during rest.32 Given that all Zygaenidae are diurnal species,
evolution has ensured that they have structural coloration only
on the dorsal surface of their forewings.15

5. Conclusion

This paper reveals the delicate combination of interference,
scattering, absorption and color mixing, all working together,

Fig. 11 A CIE diagram showing the xy chromatic coordinates of vegeta-
tion, J. globulariae and a complex model (concave layer with scattering
structures and absorption). Coordinates of achromatic white and a simple,
flat, layer model have been shown for reference.
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to facilitate the survival of J. globulariae. The fine tuning of
many structural factors, from submicron to macroscopic levels,
is amazing and its imitation provides a new way to control the
spectral content of light.
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A size–strain line-broadening analysis of the XRPD patterns and Raman

spectra for two anatase/brookite (TiO2)-based nanocomposites with carbon (C)

was carried out and the results compared with those of a similar sample free of

carbon. The crystal structures and microstructures of anatase and brookite, as

well as their relative abundance ratio, have been refined from XRPD data by the

Rietveld method (the low amount of carbon is neglected). The XRPD size–

strain analysis resulted in reliable structure and microstructure results for both

anatase and brookite. The experimental Raman spectra of all the samples in the

region 100–200 cm�1 are dominated by a strong feature primarily composed of

the most intense modes of anatase (Eg) and brookite (A1g). The anatase

crystallite sizes of 14–17 nm, estimated by XRPD, suggest the application of the

phonon confinement model (PCM) for the analysis of the anatase Eg mode,

whereas the relatively large brookite crystallite size (27–29 nm) does not imply

the use of the PCM for the brookite A1g mode. Superposition of the anatase Eg

mode profile, calculated by the PCM, and the Lorentzian shape of the brookite

A1g mode provide an appropriate simulation of the change in the dominant

Raman feature in the spectra of TiO2-based nanocomposites with carbon.

Raman spectra measured in the high-frequency range (1000–2000 cm�1) provide

information on carbon in the investigated nanocomposite materials. The results

from field-emission scanning electron microscope (SEM), thermogravimetric

analysis (TGA), Fourier transform infrared (FTIR) spectroscopy and nitrogen

physisorption measurements support the XRPD and Raman results.

1. Introduction

Titanium dioxide (TiO2) is the most commonly used photo-

catalyst because of its high efficiency, nontoxicity, chemical

and biological stability, and low cost. Among the three natural

crystalline modifications (anatase, rutile and brookite) of

TiO2, anatase and rutile are the most common and have been

extensively investigated due to their excellent photoactivity.

However, little has been reported for the brookite modifica-

tion. Investigation of the properties and applications was

limited due to the difficulty in producing pure brookite (Di

Paola et al., 2008, 2013; Xie et al., 2009; Iliev et al., 2013; Lee et

al., 2006; Bhave & Lee, 2007; Lee & Yang, 2006). It was also

reported that hydrothermal synthesis is necessary to obtain

brookite as a major phase (Bhave & Lee, 2007). The control of

pH is very important, as high basicity is required for the
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formation of brookite (Yanqing et al., 2000; Zheng et al., 2000;

Okano et al., 2009). Also, the control of the synthesis para-

meters, such as the hydrothermal temperature and reaction

time, is of great importance (Nguyen-Phan et al., 2011; Lin et

al., 2012; Tomić et al., 2015).

Modifications of metal oxide nanoparticles with carbonac-

eous materials have attracted much attention over the past

decade. Carbon materials, such as graphene, carbon nanotubes

and carbon black, having unique structures, morphology, good

conductivity and large surface area appear to be good candi-

dates to be involved in the synthesis procedure with nano-

materials (Zhang, Lv et al., 2010; Zhong et al., 2010; Xie et al.,

2010; Cong et al., 2015). This kind of composite is showing

improvement in different application areas, such as water

splitting for hydrogen generation and the degradation of

various pollutants in wastewater, as well as air purification

(Fan et al., 2011; Sun et al., 2014; Zhang, Tang et al., 2010; Xie et

al., 2010). In this regard, it is beneficial to design composites

that can provide higher adsorptivity, extended light absorption

and good charge separation and transportation (Zhang, Lv et

al., 2010). Among the mentioned materials, carbon is easily

affordable due to its low cost (Cong et al., 2015).

This article is devoted to an investigation of the features and

distinctions of XRPD and Raman scattering in the micro-

structure characterization of nanomaterials. XRPD and Raman

spectroscopy results have been analysed and compared for

pure TiO2 and TiO2 nanocomposites with carbon. The results

of scanning electron microscopy (SEM), thermogravimetric

analysis (TGA), Fourier transform infrared (FTIR) spectro-

scopy and nitrogen physisorption measurements support the

XRPD and Raman results, and provide additional insight into

the microstructure of the samples and their carbon content.

2. Materials synthesis

TiO2 nanoparticles based on the brookite phase were syn-

thesized using the sol–gel hydrothermal method. In a typical

procedure, an appropriate amount of TiCl4 (99.9% pure,

Acros Organic) was dissolved in distilled water (150 ml) in an

ice bath. In order to obtain the hydrogel, an aqueous solution

of NaOH was added after careful control of the pH of the

solution (pH� 9). After aging in the mother liquor for 5 h, the

hydrogel was placed in a steel pressure vessel (autoclave, V =

50 ml) at a controlled temperature. After treatment at 200�C
for 24 h, filtration and washing (rinsing) with distilled water

until complete removal of chloride ions were carried out. The

last step was drying at 105.5�C for 72 h. For the purposes of

preparing the composites of TiO2 with carbon, a different

amount of carbon black was added together with the hydrogel

to an autoclave. As well as the pure TiO2 sample (T-AB),

samples with 9 and 20 wt% carbon black in the nanocomposite

were prepared and are denoted T-C9 and T-C20, respectively.

The carbon black content in these nanocomposites was esti-

mated using thermogravimetric analysis (TGA) (see x1 of the
supporting information).

3. Experimental methods

X-ray powder diffraction (XRPD) measurements were carried

out on a Philips PW1710 diffractometer employing Cu K�1,2
radiation. Data were collected every 0.06� in the 10–110� 2�
angular range in step scan mode using a counting time of 12.5 s

per step. The instrumental resolution function was obtained by

parameterizing the profiles of the diffraction pattern of an

LaB6 (NIST SRM660a) standard specimen. Details of the

XRPD line-broadening analysis are presented in xS2.1 of the

supporting information.

Raman scattering measurements were performed using the

TriVista TR557 triple spectrometer system equipped with a

nitrogen-cooled CCD detector. The samples were excited in

backscattering micro-Raman configuration by a Coherent

Verdi G optically pumped semiconductor laser operating at

532 � 2 nm with a minimal output laser power of about

20 mW. The Raman scattering measurements of nanopowders

pressed into pellets were performed in the air, at room

temperature, using an objective lens with 50� magnification

and a 0.75 numerical aperture to focus the laser to a spot size

of around 2 mm. To avoid local heating of the sample surface

due to laser irradiation, neutral density filters transmitting 10

or 1% of the incident light were used to additionally reduce

the laser power at the entrance of the optical system of the

Raman spectrometer to less than 1 mW. To reveal the local

heating effects on the Raman spectra of the investigated

samples with a high carbon content, the output laser power

was varied from 20 to 400 mW. In order to record the spectra

with relatively high resolution in a lower frequency range, a

1800/1800/2400 grooves/mm diffraction grating combination

was used in the TriVista system, whereas for the measure-

ments in a wide wavenumber range with lower resolution, a

300/300/500 grooves/mm grating combination was used. In

order to analyze the experimental results, the Raman spectra

are fitted by the sum of the Lorentzian profiles and the profile

obtained by Phonon Confinement Method (PCM) (see xS3.1
in the supporting information).

The morphologies of the synthesized nanopowders were

studied on a Tescan MIRA3 field emission gun scanning

electron microscope (FESEM) at 20 kV in a high vacuum.

Powdered samples were sonicated in ethanol for 10 min, then

a drop of the solution was applied to ‘kish’ graphite (crystals

of natural graphite) and the sample was degassed in a low

vacuum for an hour.

The loading percentage of C in TiO2 was checked by TGA

in air by scanning the temperature from 30 to 700�C at a rate

of 10�C min�1 on an SDT 2960 TA instrument.

The IR transmission spectra of T-AB, T-C9 and T-C20

pellets before and after the introduction of carbon black were

measured on a Thermo Nicolet 6700 FTIR spectrophotometer

at room temperature in the range from 4000 to 400 cm�1.

The textural properties of the nanocomposites were

analyzed by nitrogen physisorption at �196�C using a Sorp-

tomatic 1990 Thermo Finnigan device. Prior to adsorption, the

samples were outgassed for 1 h in a vacuum at room

temperature and, additionally, at 110�C and the same residual
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pressure for 16 h. The specific surface areas (SBET) of the

samples were calculated from the linear part of the adsorption

isotherm by applying the Brunauer–Emmet–Teller (BET)

equation (Brunauer et al., 1938).

4. Results and discussion

Results concerning composite materials of similar com-

position, TiO2:Fe, are reported in Kremenović et al. (2011,

2013). In relation to the TiO2:C composite materials presented

in this article, the amount of Fe in TiO2:Fe was significantly

lower than the amount of C in TiO2:C. Heterogeneity (phase

and spatial), disorder, morphology and crystal structure were

investigated for TiO2:Fe. Only phase heterogeneity and not

spatial heterogeneity is shown in TiO2:C. The presence of

three polymorphic modifications of TiO2 (rutile, anatase and

brookite), as well as amorphous TiO2, was confirmed in

TiO2:Fe. The presence of Fe in TiO2:Fe composites was

confirmed only by SQUID magnetic measurements, but was

not located in TiO2 (rutile, anatase, brookite or amorphous)

by XRPD (WPPF and PDF fit), high-resolution transmission

electron microscopy (HRTEM) or Raman spectroscopy.

SQUID magnetic measurements defined only the type of Fe

distribution in the composite material. In the composite

materials TiO2:C, the presence of only two polymorphic

modifications of TiO2 (brookite and anatase) was confirmed,

as well as amorphous C, but not amorphous TiO2. The effect of

Fe on the heterogeneity and disorder of TiO2:Fe composites

has not been studied, but the effect of C on TiO2:C composites

has been investigated. The aim of the study of TiO2:C com-

posite materials presented in this article is focused primarily

on comparing the results of diffraction line/vibration mode

broadening analysis using XRPD and Raman spectroscopic

techniques. Also, during the investigation of TiO2:Fe com-

posite materials, the XRPD and Raman results were analyzed

routinely. The XRPD and Raman results for TiO2:C com-

posite materials presented here have been analyzed and

compared in much more detail. Such an analysis is necessary

to determine the agreement/mutual support of the XRPD and

Raman results. In this way, these two methods show a

common/synergistic series of effects, which the individual

methods alone cannot completely resolve.

4.1. XPRD

The XRPD patterns of the investigated samples are pre-

sented in Fig. S2 (see xS2.2 of the supporting information). In

all three samples, the most intense diffraction peaks in the

XRPD patterns can be ascribed to the two polymorph phases

of TiO2 brookite (PDF card 29-1360) and anatase (PDF card

78-2486). For the carbon-containing samples (T-C9 and

T-C20), low-intensity diffraction peaks that correspond to

carbon, i.e. the graphite 2H pattern (PDF card 89-7213), could

be hardly distinguished due to extensive peak overlap with

peaks from the brookite and anatase patterns. However, the

101 reflection at�44.5� 2� that corresponds to the graphite 2H
pattern could be recognized if the y axis is represented as a

logarithm of diffraction intensity (insets of Fig. S2 in xS2.2 of

the supporting information). The XRPD patterns indicate the

microcrystalline to amorphous character of carbon black (see

Fig. S3 in xS2.3 of the supporting information). The above-

mentioned 101 reflection that corresponds to the graphite 2H

pattern indicates a slight change of the carbon black crystal-

line structure during synthesis.

Structure models for the Rietveld (1969) refinements are

taken from Meagher & Lager (1979) for brookite and from

Horn et al. (1972) for anatase. Some of the results from the

Rietveld refinements are presented in Table 1 and Fig. 1.

Refined values of the atomic coordinates and the corre-

sponding interatomic distances and angles are in good

agreement with the literature data. For all three samples, the

refined values of the interatomic Ti—O distances for brookite

and anatase are in excellent agreement with the values

obtained by Meagher & Lager (1979) and Horn et al. (1972)

(Table 1). The same is true for the refined unit-cell parameters

when compared to the values obtained by Meagher & Lager

(1979) for brookite and Horn et al. (1972) for anatase. This is

clear evidence that C atoms did not enter in significant

amounts into the brookite and anatase crystal structures.

The contents of the brookite phase in the samples T-AB,

T-C9 and T-C20 are 74 (1), 83 (1) and 77 (1)%, respectively

(values in parentheses represent estimated standard devia-

tions). A somewhat higher brookite content in the TiO2-based

nanocomposite samples (T-C9 and T-C20) in comparison to

pure TiO2 (T-AB) indicates that the presence of carbon may
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Table 1
Refined unit-cell, structure and microstructural parameters (average
apparent crystallite size and average maximal strain), quantitative phase
analysis results, i.e. contents of anatase and brookite, as well as reliability
factors of the refinements for T-AB, T-C9 and T-C20.

Sample T-AB T-C9 T-C20

Brookite (space group Pbca, No. 61)
a (�) 9.1747 (2) 9.1850 (3) 9.1837 (2)
b (�) 5.4518 (1) 5.4579 (2) 5.4568 (1)
c (�) 5.1428 (1) 5.1488 (1) 5.1472 (1)
�=�=� (�) 90 90 90
V (Å3) 257.24 (1) 258.11 (1) 257.94 (1)
hTi—Oi (Å) 1.963 (5) 1.967 (6) 1.965 (5)
Average appar. size (nm) 29 (3) 27 (6) 29 (4)
Average max. strain �10�4 11 (1) 7(2) 9(1)
% 74 (1) 83 (1) 77 (1)
RB (%) 1.95 2.71 2.27

Anatase (space group I41/amd, No. 141)
a (�) 3.7898 (2) 3.7939 (3) 3.7930 (2)
c (�) 9.4954 (6) 9.508 (1) 9.5089 (7)
�=�=� (�) 90 90 90
V (Å3) 136.38 (1) 136.86 (2) 136.81 (1)
hTi—Oi (Å) 1.955 (2) 1.962 (4) 1.957 (3)
Average appar. size (nm) 17 (2) 14 (5) 15 (7)
Average max. strain �10�4 27 (3) 17 (6) 11 (5)
% 26 (1) 17 (1) 23 (1)
RB (%) 1.79 3.10 1.74

Reliability factors of the refinements
Rwp (%) 6.51 8.41 6.96
Rp (%) 4.71 6.52 5.36
Rexp (%) 4.70 4.63 4.41
�2 1.97 3.38 2.55
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have an influence on the brookite/anatase phase ratio. The

quantity of crystalline carbon could not be refined due to its

low abundance (probably less than 2%) and large diffraction

peak overlap.

The refined average apparent crystallite size and average

maximal strain in brookite are similar for all samples, indi-

cating that the average crystallite size radius is about 30 nm

and the average maximal strain is about 1 � 10�3 (Table 1).

The refined average apparent crystallite size and average

maximal strain in anatase are similar for all samples, with the

exception of the strain in T-AB (27� 10�4), indicating that the

average crystallite size radius is about 15 nm and the average

strain is about 15 � 10�4 (Table 1).

4.2. Raman scattering

The Raman spectra of all the synthesized samples are

dominated by the features of anatase and brookite (shown and

assigned in xS3.2 of the supporting information). The spectra

taken in the region from 100 to 230 cm�1, usually used as a

reliable titania fingerprint (Tomić et al., 2015), are shown in

Fig. 2. Characteristic Raman modes at �126 [A1g(B)], 130

[B1g(B)], 143 [Eg(A)], 153 [A1g(B)], 160 [B1g(B)], 172 [B1g(B)],

197 [Eg(A) + A1g(B)] and 212 cm�1 [A1g(B)] are assigned to

the anatase (A) and brookite (B) phases (Iliev et al., 2013;

Ohsaka et al., 1978; Tomić et al., 2015; Šćepanović et al., 2007),

as denoted in Fig. 2. Since the average crystallite sizes in

anatase are estimated by XRPD to be from �14 to �17 nm

(Table 1), it is expected that phonon confinement and other

effects relevant for nanomaterials may have an impact on the

most intense anatase Eg mode (Šćepanović et al., 2007;
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Figure 2
Experimental Raman spectra of T-AB, T-C9 and T-C20 in the titania
fingerprint region (100–230 cm�1), with the modes assigned, together
with the corresponding calculated results, given as the sum of the most
intense anatase mode, Eg(A), obtained by the PCM, other anatase (A)
and all brookite (B) modes fitted by the Lorentzians. The values of the
reduced chi-squared (�2) and adjusted R-squared (R2) parameters: T-AB
(�2 = 1.98 � 10�5, R2 = 0.9964), T-C9 (�2 = 4.55 � 10�4, R2 = 0.9928) and
T-C20 (�2 = 1.24 � 10�4, R2 = 0.9982).

Figure 1
Final Rietveld plots for (a) T-AB, (b) T-C9 and (c) T-C20. Blue crosses
denote observed step intensities and the red line represents the
corresponding calculated values. The difference curve between the
observed and calculated values is given at the bottom (black line).
Vertical green bars represent diffraction line positions; the upper bars
correspond to brookite and the lower bars to anatase.
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Kremenović et al., 2013). On the other hand, for the crystallite

size of brookite, estimated to be close to 29 nm (Table 1), the

effect of phonon confinement (shift and broadening of the

Raman mode) on the A1g mode is not expected, as can be seen

in previous work related to mixed-phase titania (Kremenović

et al., 2013; Tomić et al., 2015). Therefore, all the modes shown

in Fig. 2 are fitted by the Lorentzian profiles, except the most

intense anatase Eg mode, which is simulated by the PCM

(defined in xS3.1 of the supporting information).

The phonon confinement due to the nanosize effect causes

asymmetrical broadening and a shift of the most intense

anatase Eg mode to higher frequencies (blue-shift) in com-

parison to the corresponding bulk values. The influence of

strain on the mode position is simulated in the PCM by

Equations S11 and S12 (see xS3.1 in the supporting informa-

tion), proposed by Gouadec & Colomban (2007) and Kiba-

somba et al. (2018). The values of the average correlation

length L0 and the so-called Raman strain ("R) in anatase, both

obtained as fitting parameters in the numerical adjustment of

the spectrum calculated by PCM to the experimental spec-

trum, are shown in Fig. 2. A good agreement between the

simulated and experimental Eg mode, with a similar Raman

shift (�144 cm�1) and broadening (�10–11 cm�1) in all the

investigated samples, could be obtained by using a parameter

choice reflecting the compensation of the blue-shift due to a

decrease of nanocrystallite size and the red-shift due to tensile

Raman strain (see xS3.1 in the supporting information).

Namely, the effects of tensile strain partially compensate for

the effect of phonon confinement in such a way as to produce

similar Raman positions in the spectra of all the samples in

spite of their different correlation lengths.

The brookite modes are simulated by Lorentzian profile,

with the position �153 cm�1 and linewidth �12 cm�1 of the

most intense brookite A1g mode similar for all the samples,

which relies on the similar crystalline structure of brookite

(Table 1). Therefore, the proposed fitting procedure is

appropriate for an analysis of the changes in the position and

shape of the dominant Raman features with C content in

TiO2-based nanocomposites.

The strong impact of different laser powers (1–400 mW)

during the Raman measurements on the spectra of TiO2-based

nanocomposites with carbon has been noticed and analyzed

for sample T-C20. The Raman feature shown in Fig. 3(a) is

blue-shifted and becomes more symmetric with increasing

laser power. The decomposition of the spectra with a proce-

dure similar to that described above shows that the anatase Eg

mode is blue-shifted (from 144.0 to 148.8 cm�1) and broa-

dened (from 10.5 to 18 cm�1) with increasing laser power,

whereas the brookite A1g mode is less influenced; it is slightly

red-shifted (by less than 1 cm�1) and less broadened (by 12 to

16.5 cm�1) in comparison to the anatase Eg mode [Fig. 3(b)].

This is in accordance with literature data (Šćepanović et al.,

2007, 2019; Du et al., 2006) and indicates the increase of the

local temperature at the sample surface up to 277�C at

maximal laser power (400 mW) (Du et al., 2006). This analysis

also reveals that the Raman spectrum of the TiO2 nanopowder
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Figure 3
(a) Normalized Raman spectra of the TiO2-based nanocomposite with
20% C (T-C20) taken at different laser powers in the range 1–400 mW. (b)
The dependence of the Raman shift and the FWHM of the most intense
anatase Eg (A) and brookite A1g (B) modes on laser power.

Figure 4
The Raman spectra of pure carbon and TiO2-based nanocomposites T-C9
and T-C20, taken in the fingerprint carbon region and normalized to the
G mode. Inset: the Raman spectra of nanocomposite sample T-C9, fitted
by the sum of the corresponding Lorentzian and Gaussian profiles.
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composed of anatase and brookite phases, in the spectral

range presented in Fig. 3(a), is mostly influenced by the

behaviour of the anatase Eg mode.

Besides the TiO2 modes discussed above, in the Raman

spectra of the TiO2-based nanocomposites (T-C9 and T-C20),

features related to carbon are detected. In Fig. 4, the varia-

tions of the Raman spectra of pure carbon black and TiO2-

based nanocomposite samples are shown in the carbon

fingerprint range (1000–2200 cm�1). It can be seen that the

central part of the normalized spectrum (around 1500 cm�1)

decreases from the pure carbon sample to T-C20. To relate the

observed variations in the spectra to variations of the carbon

structure due to hydrothermal synthesis conditions, the

spectra have been fitted by the sum of the Lorentzians

(denoted D1, D2 and G) and Gaussian (D3), according to the

methodology optimized by Sadezky et al. (2005) and Pawlyta

et al. (2015). The decomposed spectrum of T-C9 is given in the

inset as an example, and the results are summarized in Table 2.

The D1 band, ascribed to the disordered graphitic lattice

(Sadezky et al., 2005), is located at a similar position in pure

carbon and the TiO2 nanocomposites. However, the G band,

related to the graphitic structure (Sadezky et al., 2005), is

shifted in T-C9 and T-C20 towards higher frequencies in

comparison to pure carbon. Such a shift, together with the

narrowing of the D1 and G bands (see Table 2), indicates a

decrease of the amorphous carbon content in the nano-

composite samples (Ferrari et al., 2000; Pawlyta et al., 2015).

Also, the narrowing and shift to higher frequencies of the D3

band, related to amorphous carbon (Merlen et al., 2017;

Sadezky et al., 2005; Pawlyta et al., 2015), supports the

conclusion that the content of amorphous carbon decreases

when carbon is subjected to a hydrothermal procedure, which

is more pronounced in the nanocomposites with a higher

carbon content.

Note that bands D3 and D4 (related to the disordered

graphite lattice) may also originate from hydrogenation (CH)

and oxidation (CO), respectively (Karlin et al., 1997; Merlen et

al., 2017), but in the nanocomposite samples investigated here,

we have not detected CH and CO vibrations in the relevant

regions of the FTIR spectra (see xS5 in the supporting infor-

mation).

The ratios of the integrated intensities of the different

Raman bands in the first-order spectral region have been used

to perform further analysis of carbon crystalline and amor-

phous phases (Sadezky et al., 2005; Pawlyta et al., 2015). The

increase of the integrated intensity ratio ID1/IG and the

decrease of ID3/IG (Table 2) both point to a slightly higher

content of the crystalline carbon phase and a lower amount of

the amorphous carbon phase in the nanocomposites (espe-

cially in sample T-C20) than in pure carbon.

Although the refined unit-cell parameters obtained from

XRPD analysis have shown that C atoms did not enter in

significant amounts into the brookite and anatase crystal

structures, the results of both characterization methods imply

that carbon could influence the formation of brookite and

anatase phases in TiO2-based nanocomposites synthesized by

the hydrothermal method. This is also supported by our wider

research, where we have investigated the influence of carbon

content in the range from 0.3 to 20% on the formation of

titania phases by this synthesis method. The Raman results,

presented in xS3.2 in the supporting information, show that

the addition of a small amount of carbon suppresses the

formation of brookite, so that the synthesized sample with a

low carbon content is dominated by the anatase phase. An

increase in the carbon content is followed by the formation of

brookite in preference to the anatase phase. However, it seems

that this transformation may be partially suppressed at a

higher percent of carbon (as in sample T-C20), which may be a

consequence of a different manner of formation of the com-

posite with the highest carbon content (for an analysis of

nitrogen physisorption, see xS7 of the supporting informa-

tion). Recent research shows that the influence of carbon
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Table 2
The frequencies of the first-order Raman modes of carbon, together with relevant mode intensity ratios and the statistics of fit.

The intensities are denoted as: vs = very strong, s = strong, m = medium and w = weak. FWHM is full width at half maximum.

Pure C T-C9 T-C20

Band
Vibrational mode
(Sadezky et al., 2005)

Raman shift
(cm�1)

FWHM
(cm�1)

Raman shift
(cm�1)

FWHM
(cm�1)

Raman shift
(cm�1)

FWHM
(cm�1)

G E2g Graphitic structure (s) 1582 68 1590 67 1596 60
D1 A1g Disordered graphitic lattice (vs) 1343 193 1345 148 1345 140
D2 E2g Disordered graphitic lattice (s) 1610 39 1615 37 1615 37
D3 Amorphous carbon (Gaussian shape) (m) 1513 220 1520 200 1530 160
D4 A1g Disordered graphitic lattice (w) 1177 318 1170 255 1170 300

Mode intensity ratio

I(D1)/I(G) 2.3 3.6 3.9
I(D3)/I(G) 1.8 1.2 0.8

Goodness-of-fit

Reduced �2 3.40 � 10�4 8.82 � 10�4 4.91 � 10�4

Adjusted R2 0.9958 0.9906 0.9943
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content on the brookite-to-anatase ratio in TiO2-based

nanomaterials depends on the carbon source, the type of

synthesis and the starting TiO2 phase (Li et al., 2013; Cano-

Casanova et al., 2021), but this subject still needs further study.

4.3. XRPD versus Raman scattering

Both XRPD and Raman scattering analyses have shown

that TiO2 consists of a combination of anatase and brookite

phases in all samples investigated in this work. This is also

supported by the SEM measurements (see xS6 in the

supporting information), revealing two different types of

particles: spherical, ascribed to anatase, and spindle-like,

characteristic for brookite (Tomić et al., 2015). The spindle-

like particles of brookite in sample T-AB are elongated by up

to �200 nm, with the shorter dimension estimated at less than

40 nm. By comparing size values for brookite obtained from

XRPD (Table 1) and SEM measurements, one can conclude

that on average one particle is composed from 6–7 crystallites.

It is known that the Raman modes in nanocrystalline oxide

materials are very sensitive to disorder, caused by nonstoi-

chiometry due to the nanometric crystallite size or thermal

effects. In that sense, the correlation length is introduced in

the PCM to define the mean size of the homogeneous regions

in a material (Kosacki et al., 2002). The correlation length may

be influenced by many factors, such as the level of disorder

due to the presence of point defects, dislocations and voids, as

well as a disturbance in the long-range order, due to doping or

the creation of solid solutions, so the PCM analysis of the

Raman spectra may provide important information about

lattice disorder (Šćepanović et al., 2010). Having in mind that

in this work the correlation lengths of the anatase phase used

in the PCM simulations match the anatase crystallite size

estimated by XRPD, the crystallites are suggested to have

little disorder.

The analysis of the Raman spectra, performed in x4.2, has
shown that the most intense brookite Raman A1g mode is not

significantly shifted and broadened in comparison to the bulk

values (Iliev et al., 2013). This fact, together with the brookite

crystallite size (according to XRPD) being too big for phonon

confinement effects, excludes the PCM analysis in the case of

the brookite phase.

Regarding the amorphous TiO2 phase, the Raman and

XRPD analyses have given similar results. Namely, an analysis

of the Raman spectra, decomposed by the combination of the

PCM and Lorentzian profiles (x4.2), did not show the presence

of modes which could be assigned to this phase (Kremenović

et al., 2013), either in pure TiO2 or in the nanocomposites.

Besides giving insight into the nanocrystalline structures of

the anatase and brookite phases in pure TiO2 and nanocom-

posites, XRPD and Raman scattering may also provide

information on their content ratio (see xS4 in the supporting

information).

The carbon content, which contributes to the very dark

colour of the sample (in comparison to the white of pure

TiO2), has little influence on the XRPD measurements, but in

the Raman scattering causes a significant increase in the

absorption of laser energy, which can induce local heating.

This makes the nanocomposites with carbon extremely

sensitive to laser power, which requires additional attention

during the Raman measurements (careful choice of para-

meters and equipment). However, this allows an investigation

of the behaviour of the Raman spectra of complex materials

with local heating. The observed variation of the Raman

spectra with increasing laser power (see Fig. 3) may even be

used to estimate the level of heating and local temperature.

It appears that XRPD is not very useful for the investiga-

tion of carbon in the crystalline and especially amorphous

state when it is present in small amounts. The intensities of the

diffraction maxima depend on the number of electrons of the

atoms that make up the crystal and XRPD barely detects

carbon (carbon has only six electrons; we had to show the

diffraction intensity on a logarithmic scale in order for the

strongest carbon reflection to be visible) in samples T-C9 and

T-C20. Note also that the results of XRPD analysis show that

initial carbon is mostly amorphous (see xS2.3 of the supporting
information). In contrast, the intensity of Raman scattering is

proportional to the change in the polarizability of molecules;

the atoms in carbon are tightly bound by strong covalent

bonds and the Raman spectra show clearly defined carbon

bands which do not overlap with the anatase and brookite

modes. This allows a detailed analysis to be made of the

variation of carbon structure due to hydrothermal synthesis by

Raman scattering measurements (presented in Fig. 4 and

Table 2). These results show that, during hydrothermal

synthesis, the amorphous carbon phase is reduced in the

nanocomposites in comparison to this phase in initial carbon.

This is even more pronounced in sample T-C20, which may

indicate that higher carbon content probably enhances the

carbon crystallization during the hydrothermal process.

5. Conclusions

The compatibility, synergy and limits of XRPD and Raman

scattering measurements have been established by investi-

gating pure TiO2 nanopowder and two TiO2-based nano-

composites with different amounts of carbon, fabricated by

the sol–gel hydrothermal method. To assure proper correla-

tion between the XRPD and Raman results, several analytical

techniques (TGA, SEM, FTIR and nitrogen physisorption)

have also been used. Both XRPD and Raman scattering,

together with SEM results, have shown that, in all the samples,

brookite is a major phase with good crystallinity. Matching

anatase crystallite sizes were determined by XRPD and PCM

analysis of the anatase Raman Eg mode, confirming the low

disorder of this phase. Amorphous TiO2 has not been detected

by either Raman scattering or XRPD. XRPD analysis could

not detect whether significant amounts of carbon had been

incorporated into the brookite and anatase crystal structures,

whereas the Raman results revealed a decreasing content of

amorphous carbon when subjected to the hydrothermal

procedure, which is more pronounced in the nanocomposite

with the higher carbon content. The brookite-to-anatase ratios

estimated by the XRPD and Raman measurements imply that
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carbon could influence the formation of the brookite phase in

preference to the anatase phase in the TiO2-based nanocom-

posites synthesized by the hydrothermal method.

6. Related literature

The following references are cited in the supporting infor-

mation: Barrett et al. (1951); Campbell & Fauchet (1986);

Dubinin (1975); Gregg & Sing (1982); Grujić-Brojčdin et al.

(2009); Hearne et al. (2004); Mikami et al. (2002); Richter et al.,

1981; Rodrı́guez-Carvajal (1993, 2001, 2016); Spanier et al.

(2001); Stokes & Wilson (1944); Thompson et al. (1987); Wang

et al. (2007).
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(2019). Phys. Status Solidi A, 216, 1800763.
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Abstract

The main objective of this paper is to report new 
information about the distribution and ecology of a 
recently described diatom species, Geissleria gereckei. 
The opportunity for updating the information on the 
distribution and ecology of the species was provided by 
the finding of well-developed G. gereckei populations on 
the lithic material and bryophytes in the Raška and Mlava 
rivers (Serbia). For several years after the first description, 
G. gereckei has been known only from the type locality 
and from another spring in the Dolomiti Bellunesi National 
Park (the south-eastern Alps). After accurate LM and SEM 
observations, we provide evidence for the occurrence 
of the species also in the two above-mentioned rivers in 
Serbia, as well as in the south-western and south-eastern 
Alps. After an extensive literature search, it appears that the 
species is known with certainty only from these sites. Our 
observations and details from the literature suggest that 
the species is able to occupy a much broader ecological 
niche than the very-specific one observed at the time of 
discovery. The two main determinants for the species’ 
occurrence appear to be the carbonate nature of the 
catchments or aquifers, and the ability of the species to 
be competitive in habitats or microhabitats exposed to 
seasonal desiccation.  

Key words: diatom, distribution, ecology, 
Geissleria gereckei, rivers, Serbia, south-eastern 
Alps 
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Introduction

The genus Geissleria was originally described 
in 1996 by Lange-Bertalot & Metzeltin and is 
characterized by the presence of an annulus, groups 
of subterminal openings. Geissleria comprises 
species formerly included in the Annulatae section 
of Navicula s.l. According to Lange-Bertalot (2001), 
this genus belongs to naviculoid diatoms. However, 
recent studies have shown that the characteristics of 
the genus Geissleria are more related to cymbelloid 
diatoms (Nakov et al. 2014; Kulikovskiy et al. 2014). 
Species of the genus Geissleria are widespread in 
oligo- to eutrophic waters but generally occur with low 
abundance (Spaulding & Edlund 2009).

According to Lange-Bertalot, in 2001 about 30 
species were known from the genus Geissleria, many 
still undescribed or included within other genera (in 
particular Navicula s.l.). Currently, the genus comprises 
71 taxa, widely distributed in Europe, Asia, South 
and North America, and the Maritime Antarctic and 
sub-Antarctic regions. Geissleria species were recorded 
in different freshwater habitats, such as rivers, lakes, 
springs, waterfalls, and in soils (Novais et al. 2013).

Geissleria gereckei was described by Cantonati 
& Lange-Bertalot (2009) from a typical limestone/
dolostone area. The type locality was Val-Lovatel 
Spring (Dolomiti Bellunesi National Park, the 
south-eastern Alps). At the time of its first description, 
this diatom was also found in the second spring 
(Casera-Maiolera Spring) in the same geographic area. 
In these two special freshwater habitats, the species 
was observed to be associated with the specific 
microhabitat of leaf-litter covered stones in shaded, 
forest springs emerging on the carbonate substrate. 
These low-elevation, small-discharge springs are likely 
to be affected by seasonal desiccation.

There is relatively little literature available on 
diatoms of the Raška River (Vidaković 2013; Vidaković 
et al. 2014), and there are no published data on the 
diatom microflora of the Mlava River. So far only five 
Geissleria species have been reported from Serbia: 
G. decussis, G. ignota, G. schoenfeldii, G. similis, and G. 
thingvallae (Krizmanić 2009; Andrejić 2012; Vidaković 
2013).

The aim of this contribution was to collect and 
review information on the distribution and ecology 
of Geissleria gereckei in the period between the first 
description of the taxon and the present day in order 
to obtain a more comprehensive database and 
consequently a better description of its ecological 
preferences in nature.

Materials and methods

G. gereckei: The new riverine sites and their 
characterization. Diatom sampling and analysis

The Raška River and the Mlava River belong to the 
Black Sea drainage basin. The Raška River is a tributary 
of the Ibar River in the southwestern part of Serbia. 
The Mlava River is a tributary of the Danube in eastern 
Serbia (Marković 1980). The rivers have a carbonate 
bedrock and run through trout ponds. Samples 
were collected at the sites located downstream and 
upstream of the trout ponds. Some of the sites are 
exposed to seasonal desiccation when the discharge 
drops.

Diatoms were sampled from 5 localities in the 
Raška and Mlava rivers in April, June, August, and 
November 2011, and March and May 2012. Epilithon 
and epibryon were considered in the Raška River, 
while only epilithon was sampled in the Mlava River. 
Samples were immediately fixed with formaldehyde 
to a final concentration of 4%. Conductivity, oxygen, 
pH, and water temperature were measured in the 
field. Hydrochemical analyses were carried out at the 
Institute of General and Physical Chemistry, University 
of Belgrade, following standard methods (APHA 1998). 
Diatom samples were treated according to standard 
methods to obtain permanent slides (Krammer & 
Lange-Bertalot 1986). Permanent slides, prepared 
material, and aliquots of the samples were deposited 
in the diatom collection of the University of Belgrade, 
Faculty of Biology.

Slides from the Raška (14 samples) and Mlava 
(8 samples) rivers were used for microscope 
observations. Light microscope observations and 
micrographs were made using a Zeiss AxioImagerM.1 
microscope with DIC optics and AxioVision 4.8 
software. SEM observations were made at the Institute 
of Physics, University of Belgrade, using a TESCAN 
MIRA 3 scanning electron microscope with maximum 
accelerating voltage of 30 kV. Sample surfaces were 
sputtered with gold using QUORUM TECHNOLOGIES 
MINI SPUTTERCOATER SC7620 for enhanced 
conductivity.

G. gereckei: Further sites of occurrence found after 
the species description

Trying to gather as much data on the distribution 
of Geissleria gereckei as possible, the following 
databases were carefully checked: Pesio and Tanaro 
Valleys Nature Park (Ligurian Alps, the south-western 
extreme of the Alps; Mogna et al. 2015), central to 
eastern Switzerland and the Jura (the north-western/
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central Alps; Taxböck, L., Karger, D.N., Kessler, M. & 
Cantonati, M. 2016 submitted paper), CRENODAT 
(Trentino, the south-eastern Alps; Cantonati et al. 
2012), CESSPA (Province of Verona, Veneto Region, Italy; 
Cantonati et al. 2016), Berchtesgaden National Park 
(Bavaria, Germany; Cantonati & Lange-Bertalot 2010), 
Gesäuse National Park (Styria, Austria; MC unpublished 
data), Julian Pre-Alps Nature Park (Friuli Venezia 
Giulia Autonomous Region, Italy) (the south-eastern 
Alps; Cantonati 2003). In the case of the database 
established before the description of G. gereckei, also 
direct inspection of the permanent mounts was carried 
out to check for possible occurrence of the species. 
Finally, repeated literature searches were carried out 
(“*Geissleria*gereckei*”) in the Web of Science (WOS) 
and Google Scholar.

Results

Geissleria gereckei populations found in the two 
rivers in Serbia

Main morphological characteristics. Valve outline 
linear-elliptic to elliptic. Ends subcapitate and 
protracted. Length 9.9-18.5 μm, breadth 5.0-7.1 μm; 
length/width ratio 2.0-2.8. Raphe filiform; axial area 
narrow, linear; central area characterized by longer 
and shorter striae. Single stigma placed in the center 
of the valve. Striae 13-17/10 μm, radiate throughout 
(Fig. 1a-g).

SEM: external view (Fig. 2b): Proximal ends of the raphe 
expanded and moderately deflected whilst distal ends 
are hooked. Striae uniseriate throughout. Areolae 
apertures as short slits (55-60 in 10 μm). Annulus 

evident as three rows of areolae larger than in stria 
areolae, apically elongated. In each row, from 3 to 6 
apically elongated areolae are present.

SEM: internal view (Fig. 2 a and c): Distal raphe 
ends slightly deflected in a small, aureole-shaped 
helictoglossa, central raphe endings straight. Annulus 
structure with warty outgrowths.

Distribution. The Raška and Mlava River. G. gereckei 
was found both in the epilithon and in the epibryon. 
Relative abundance in epilithic diatom communities 
of the Raška River ranged from 0.5 to 3%. Only one 
specimen of G. gereckei was recorded in epiphytic 
diatom assemblages of the Raška River and in epilithic 
diatom assemblages of the Mlava River.

Associated diatoms. The most frequent diatoms 
which were found together with G. gereckei (Raška 
River epilithon) were: Achnanthidium affine (1.2-18%), 
A. minutissimum (9.2-48%), Amphora pediculus (11-32%), 
Cocconeis lineata (0.5-32%), Diatoma vulgaris (0.2-20%), 
Gomphonema parvulum (0.2-2.8%), G. tergestinum 
(0.3-39%), Navicula cryptotenella (0.2-4.2%), and 
Nitzschia dissipata (0.5-5%).

Ecology. The Raška and Mlava rivers are small 
mountain rivers, running at altitudes between 296 and 
557 m a.s.l. Samples were collected at the sites located 
downstream and upstream of the trout ponds, which 
explains the high nutrient values. Conductivity values 
are consistent with the carbonate bedrock (Table 1). 
The highest abundance of G. gereckei was observed at 
microhabitats (river wetted surface and bryophytes) 
exposed to seasonal desiccation.

Figure 1 
(a-g) Light microscopy (LM) micrographs of Geissleria gereckei Cantonati et Lange-Bertalot. Scale bar = 10 μm
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Further occurrence of Geissleria gereckei

G. gereckei was also found in one spring in the 
south-eastern Alps (Ziola Bassa, AT0756, Vigolana 
Upland), in springs Alpine foothills (Verona Province, 
Lessinia, ML0622) and in eight springs of the 
south-western Alps (Table 1). These springs are small, 
with low discharge (probably <0.5 l s-1 in most cases), 
and likely to be affected by periodic desiccation. All of 
these springs are fed by carbonate aquifers, and have 
medium conductivities (200-400 µS cm-1).

Discussion

The morphological features of the Geissleria 
gereckei populations observed during this study 
correspond with those reported at the time of the 
species description (Cantonati & Lange-Bertalot 2009). 
However, our observations, based on the populations 
in the two rivers in Serbia, advance the knowledge 
about the size range of the species.

Our data increase the number of known sites of the 
species from 2 to 13, and the populations are no longer 
limited to the Alpine area.

The ecological characteristics of the new sites 
revealed that G. gereckei can also successfully colonize 
sites where light intensity is not a limiting factor. The 
niche described at the time of the species description 
(carbonate stones covered by leaf litter in small 
shaded springs in broadleaf forests) must therefore 
be considered an extreme situation that shows that 
the species has the capability to be competitive also in 
microhabitats with very low light availability.

Our data and observations provide insights into the 
niche of G. gereckei in terms of nutrient concentrations, 
suggesting that although the species thrives well and 
is frequent at oligotrophic sites, it can colonize places 
with high nutrient (in particular P) concentrations. The 
spring and river sites also reveal that above-average 
sulfate values are well tolerated by the species.

A preference for carbonate stony substrate is 
confirmed, although it is shown that the species can 
thrive on bryophytes substrate as well.

The two main determinants for the species 
occurrence appear to be the carbonate nature of the 
catchments or aquifers of the environments colonized, 
and the ability of the species to be competitive 
in habitats (small springs) or microhabitats (river 
wetted surface and bryophytes) exposed to seasonal 
desiccation because of fluctuating and low discharge 
values.

Figure 2 
Scanning electron microscopy (SEM) micrographs of 
Geissleria gereckei. (a) Inside view of the valve. (b) Valve 
outside view of the frustule; apically elongated areolae 
(annulus). (c) Distal ends (internally) and helictoglossa; 
annulus structure with warty outgrowths. Scale bar = 1 μm
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Data from the springs in the Alps were provided by Marco Cantonati.
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Abstract: Diatoms are a widespread group of organisms with well-known ecological preferences. 

Knowledge of their diversity is of great importance for assessing the environmental status of different 

aquatic ecosystems. The present study was based on 55 different localities that included rivers, streams, 

channels, accumulations and salt marshes throughout Serbia. The results of this study expanded the 

diatom checklist by 80 taxa, including two new recorded genera (Fistulifera and Microfissurata) for 

Serbia. The data were obtained by combining light microscopy (LM) and scanning electron microscopy 

(SEM) that provided reliable identification, which is very important in diatom diversity studies. 
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INTRODUCTION 
Species diversity is one of the main factors in assessing the environmental state of various 

aquatic ecosystems. It also has an important role in ecosystem processes and functioning, food 

chains and ecosystem integrity [1]. Widespread in different environments, well-known 

ecological preferences and standardized identification methods point to diatoms as an 

important group of algae for species diversity studies that can serve to evaluate ecosystems 

health and environmental changes [2,3]. 

Diatom diversity have been relatively well studied across Europe and is presented in 

various books [4-9], monographs [10,14] and articles [11-13,15]. Compared to previously cited 

data, diatom records and literature in Serbia are scattered. The first diatom data in Serbia date 

from 1883 [16]. However, it was only in the second half of the 20th century that extensive 

research into diatoms began [17-21], and in the last twenty years the number of new recorded 

diatom taxa for Serbian flora has increased [20-24]. The aim of this paper was to report new 

records of diatom taxa from different sites throughout Serbia in order to supplement the diatom 

checklist. 

 

MATERIALS AND METHODS 
Study area 

The study areas were located in different parts of Serbia (Fig. 1). Samples of diatoms were 

collected at different localities, in rivers, streams, channels, accumulations and salt marshes. 

The list of the 55 localities is presented in Table 1. 

Sample preparation 

Diatoms were collected from different types of substrate (mosses, macrophytes, mud, stones) 

and communities (benthos, plankton) and poured into 100-mL bottles. Epiphytic and epilithic 

diatom samples were collected by squeezing out and scraping off the surface with a toothbrush, 
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respectively. Epipelic diatom samples were collected from the sediment surface using a corer 

(Ø 1 cm), and phytoplankton samples were collected using a plankton net (Ø 25 μm) drawn 

through open water. All samples were fixed with formaldehyde to a final concentration of 4%. 

Sample analysis 

In the laboratory, the algological samples were treated with a standard method with 

concentrated acid (H2SO4) and a KMnO4 solution in order to remove organic matter; the 

samples were then washed several times with distilled water until pH 7 [25]. Permanent slides 

were prepared by air-drying of the material on cover glasses and mounting in Naphrax® 

mounting medium. Microscopic examinations were done using a Zeiss AxioImagerM.1 light 

microscope (LM) with DIC optics and AxioVision 4.8 software. Scanning electron microscopy 

(SEM) observations were made at the Institute of Physics, University of Belgrade, using a 

TESCAN MIRA 3 scanning electron microscope with maximum accelerating voltage of 30 

kV. Sample surfaces were sputtered with gold using Quorum Technologies Mini Sputtercoater 

SC7620 for enhanced conductivity. 

The terminology of valve morphology is based on Krammer and Lange-Bertalot [25] 

and Hofmann et al. [26]. Taxa were identified according to different literature sources, 

indicated next to each type. 

 

RESULTS 
A total of 80 diatom taxa belonging to 33 genera have been noted for the first time in Serbian 

diatom flora. Among the 33 genera, two, Microfissurata and Fistulifera, are new to Serbian 

diatom flora. Species names as well as their dimensions and distribution in Serbia are given 

below. 

Achnanthidium caledonicum Lange-Bertalot (Fig. 4(30,31)) 

Basionym: Achnanthes caledonica Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 23, Figs. 51–55: 79) 

Dimensions: Valve length 15.06-20.4 µm, breadth 2.63-3.1 µm, striae 27-33/10 µm. 

Distribution in Serbia: CP95 Krnda 2, CP95 Cvetića zaliv and CP95 Zaliv pritoke streams, 

CP66 Baturski Rzav and CP76 Kruščica rivers (Fig. 1, Table 1). 

Achnanthidium crassum (Hustedt) Potapova and Ponader (Fig. 4(34, 35)) 

Basionym: Achnanthes crassa Hustedt 

Reference: Potapova and Ponader [27] (Figs. 19-27, 44-49) 

Dimensions: Valve length 8.37-10.25 µm, breadth 3.04-3.86 µm, striae of raphe valve 22-26/10 

µm, striae of rapheless valve 23-24/10 µm. 

Distribution in Serbia: EN48 Rasina and CP86 Rača rivers (Fig. 1, Table 1). 

Achnanthidium druartii Rimet and Couté (Fig. 4(24, 25)) 

Basionym: Achnanthidium druartii Rimet and Couté 

Reference: Rimet et al. [28] (pl. 1, Figs. 1-38, 188) 

Dimensions: Valve length 20.92-4.32 µm, breadth 3.04-3.86 µm, striae 21/10 µm. 

Distribution in Serbia: CP95 Jovac stream and CP95 Đetinja River (Fig. 1, Table 1). 

Achnanthidium eutrophilum (Lange-Bertalot) Lange-Bertalot (Fig. 4(32, 33)) 

Basionym: Achnanthes eutrophila Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 23, Figs. 30-35: 80) 

Dimensions: Valve length 9.91-13.17 µm, breadth 3.45-4.53 µm, striae of raphe valve 24-27/10 

µm, striae of rapheless valve 27/10 µm. 

Distribution in Serbia: CP86 Rača, CP95 Đetinja and DQ31 Kolubara rivers (Fig. 1, Table 1). 

Achnanthidium latecephalum Kobayasi (Fig. 4(26-29); Fig. 5(3, 4)) 

Basionym: Achnanthidium latecephalum Kobayasi 

Reference: Potapova [29] 
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Dimensions: Valve length 10.46-18.84 µm, breadth 3.78-5.26 µm, striae of raphe valve 20-

22/10 µm, striae of rapheless valve 19-21/10 µm. 

Distribution in Serbia: EN48 Rasina, CP86 Rača, DN79 Raška and CP95 Đetinja rivers, CP95 

Krnda 2 and CP95 Ročnjak streams (Fig. 1, Table 1). 

Achnanthidium straubianum Lange-Bertalot (Fig. 4(36, 37)) 

Basionym: Achnanthes straubiana Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 23, Figs 36-39: 87) 

Dimensions: Valve length 6.62 µm, breadth 3.72 µm, striae of raphe valve 23/10 µm. 

Distribution in Serbia: DN79 Raška River and CP95 Vrutci tributary 10 (Fig. 1, Table 1). 

Adlafia aquaeductae (Krasske) Lange-Bertalot (Fig. 3(17)) 

Basionym: Navicula pseudopupula var. aquaeductae Krasske 

Reference: Lange-Bertalot [7] (p. 105, Figs. 19-21: 142) 

Dimensions: Valve length 19.57-23.82 µm, breadth 4.05-4.99 µm, striae 23-24/10 µm. 

Distribution in Serbia: CP95 Cvetića zaliv stream (Fig. 1, Table 1). 

Adlafia minuscula (Grunow) Lange-Bertalot (Fig. 3(13, 14)) 

Basionym: Navicula minuscula Grunow 

Reference: Lange-Bertalot [7] (p. 106, Figs. 5-8; p. 108, Figs. 4-10: 143) 

Dimensions: Valve length 10.86-15.22 µm, breadth 3.51-4.79 µm. 

Distribution in Serbia: EN48 Rasina, EQ40 Mlava, FN02 Vrla, EP75 Radovanska, CP76 Vrelo 

rivers, CP95 Krnda 2, CP95 Cvetića zaliv, CP95 Cvetića potok, CP95 Simića potok and CP95 

Jasik streams (Fig. 1, Table 1). 

Adlafia minuscula var. muralis (Grunow) Lange-Bertalot (Fig. 3(15)) 

Basionym: Navicula muralis Grunow 

Reference: Lange-Bertalot [7] (p. 106, Fig. 9; p. 108, Figs. 1-3: 144) 

Dimensions: Valve length 9.41-11.87 µm, breadth 4.05-5.22 µm. 

Distribution in Serbia: EN48 Rasina, DN79 Raška, CQ87 Zasavica, EQ40 Mlava and EP75 

Radovanska rivers (Fig. 1, Table 1). 

Adlafia suchlandtii (Hustedt) Lange-Bertalot (Fig. 3(16)) 

Basionym: Navicula suchlandtii Hustedt 

Reference: Lange-Bertalot [7] (p. 105, Figs. 33-39; p. 106, Fig. 4: 145) 

Dimensions: Valve length 10.39-15.18 µm, breadth 2.36-3.24 µm, striae 26-28/10 µm. 

Distribution in Serbia: EN48 Rasina, FN02 Vrla and EP75 Radovanska rivers (Fig. 1, Table 

1). 

Amphora lange-bertalotii var. tenuis Levkov and Metzeltin (Fig. 4(15)) 

Basionym: Amphora lange-bertalotii var. tenuis Levkov and Metzeltin 

Reference: Levkov [30] (p. 53, Figs. 1-12; p.163: 73, 288) 

Dimensions: Valve length 37.58 µm, valve breadth 7.22 µm, striae 13/10 µm. 

Distribution in Serbia: CP95 Cvetići zaliv stream (Fig. 1, Table 1). 

Amphora meridionalis Levkov (Fig. 4(13, 14)) 

Basionym: Amphora meridionalis Levkov 

Reference: Levkov [30] (p.55, Figs. 18-30; p. 166, Figs. 1-6; p.167, Figs. 1-5; p. 196, Fig. 5: 

81, 289) 

Dimensions: Valve length 15.72-34.27 µm, valve breadth 4.12-6.21 µm, frustule breadth 9.45-

12.46 µm, dorsal striae 14-17 /10 µm, ventral striae 14-18/10 µm. 

Distribution in Serbia: CP86 Rača, CP95 Đetinja, EQ40 Mlava and EP75 Radovanska rivers, 

CP95 Jasik, CP95 Jovac and CP95 Ročnjak streams (Fig. 1, Table 1). 

Amphora micra Levkov (Fig. 4(12)) 

Basionym: Amphora micra Levkov 

Reference: Levkov [30] (p. 78, Figs. 1-11; p. 189, Figs. 1-5; p. 190, Figs. 1-5; p. 195, Fig. 2: 

83, 289) 
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Dimensions: Valve length 18.28 µm, valve breadth 3.78 µm, dorsal striae 18/10 µm, ventral 

striae 17/10 µm. 

Distribution in Serbia: CP95 Krnda 2 and CP95 Cvetići zaliv streams (Fig. 1, Table 1). 

Chamaepinnularia muscicola (J.B.Petersen) Kulikovskiy, Lange-Bertalot and A.Witowski 

(Fig. 2(18)) 

Basionym: Pinnularia muscicola J.B.Petersen 

Reference: Hofmann et al. [26] (p. 50, Figs. 29,30: 129) 

Dimensions: Valve length 12.48 µm, breadth 3.37 µm, striae 19/10 µm. 

Distribution in Serbia: CP95 Cvetići zaliv stream (Fig. 1, Table 1). 

Cocconeis pseudothumensis Reichardt (Fig. 2(20)) 

Basionym: Cocconeis pseudothumensis Reichardt 

Reference: Hofmann et al. [26] (p. 20, Figs. 1-4: 134) 

Dimensions: Valve length 11.4-12.56 µm, breadth 8.03-8.58 µm, striae 10-12/10 µm. 

Distribution in Serbia: EN48 Rasina and EQ40 Mlava rivers (Fig. 1, Table 1). 

Craticula molestiformis (Hustedt) Mayama (Fig. 3(11)) 

Basionym: Navicula molestiformis Hustedt 

Reference: Lange-Bertalot [7] (p. 93, Figs. 19-28: 116) 

Dimensions: Valve length 9.5-16.5 µm, breadth 3.5-5 µm, striae 25-26/10 µm. 

Distribution in Serbia: EQ40 Mlava, DN79 Raška and DQ31 Kolubara rivers, DR44 Jaruge 

salt marsh (Fig. 1, Table 1). 

Cymbella lange-bertalotii Krammer (Fig. 2(21)) 

Basionym: Cymbella lange-bertalotii Krammer 

Reference: Krammer [8] (p. 179, Figs. 1-6; p. 180, Figs. 1-8; p. 181, Figs. 1-6, 8; p. 182, Figs. 

1-9: 152, 174) 

Dimensions: Valve length 52.46-90.02 µm, breadth 12.52-15.11 µm, dorsal striae 8-11/10 µm, 

ventral striae 10-11/10 µm, puncta 19-23/10 µm. 

Distribution in Serbia: CP95 Đetinja, CP66/76 Karaklijski Rzav and CP66/76 Baturski Rzav 

rivers, DQ50 Garaši, DP76/86 Gruža, CP93 Zlatibor and DP18 Divčibare accumulations (Fig. 

1, Table 1). 

Diatoma problematica Lange-Bertalot (Fig. 4(6)) 

Basionym: Diatoma problematica Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 2, Figs. 26-30: 175) 

Dimensions: Valve length 15.18-26.93 µm, breadth 4.52-5.75 µm, striae 5-10/10 µm. 

Distribution in Serbia: EN48 Rasina, CP86 Rača, EQ40 Mlava and DN79 Raška rivers (Fig. 1, 

Table 1). 

Encyonema brevicapitatum Krammer (Fig. 2(17)) 

Basionym: Encyonema brevicapitatum Krammer 

Reference: Krammer [31] (p. 27, Figs. 1-9, 17; p. 34, Figs. 1-7: 92) 

Dimensions: Valve length 11.66-23.53 µm, breadth 4.38-6.81 µm, striae 14-18/10 µm. 

Distribution in Serbia: EQ40 Mlava, EP75 Radovanska and FN02 Vrla rivers (Fig. 1, Table 1). 

Encyonema procerum Krammer (Fig. 2(15)) 

Basionym: Encyonema procerum Krammer 

Reference: Krammer [31] (p. 32, Figs. 9-19: 169) 

Dimensions: Valve length 24.22-26.34 µm, breadth 6.01-3.37 µm, dorsal striae 13-15/10 µm, 

ventral striae 13-16/10 µm. 

Distribution in Serbia: EN48 Rasina River (Fig. 1, Table 1). 

 

Encyonema subminutum Krammer and Lange-Bertalot (Fig. 2(16)) 

Basionym: Encyonema subminutum Krammer and Lange-Bertalot 

Reference: Krammer [31] (p. 19, Figs. 17-24; p. 25, Figs. 28-34: 56) 
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Dimensions: Valve length 18.08-26.38 µm, breadth 4.72-6.48 µm, dorsal striae 14-17/10 µm, 

ventral striae 14-16/10 µm. 

Distribution in Serbia: EN48 Rasina, EQ40 Mlava and EP75 Radovanska rivers (Fig. 1, Table 

1). 

Encyonopsis cesatii (Rabenhorst) Krammer (Fig. 2(23)) 

Basionym: Navicula cesatii Rabenhorst 

Reference: Krammer [32] (p. 182, Figs. 1-13; p. 183, Figs. 10-12; p. 184., Figs. 4-7; p. 185, 

Figs. 1-7, 11-13; p. 186, Figs. 10, 11; p. 187 Figs. 1-7: 152). 

Dimensions: Valve length 17.07-43.96 µm, breadth 4.59-7.88 µm, striae 17-21/10 µm. 

Distribution in Serbia: EN48 Rasina, CP87 Rača, CP95 Đetinja, CP79, CP87, CQ66 Drina and 

CP82, CP90 Lim rivers, CP95 a 2, CP95 Cvetića zaliv, CP95 Cvetića potok, CP95 Simića 

potok, CP95 Jasik and CP95 Jovac streams, DP18 Divčibare, CP93 Zlatibor, EP50 Bresnica, 

EN29 Pridvorica and CP95 Vrutci accumulations, DR43 Okanj bara salt marsh (Fig. 1, Table 

1). 

Encyonopsis krammeri Reichardt (Fig. 2(24)) 

Basionym: Encyonopsis krammeri Reichardt 

Reference: Krammer [32] (p. 144, Figs. 12-15, 21; p. 145, Figs. 1-18; p. 147., Figs. 4-6; p. 150, 

Figs. 1-3, 5, 6, 11-14; p. 193, Figs. 1, 4, 6: 99) 

Dimensions: Valve length 12.28-14.37 µm, breadth 3.17-3.24 µm, striae 28-30/10 µm. 

Distribution in Serbia: EQ40 Mlava River (Fig. 1, Table 1). 

Fallacia insociabilis (Krasske) D.G.Mann (Fig. 3(18)) 

Basionym: Navicula insociabilis Krasske 

Reference: Hofmann et al. [26] (p. 46, Figs. 21-25: 244) 

Dimensions: Valve length 10.04-15.25 µm, breadth 5.18-6.14 µm, striae 22-23/10 µm. 

Distribution in Serbia: DN79 Raška, EQ40 Mlava and FN02 Vrla rivers (Fig. 1, Table 1). 

Fallacia lange-bertalotii (Reichardt) Reichardt (Fig. 3(20)) 

Basionym: Navicula lange-bertalotii Reichardt 

Reference: Hofmann et al. [26] (p. 46, Fig. 18: 242) 

Dimensions: Valve length 9.78-11.47 µm, breadth 3.24-3.31 µm, striae 29-31.5/10 µm. 

Distribution in Serbia: CP95 Krnda 2 stream (Fig. 1, Table 1). 

Fallacia lenzii (Hustedt) Lange-Bertalot (Fig. 3(19)) 

Basionym: Navicula lenzii Hustedt 

Reference: Hofmann et al. [26] (p. 46, Figs. 3-7: 243) 

Dimensions: Valve length 10.25-15.98 µm, breadth 3.42-4.97 µm, striae 27/10 µm 

Distribution in Serbia: CP95 Ročnjak stream, CP66/76 Karaklijski Rzav, CP66/76 Baturski 

Rzav and DQ31 Kolubara rivers (Fig. 1, Table 1). 

Fallacia sublucidula (Hustedt) D.G.Mann (Fig. 3(21)) 

Basionym: Navicula sublucidula Hustedt 

Reference: Hofmann et al. [26] (p. 46, Figs. 1,2: 243) 

Dimensions: Valve length 7.02-10.52 µm, breadth 3.71-4.59 µm, striae 23-28/10 µm. 

Distribution in Serbia: CP86 Rača, DN79 Raška, EQ40 Mlava and EP75 Radovanska rivers, 

CP95 Ročnjak stream (Fig. 1, Table 1). 

Fistulifera pelliculosa (Kützing) Lange-Bertalot (Fig. 3(12); Fig. 5(2)) 

Basionym: Synedra minutissima var. pelliculosa Kützing 

Reference: Lange-Bertalot [7] (p. 110, Figs. 1-11; p. 112, Fig. 1: 148) 

Dimensions: Valve length 9.2-11.04 µm, breadth 4.52-5.75 µm. 

Distribution in Serbia: CP87 Rača River, CP95 Jasik, CP95 Bioštanska Banja and CP95 

Ročnjak streams, CP95 Vrutci tributary 12 and 13 (Fig. 1, Table 1). 

Fragilaria pararumpens Lange-Bertalot, G.Hofmann and Werum (Fig. 4(5)) 

Basionym: Fragilaria pararumpens Lange-Bertalot, G.Hofmann and Werum 
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Reference: Hofmann et al. [26] (p. 8, Figs. 4-10: 269) 

Dimensions: Valve length 23.08-46.42 µm, breadth 2.09-4.59 µm, striae 17-19/10 µm. 

Distribution in Serbia: EN48 Rasina, DN79 Raška, EQ40 Mlava and EP75 Radovanska rivers 

(Fig. 1, Table 1). 

Fragilaria radians (Kützing) D.M.Williams and Round (Fig. 4(4)) 

Basionym: Synedra radians Kützing 

Reference: Hofmann et al. [26] (p. 7, Figs. 21-25: 274) 

Dimensions: Valve length 33.19-47.22 µm, breadth 3.44-4.25 µm, striae 10-11/10 µm. 

Distribution in Serbia: EN48 Rasina, CP86 Rača and DN79 Raška rivers (Fig. 1, Table 1). 

Geissleria ignota (Krasske) Lange-Bertalot and Metzeltin (Fig. 3(25)) 

Basionym: Navicula ignota Krasske 

Reference: Lange-Bertalot [7] (p. 97, Figs. 25-30; p. 98, Figs. 1, 2: 125) 

Dimensions: Valve length 18.42 µm, breadth 5 µm, striae 12/10 µm. 

Distribution in Serbia: CP95 Simića potok stream (Fig. 1, Table 1). 

Geissleria paludosa (Hustedt) Lange-Bertalot and Metzeltin (Fig. 3(26)) 

Basionym: Navicula paludosa Hustedt 

Reference: Lange-Bertalot [7] (p. 97, Figs. 16-20; p. 98, Fig. 3: 126) 

Dimensions: Valve length 13.09-19.83 µm, breadth 4.45-6.69 µm, striae 13-17/10 µm. 

Distribution in Serbia: EQ40 Mlava, EP75 Radovanska and FN02 Vrla rivers (Fig. 1, Table 1). 

Gomphonema acidoclinatum Lange-Bertalot and Reichardt (Fig. 2(5)) 

Basionym: Gomphonema acidoclinatum Lange-Bertalot and Reichardt 

Reference: Hofmann et al. [26] (p. 98, Figs. 28-32: 294) 

Dimensions: Valve length 24.61-37.13 µm, breadth 6.26-7.45 µm, striae 14-16/10 µm. 

Distribution in Serbia: FN02 Vrla and CQ87 Zasavica rivers, CP95 Zaliv pritoke stream (Fig. 

1, Table 1). 

Gomphonema calcifugum Lange-Bertalot and Reichardt (Fig. 2(11)) 

Basionym: Gomphonema calcifugum Lange-Bertalot and Reichardt 

Reference: Levkov et al. [9] (p. 199, Figs. 29-53: 39) 

Dimensions: Valve length 16.19 µm, breadth 4.52 µm, striae 12/10 µm. 

Distribution in Serbia: EQ40 Mlava River (Fig. 1, Table 1). 

Gomphonema clavatulum Reichardt (Fig. 2(4)) 

Basionym: Gomphonema clavatulum Reichardt 

Reference: Hofmann et al. [26] (p. 97, Figs. 7-9: 300) 

Dimensions: Valve length 21-32.28 µm, breadth 5.72-6.6 µm, striae 11-12/10 µm. 

Distribution in Serbia: CP95 Cvetića zaliv stream, DQ58 Velika Slatina, DR43 Okanj bara and 

DR54 Novo Ilje I salt marshes (Fig. 1, Table 1). 

Gomphonema cymbelliclinum Reichardt and Lange-Bertalot (Fig. 2(7); Fig. 5(1)) 

Basionym: Gomphonema cymbelliclinum Reichardt and Lange-Bertalot 

Reference: Reichardt [33] (p. 39, Figs. 11-14, 24-26; p. 40; p. 41: Figs. 10-17: 36) 

Dimensions: Valve length 19.97-36.81 µm, breadth 5.18-6.88 µm, striae 10-15/10 µm. 

Distribution in Serbia: EN48 Rasina, CP86 Rača, DN79 Raška, CP95 Đetinja, EQ40 Mlava, 

FN02 Vrla, EP75 Radovanska, CP66/76 Karaklijski Rzav, CP66/76 Baturski Rzav and CP79. 

CP87 Drina rivers, CP95 Cvetića potok, CP95 Simića potok, CP95 Jasik, CP95 Jovac, CP95 

Konjski potok, and CP95 Ročnjak streams, CP95 Vrutci tributary 10, 12 and 13, DP18 

Divčibare, EP50 Bresnica and DQ60 Bukulja accumulations (Fig. 1, Table 1). 

Gomphonema drutelingense Reichardt (Fig. 2(6)) 

Basionym: Gomphonema drutelingense Reichardt 

Reference: Reichardt [33] (p. 39, Figs. 21-23; p. 42: 38) 

Dimensions: Valve length 19.32-40.26 µm, breadth 6.48-8.96 µm, striae 10-14/10 µm. 
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Distribution in Serbia: EN48 Rasina, CP86 Rača, EQ40 Mlava, FN02 Vrla, CP76 Vrelo rivers, 

CP95 Jasik, CP95 Bioštanska Banja and CP95 Ročnjak streams, CP95 Vrutci tributary 13 (Fig. 

1, Table 1). 

Gomphonema extentum Reichardt and Lange-Bertalot (Fig. 2(3)) 

Basionym: Gomphonema extentum Reichardt and Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 97, Figs. 21, 22: 306) 

Dimensions: Valve length 21.37-40.04 µm, breadth 6.15-8.2 µm, striae 11-13/10 µm. 

Distribution in Serbia: CP95 Đetinja and FN02 Vrla rivers, CP95 Zaliv pritoke stream (Fig. 1, 

Table 1). 

Gomphonema lagenula Kützing (Fig. 2(14)) 

Basionym: Gomphonema lagenula Kützing 

Reference: Levkov et al. [9] (p. 102, Figs. 39-47: 71) 

Dimensions: Valve length 18.89-34.37 µm, breadth 5.61-9.92 µm, striae 11-14/10 µm. 

Distribution in Serbia: EN48 Rasina, FN02 Vrla, EQ40 Mlava, DP39 Toplica, DQ50 Kačer 

and DQ31 Kolubara rivers, CR62 Danube-Tisa-Danube Canal (Bač), DP76/86 Gruža 

accumulation (Fig. 1, Table 1). 

Gomphonema lippertii Reichardt and Lange-Bertalot (Fig. 2(2)) 

Basionym: Gomphonema lippertii Reichardt and Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 98, Figs. 1-5: 295) 

Dimensions: Valve length 36.63-53.1 µm, breadth 9.19-10.32 µm, striae 11-13/10 µm, punctae 

24/10 µm. 

Distribution in Serbia: DN79 Raška River (Fig. 1, Table 1). 

Gomphonema procerum Reichardt and Lange-Bertalot (Fig. 2(8)) 

Basionym: Gomphonema procerum Reichardt and Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 96, Fig. 27: 313) 

Dimensions: Valve length 37.91-40.14 µm, breadth 5-6.44 µm, striae 10-11/10 µm. 

Distribution in Serbia: CP86 Rača, DN79 Raška and EQ40 Mlava rivers (Fig. 1, Table 1). 

Gomphonema saprophilum (Lange-Bertalot and Reichardt) Abraca, R.Jahn, J.Zimmermann 

and Enke (Fig. 2(12)) 

Basionym: Gomphonema parvulum f. saprophilum Lange-Bertalot and Reichardt 

Reference: Levkov et al. [9] (p. 104, Figs. 25-33: 116) 

Dimensions: Valve length 11.66-34 µm, breadth 5.4-8 µm, striae 9-16/10 µm. 

Distribution in Serbia: EN48 Rasina, EP75 Radovanska, FN02 Vrla, EP17 Belica, EP33 

Zapadna Morava, DQ75 Ponjavica (Omoljica), DQ85 Ponjavica (Brestovac), DQ31 Kolubara 

and DR22 Jegrička rivers, CR57 Danube-Tisa-Danube (Sombor) and DR24 Danube-Tisa-

Danube (Bačko Gradište) canals, DQ58 Velika Slatina, DQ58 Gergina Slatina, DR28 

Kerekszék and DR54 Novo Ilje I salt marshes (Fig. 1, Table 1). 

Gomphonema sphenovertex Lange-Bertalot and Reichardt (Fig. 2(13)) 

Basionym: Gomphonema sphenovertex Lange-Bertalot and Reichardt 

Reference: Hofmann et al. [26] (p. 98, Figs. 26, 27: 315) 

Dimensions: Valve length 16.62-19.84 µm, breadth 4.79-5.94 µm, striae 13-14/10 µm. 

Distribution in Serbia: DN79 Raška and EQ40 Mlava rivers (Fig. 1, Table 1). 

Gomphonema zellense Reichardt (Fig. 2(1)) 

Basionym: Gomphonema zellense Reichardt 

Reference: Reichardt [33] (p. 5: 11) 

Dimensions: Valve length 41.57-61.39 µm, breadth 9.58-11.54 µm, striae 8-10/10 µm, areolae 

22-26/10 µm. 

Distribution in Serbia: CP86 Rača River (Fig. 1, Table 1). 

Hantzschia calcifuga Reichardt and Lange-Bertalot (Fig. 3(1)) 

Basionym: Hantzschia calcifuga Reichardt and Lange-Bertalot 

http://www.algaebase.org/search/species/detail/?species_id=a8c3dde2eb1c9956f
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Reference: Werum and Lange-Bertalot [34] (p. 96, Figs. 1-6; p. 97, Figs. 1-4: 63) 

Dimensions: Valve length 81.4 µm, breadth 6.44 µm, fibulae 6/10 µm, striae 22/10 µm. 

Distribution in Serbia: CP95 Krnda 2 stream (Fig. 1, Table 1). 

Halamphora normanii (Rabenhorst) Levkov (Fig. 2(27, 28)) 

Basionym: Amphora normanii Rabenhorst 

Reference: Levkov [30] (p. 94, Figs. 1-8, 28-32: 208) 

Dimensions: Valve length 26.73-38.21 µm, frustule breadth 13.63-15.92 µm, striae 18-26/10 

µm. 

Distribution in Serbia: EN48 Rasina, CP86 Rača and DN79 Raška rivers, CP95 Jasik stream 

and CP95 Vrutci tributary 13 (Fig. 1, Table 1). 

Halamphora veneta (Kützing) Levkov (Fig. 2(25, 26)) 

Basionym: Amphora veneta Kützing 

Reference: Levkov [30] (p. 94, Figs. 9-19; p. 102, Figs. 17-30; p. 217, Figs. 1-5; p. 218, Figs. 

1-5: 242) 

Dimensions: Valve length 21.18-31.3 µm, valve breadth 4.75-5.29 µm, frustule breadth 10.47-

13.63 µm, striae 20-23/10 µm. 

Distribution in Serbia: CQ87 Zasavica River, CP95 Zaliv pritoke stream (Fig. 1, Table 1). 

Humidophila brekkaensis (Petersen) Lowe, Kociolek, Johansen, Van de Vijver, Lange-

Bertalot and Kopalová (Fig. 3(30)) 

Basionym: Navicula brekkaensis J.B.Petersen 

Reference: Werum and Lange-Bertalot [34] (p. 58, Figs. 1-13; p. 62, Figs. 30-32: 135) 

Dimensions: Valve length 19.63 µm, breadth 3.51 µm, striae 24-25/10 µm. 

Distribution in Serbia: CP95 Simića potok stream (Fig. 1, Table 1). 

Humidophila irata (Krasske) Lowe, Kociolek, Johansen, Van de Vijver, Lange-Bertalot and 

Kopalová (Fig. 3(29)) 

Basionym: Navicula irata Krasske 

Reference: Werum and Lange-Bertalot [34] (p. 62, Figs. 39, 40: 137) 

Dimensions: Valve length 14.98-23.07 µm, breadth 3.24-3.92 µm, striae 28-32/10 µm. 

Distribution in Serbia: EN48 Rasina River, CP95 Krnda 2 stream (Fig. 1, Table 1). 

Humidophila paracontenta (Lange-Bertalot and Werum) Lowe, Kociolek, Johansen, Van de 

Vijver, Lange-Bertalot and Kopalová (Fig. 3(27, 28)) 

Basionym: Diadesmis paracontenta Lange-Bertalot and Werum 

Reference: Werum and Lange-Bertalot [34] (p. 59, Figs. 1-11; p. 62, Figs. 15-17: 138) 

Dimensions: Valve length 9.98-10.25 µm, breadth 2.43-2.6 µm. 

Distribution in Serbia: EN48 Rasina River, CP95 Jasik and CP95 Konjski potok streams (Fig. 

1, Table 1). 

Kurtkrammeria recta (Krammer) L.Bahls (Fig. 2(22)) 

Basionym: Encyonopsis recta Krammer 

Reference: Krammer [32] (p. 165, Figs. 12-14; p. 166, Figs. 4-12: 132) 

Dimensions: Valve length 32.05 µm, breadth 5.67 µm, striae 15/10 µm. 

Distribution in Serbia: EN48 Rasina River (Fig. 1, Table 1). 

Luticola acidoclinata Lange-Bertalot (Fig. 3(39)) 

Basionym: Luticola acidoclinata Lange-Bertalot 

Reference: Levkov et al. [35] (p. 18, Figs. 1-46; p. 19, Figs. 1-7: 52) 

Dimensions: Valve length 10.12-28.6 µm, breadth 5.61-8.74 µm, striae 19-23/10 µm. 

Distribution in Serbia: EQ40 Mlava, FN02 Vrla and EP75 Radovanska rivers, CP95 Cvetića 

zaliv stream (Fig. 1, Table 1). 

Luticola paramutica (W.Bock) D.G.Mann (Fig. 3(38)) 

Basionym: Navicula paramutica W.Bock 

Reference: Levkov et al. [35] (p. 12, Figs. 17-23; p. 32, Figs. 23-39: 182) 

http://www.algaebase.org/search/species/detail/?species_id=rdc54c24d5aa98cff
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Dimensions: Valve length 16.54-16.73 µm, breadth 5.83-6.68 µm, striae 19-20/10 µm. 

Distribution in Serbia: CP95 Zaliv pritoke stream, CP93 Zlatibor accumulation (Fig. 1, Table 

1). 

Luticola triundulata Levkov, Metzeltin and A.Pavlov (Fig. 3(37)) 

Basionym: Navicula paramutica W.Bock 

Reference: Levkov et al. [35] (p. 178, Figs. 19-30; p. 180, Figs. 5-8: 240) 

Dimensions: Valve length 24 µm, breadth 7.29 µm, striae 17/10 µm. 

Distribution in Serbia: EQ40 Mlava River (Fig. 1, Table 1). 

Luticola ventriconfusa Lange-Bertalot (Fig. 3(36)) 

Basionym: Luticola ventriconfusa Lange-Bertalot 

Reference: Levkov et al. [35] (p. 190, Figs. 1-57; p. 191, Figs. 1-6: 250) 

Dimensions: Valve length 15.87-22.94 µm, breadth 6.48-7.69 µm, striae 19-21/10 µm, areolae 

15/10 µm. 

Distribution in Serbia: DN79 Raška River, CP95 Jovac stream (Fig. 1, Table 1). 

Mayamaea fossalis (Krasske) Lange-Bertalot (Fig. 2(19)) 

Basionym: Navicula fossalis Krasske 

Reference: Lange-Bertalot [7] (p. 104, Figs. 25-30: 138) 

Dimensions: Valve length 9.78 µm, breadth 3.64 µm, striae 23/10 µm. 

Distribution in Serbia: CP95 Krnda 2 stream (Fig. 1, Table 1). 

Microfissurata australis Van de Vijver and Lange-Bertalot (Fig. 2(9, 10)) 

Basionym: Microfissurata australis Van de Vijver and Lange-Bertalot 

Reference: Cantonati et al. [36] (Fig. 2: 735) 

Dimensions: Valve length 15.28 µm, breadth 3.3 µm. 

Distribution in Serbia: CP95 Ročnjak stream (Fig. 1, Table 1). 

Naviculadicta absoluta (Hustedt) Lange-Bertalot (Fig. 3(24)) 

Basionym: Navicula absoluta Hustedt 

Reference: Hofmann et al. [26] (p. 42, Figs. 62-66: 411) 

Dimensions: Valve length 17 µm, breadth 4.59 µm, striae 22/10 µm. 

Distribution in Serbia: EN48 Rasina River (Fig. 1, Table 1). 

Naviculadicta vitabunda (Hustedt) Lange-Bertalot (Fig. 3(22, 23)) 

Basionym: Navicula vitabunda Hustedt 

Reference: Hofmann et al. [26] (p. 42, Figs. 67-71: 412) 

Dimensions: Valve length 13.44 µm, breadth 5.81 µm, striae 27/10 µm. 

Distribution in Serbia: DN79 Raška River (Fig. 1, Table 1). 

Nitzschia acidoclinata Lange-Bertalot (Fig. 3(7)) 

Basionym: Nitzschia acidoclinata Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 112, Figs. 50-54: 431) 

Dimensions: Valve length 14.25-20.96 µm, breadth 2.56-3.02 µm, fibulae 11-12/10 µm, striae 

11/10 µm, fibulae 24/10 µm. 

Distribution in Serbia: CP95 Zaliv pritoke stream, FN02 Vrla River, CP93 Zlatibor 

accumulation (Fig. 1, Table 1). 

Nitzschia bryophila (Hustedt) Hustedt (Fig. 3(8)) 

Basionym: Nitzschia frustulum var. bryophila Hustedt 

Reference: Krammer and Lange-Bertalot [37] (p. 74, Figs. 27-29; 103) 

Dimensions: Valve length 12.2-21.37 µm, breadth 3.44-4.5 µm, fibulae 8-13/10 µm, striae 

30/10 µm. 

Distribution in Serbia: EQ40 Mlava, CP79 Drina and CP82 Lim rivers, DP18 Divčibare 

accumulation (Fig. 1, Table 1). 

Nitzschia draveillensis Coste and Ricard (Fig. 3(3)) 

Basionym: Nitzschia draveillensis Coste and Ricard 

http://www.algaebase.org/search/species/detail/?species_id=rdc54c24d5aa98cff
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Reference: Hofmann et al. [26] (p. 106, Fig. 13: 463) 

Dimensions: Valve length 34.34-64.36 µm, breadth 2.23-2.7 µm, fibulae 21/10 µm. 

Distribution in Serbia: EN48 Rasina and FN03 Vlasina rivers (Fig. 1, Table 1). 

Nitzschia palea var. debilis (Kützing) Grunow (Fig. 3(6)) 

Basionym: Synedra debilis Kützing 

Reference: Hofmann et al. [26] (p. 111, Figs. 10-13: 455) 

Dimensions: Valve length 16.53-27.94 µm, breadth 2.43-3.72 µm, fibulae 12-17/10 µm. 

Distribution in Serbia: EN48 Rasina River, CP93 Zlatibor accumulation (Fig. 1, Table 1). 

Nitzschia palea var. tenuirostris Grunow (Fig. 3(4)) 

Basionym: Nitzschia palea var. tenuirostris Grunow 

Reference: Hofmann et al. [26] (p. 111, Figs. 14-20: 455) 

Dimensions: Valve length 31.41-39.5 µm, breadth 3.24-4.64 µm, fibulae 15-16/10 µm. 

Distribution in Serbia: EN48 Rasina, FN02 Vrla, DP26 Zapadna Morava, DQ75 Ponjavica 

(Omoljica) and DQ85 Ponjavica (Brestovac) rivers, DQ58 Gergina Slatina and DR44 Jaruge 

salt marshes (Fig. 1, Table 1). 

Nitzschia solgensis Cleve-Euler (Fig. 3(9)) 

Basionym: Nitzschia solgensis Cleve-Euler 

Reference: Hofmann et al. [26] (p. 117, Figs. 21-25: 461) 

Dimensions: Valve length 9.99-12.64 µm, breadth 3.17-3.24 µm, fibulae 8-10/10 µm. 

Distribution in Serbia: EN48 Rasina River (Fig. 1, Table 1). 

Nitzschia suchlandtii Hustedt (Fig. 3(5)) 

Basionym: Nitzschia suchlandtii Hustedt 

Reference: Krammer and Lange-Bertalot [37] (p. 66, Figs. 12-16; 93) 

Dimensions: Valve length 22.74-33.46 µm, breadth 3.46-3.59 µm, fibulae 11-16/10 µm. 

Distribution in Serbia: EN48 Rasina River (Fig. 1, Table 1). 

Nitzschia vermicularoides Lange-Bertalot (Fig. 3(2)) 

Basionym: Nitzschia vermicularoides Lange-Bertalot 

Reference: Hofmann et al. [26] (p. 115, Figs. 4-6: 468) 

Dimensions: Valve length 77.53-78.08 µm, breadth 4.5 µm, fibulae 14/10 µm. 

Distribution in Serbia: EQ40 Mlava River (Fig. 1, Table 1). 

Pinnularia grunowii Krammer (Fig. 4(2)) 

Basionym: Pinnularia grunowii Krammer 

Reference: Krammer [38] (p. 77, Figs. 7-14; p. 81, Figs. 10-17; p. 82, Fig. 7,8: 100, 222) 

Dimensions: Valve length 33.46-53 µm, breadth 8.31-10.59 µm, striae 12-14/10 µm. 

Distribution in Serbia: EQ40 Mlava, FN02 Vrla and DQ31 Kolubara rivers (Fig. 1, Table 1). 

Pinnularia isselana Krammer (Fig. 4(3)) 

Basionym: Pinnularia isselana Krammer 

Reference: Krammer [38] (p. 103, Figs. 1-20: 132) 

Dimensions: Valve length 33.6-46.3 µm, breadth 7.15-8.63 µm, striae 12-13/10 µm. 

Distribution in Serbia: FN02 Vrla and EP75 Radovanska rivers, CP95 Krnda 2 and CP95 Zaliv 

pritoke streams (Fig. 1, Table 1). 

Pinnularia peracuminata Krammer (Fig. 4(1)) 

Basionym: Pinnularia peracuminata Krammer 

Reference: Krammer [38] (p. 142, Figs. 1-10: 157) 

Dimensions: Valve length 54-61.32 µm, breadth 11-12.96 µm, striae 10-11/10 µm. 

Distribution in Serbia: DN79 Raška River, DQ58 Aleksića Slatina salt marsh (Fig. 1, Table 1). 

Placoneis hambergii (Hustedt) K.Bruder (Fig. 4(7)) 

Basionym: Navicula hambergii Hustedt 

Reference: Krammer and Lange-Bertalot [25] (p. 50, Figs. 9-13: 146) 

Dimensions: Valve length 14.91-19.05 µm, breadth 6.68-7.56 µm, striae 16-17/10 µm. 

http://www.algaebase.org/search/species/detail/?species_id=Ped76fa8b72ea476f
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Distribution in Serbia: EN48 Rasina River (Fig. 1, Table 1). 

Planothidium biporomum (Hohn and Hellerman) Lange-Bertalot (Fig. 4(8, 9)) 

Basionym: Achnanthes biporoma Hohn and Hellerman 

Reference: Wetzel et al. [39] (Figs. 1-18, 37-50: 45) 

Dimensions: Valve length 16.42-18.24 µm, breadth 5.2-5.83 µm, striae 14-15/10 µm. 

Distribution in Serbia: EN48 Rasina, EQ40 Mlava and FN02 Vrla rivers (Fig. 1, Table 1). 

Planothidium reichardtii Lange-Bertalot and Werum (Fig. 4(10, 11)) 

Basionym: Planothidium reichardtii Lange-Bertalot and Werum 

Reference: Werum and Lange-Bertalot [34] (p. 15, Figs. 9-18: 172) 

Dimensions: Valve length 11.94-14.03 µm, breadth 5.06-5.8 µm, striae 14-18/10 µm. 

Distribution in Serbia: DN79 Raška river (Fig. 1, Table 1). 

Psammothidium bioretii (H.Germain) Bukhtiyarova and Round (Fig. 4(16, 17)) 

Basionym: Achnanthes bioretii H.Germain 

Reference: Hofmann et al. [26] (p. 26, Figs. 12-16: 519) 

Dimensions: Valve length 12.08-18.35 µm, breadth 5.46-8.85 µm, striae 23-27/10 µm. 

Distribution in Serbia: EN48 Rasina, EP75 Radovanska and FN02 Vrla rivers, CP95 Zaliv 

pritoke stream (Fig. 1, Table 1). 

Psammothidium grischunum (Wuthrich) L.Bukhtiyarova and Round (Fig. 4(18, 19)) 

Basionym: Achnanthes grishuna Wuthrich 

Reference: Hofmann et al. [26] (p. 26, Figs. 33-37: 521) 

Dimensions: Valve length 8.1-13.57 µm, breadth 3.51-5.18 µm, striae of raphe valve 21-28/10 

µm, striae of rapheless valve 24-26/10 µm. 

Distribution in Serbia: EN48 Rasina and CP76 Vrelo rivers, CP95 Cvetića potok stream (Fig. 

1, Table 1). 

Psammothidium lauenburgianum (Hustedt) Monnier, Lange-Bertalot (Fig. 4(20-23)) 

Basionym: Achnanthes lauenburgiana Hustedt 

Reference: Hofmann et al. [26] (p. 26, Figs. 55-59: 522) 

Dimensions: Valve length 7.22-17.47 µm, breadth 3.91-6.07 µm, striae of raphe valve 23-29/10 

µm. 

Distribution in Serbia: EQ40 Mlava River, Vrutci tributary 12 (Fig. 1, Table 1). 

Reimeria uniseriata (W.Gregory) Kociolek and Stoermer (Fig. 3(32, 33)) 

Basionym: Cymbella sinuata W.Gregory 

Reference: Sala et al. [40] (Figs. 2-10: 445) 

Dimensions: Valve length 11.2-26.24 µm, breadth 3.92-6.21 µm, striae 7-16/10 µm, areolae 

20-24/10 µm. 

Distribution in Serbia: EN48 Rasina, CP86 Rača, DN79 Raška, CP95 Đetinja and EP75 

Radovanska rivers, CP95 Cvetića zaliv, CP95 Cvetića potok, CP95 Simića potok, CP95 Jasik, 

CP95 Jovac, CP95 Bioštanska Banja, CP95 Konjski potok and CP95 Ročnjak streams, Vrutci 

tributary 12 and 13 (Fig. 1, Table 1). 

Sellaphora mutatoides Lange-Bertalot and Metzeltin (Fig. 3(34, 35)) 

Basionym: Sellaphora mutatoides Lange-Bertalot and Metzeltin 

Reference: Hofmann et al. [26] (p. 42, Figs. 1-4: 535) 

Dimensions: Valve length 23.22-23.27 µm, breadth 7.48-8.71 µm, striae 19-21/10 µm. 

Distribution in Serbia: EN48 Rasina and CQ87 Zasavica rivers (Fig. 1, Table 1). 

Simonsenia delognei (Grunow) Lange-Bertalot (Fig. 3(10)) 

Basionym: Nitzschia delognei Grunow 

Reference: Hofmann et al. [26] (p. 117, Figs. 47-50: 540) 

Dimensions: Valve length 8.98-14.23 µm, breadth 2.16-3.11 µm, striae 16-19/10 µm. 

Distribution in Serbia: CP86 Rača and EP75 Radovanska rivers (Fig. 1, Table 1). 

Surirella terricola Lange-Bertalot and E.Alles (Fig. 3(31)) 
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Basionym: Surirella terricola Lange-Bertalot and E.Alles 

Reference: Lange-Bertalot and Metzeltin [6] (p. 77, Figs. 15-19; p. 106, Fig. 16:107) 

Dimensions: Valve length 17.61-22.34 µm, breadth 7.17-8.16 µm, striae 4.5-8/10 µm. 

Distribution in Serbia: CP86 Rača River and CP95 Krnda 2 stream (Fig. 1, Table 1). 

 

DISCUSSION 
On the territory of Serbia, c. 800 diatom taxa have been recorded to date (unpublished database 

of Serbian diatom flora, Krizmanić). The diversity of diatoms in Serbia is relatively low as 

compared to other European countries, e.g. only in two lakes in Macedonia (Lakes Ohrid and 

Prespa) 919 taxa were recorded [14]. The number of diatom taxa in Serbia is very similar to 

the number of recorded taxa in Turkey (more than 800), although Turkey is much larger than 

Serbia [41]. The highest number of recorded taxa in Serbia is widespread and common in 

European, Asian, North and South American freshwaters [7,41-43]. The results of this study 

are based on 55 differnet localities (rivers, streams, channels, accumulations and salt marshes) 

and have expanded the diatom cheklist with 80 new recorded taxa. The reasons for the constant 

increase in the number of recorded diatom taxa are numerous, such as improved light 

microscope resolution and digital cameras with accompanying software, and the increasing use 

of scanning electron microscopy (SEM), which have enabled the description of a great number 

of new taxa as well as the separation of new taxa from sensu lato species.  

One third of our identified taxa are diatoms with a small cell size, and belong to the 

genera Achnanthidium, Adlafia, Fistulifera, Humidophila, Mayamaea and Psammothidium. 

The recently described new taxa, Achnanthidium crassum and Achnanthidium druartii [27,28], 

are separated from the A. pyrenaicum group. A. pyrenaicum was described Achnanthidium for 

the first time by Obušković [44], but it is only now these taxa have provided new records. This 

example illustrates how a better understanding of SEM is important in diatom diversity 

investigations. Also, SEM has led to a marked distinction of the genus Humidophila from 

Diadesmis and the description of new taxa, H. irata and H. brekkaensis [45], which are new 

records for Serbian diatom flora. 

The small-sized genus, Microfissurata, with its unique combination of morphological 

characteristics, was described using both light and SEM. It includes only two species, M. 

paludosa and M. australis [36]. M. australis was recorded at Ročnjak stream in an epilithic 

community, a small-discharge stream affected by seasonal desiccation. However, literature 

data indicate epiphytic and epipelic as the community types, but not epilithic [36]. 

Distinguishing between the Fistulifera pelliculosa form and F. saprophila is hardly possible 

without the use of SEM due to its very small dimensions (8.9-12.5 µm, breadth 4-6.2 µm) and 

specific morphological valve features (numerous copulae of the girdle) [7]. Our findings of 

Fistulifera correlate with literature data. 

In almost all investigated Serbian freshwaters from 1984 to 2016, Reimeria sinuata has 

been recorded [22,44,46,47]. Although more than 15 years ago a related species, R. uniseriata, 

was identified [40], it has not been recorded on the territory of Serbia until now. The 

widespread use of high-resolution light microscopes in Serbia is probably the reason leading 

to an increased insight into the main characteristics of this species, its uniseriate striae, in 

contrast to R. sinuata, which has biseriate striae. 

This study has contributed a diatom checklist and provides a fuller insight of diatom 

diversity in Serbia. As the potential diversity of diatoms in Serbia is probably higher, this type 

of research is very important. Also, further detailed investigation, especially with SEM, may 

identify new interesting taxa for the diatom flora of Serbia. 
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Table 1. Investigated localities with UTM coordinate. 

 

 

 

  
Localities UTM coordinates 

Rasina River EN48 

Raška River DN79 

Rača River CP87 

Vrla River FN02 

Mlava River EQ40 

Radovanska River EP75 

Baturski Rzav River CP66/76 

Kolubara River DQ31 

Zapadna Morava River DP26, EP33 

Karaklijski Rzav River CP66/76 

Drina River CQ64, CQ66, CP79, CP87 

Jegrička River DR22 

Toplica River DP39 

Kačer River DQ50 

Lim River CP82, CP90 

Đetinja River CP95 

Vrelo River CP76 

Zasavica River CQ87 

Belica River EP17 

Ponjavica River (Omoljica) DQ75 

Ponjavica River (Brestovac) DQ85 

Vlasina River FN03 

Krnda 2 stream CP95 

Konjski potok stream CP95 

Cvetića zaliv stream CP95 

Cvetića potok stream CP95 

Zaliv pritoke stream CP95 

Simića stream CP95 

Jasik stream CP95 

Jovac stream CP95 

Bioštanska Banja stream CP95 

Ročnjak stream CP95 

Vrutci tributary 10 CP95 

Vrutci tributary 12 CP95 

Vrutci tributary 13 CP95 

Garaši accumulation DQ50 

Kruščica accumulation CP76 

Bresnica accumulation EP50 

Gruža accumulation DP76/86 

Zlatibor accumulation CP93 

Divčibare accumulation DP18 

Vrutci accumulation CP95 

Pridvorica accumulation EN29 

Bukulja accumulation DQ60 

Danube-Tisa-Danube Canal 

(Sombor) 

CR57 

Danube-Tisa-Danube Canal 

(Bač) 

CR62 

Danube-Tisa-Danube Canal 

(Novo Miloševo)  

DR46 

Danube-Tisa-Danube Canal 

(Bačko Gradište) 

DR24 

Jaruge salt marsh DR44 

Okanj bara salt marsh DR43 

Velika Slatina salt marsh DQ58 

Novo Ilje I salt marsh DR54 

Gergina Slatina salt marsh DQ58 

Kerekszék salt marsh DR28 

Aleksića Slatina salt marsh DQ58 



Figure Legends 
 

Fig. 1. UTM map of Serbia with new recorded diatom taxa localities. 

   – river;     – stream;      – accumulation;   – canal;     – salt marsh 

 

Fig. 2. Light microscopy (LM) micrographs (x1600): 1 Gomphonema zellense; 2 G. lippertii; 

3 G. extentum; 4 G. clavatulum; 5 G. acidoclinatum; 6 G. drutelingense; 7 G. cymbelliclinum; 

8 G. procerum; 9, 10 Microfissurata australis; 11 G. calcifugum; 12 G. saprophilum; 13 G. 

sphenovertex; 14 G. lagenula; 15 Encyonema procerum; 16 E. subminutum; 17 E. 

brevicapitatum; 18 Chamaepinnularia muscicola; 19 Mayamaea fossalis; 20 Cocconeis 

pseudothumensis; 21 Cymbella lange-bertalotii; 22 Kurtkrammeria recta; 23 Encyonopsis 

cesatii; 24 E. krammeri; 25, 26 Halamphora veneta; 27, 28 H. normanii. Scale bar=10 µm. 

 

Fig. 3. Light microscopy (LM) micrographs (x1600): 1 Hantzschia calcifuga; 2 Nitzschia 

vermicularoides; 3 N. draveillensis; 4 N. palea var. tenuirostris; 5 N. suchlandtii; 6 N. palea 

var. debilis; 7 N. acidoclinata; 8 N. bryophila; 9 N. solgensis; 10 Simonsenia delognei; 11 

Craticula molestiformis; 12 Fistulifera pelliculosa; 13, 14 Adlafia minuscula; 15 A. minuscula 

var. muralis; 16 A. suchlandtii; 17 A. aquaeductae; 18 Fallacia insociabilis; 19 F. lenzii; 20 F. 

lange-bertalotii; 21 F. sublucidula; 22, 23 Naviculadicta vitabunda; 24 N. absoluta; 25 

Geissleria ignota; 26 G. paludosa; 27, 28 Humidophila paracontenta; 29 H. irata; 30 H. 

brekkaensis; 31 Surirella terricola; 32, 33 Reimeria uniseriata; 34, 35 Sellaphora mutatoides; 

36 Luticola ventriconfusa; 37 L. triundulata; 38 L. paramutica; 39 L. acidoclinata. Scale 

bar=10 µm. 

 

Fig. 4. Light microscopy (LM) micrographs (x1600): 1 Pinnularia peracuminata; 2 P. 

grunowii; 3 P. isselana; 4 Fragilaria radians; 5 F. pararumpens; 6 Diatoma problematica; 7 

Placoneis hambergii; 8, 9 Planothidium biporomum; 10, 11 P. reichardtii; 12 Amphora micra; 

13, 14 A. meridionalis; 15 A. lange-bertalotii var. tenuis; 16, 17 Psammothidium bioretii; 18, 

19 P. grischunum; 20-23 P. lauenburgianum; 24, 25 Achnanthidium druartii; 26-29 A. 

latecephalum; 30, 31 A. caledonicum; 32, 33 A. eutrophilum, 34, 35 A. crassum; 36, 37 A. 

straubianum. Scale bar=10 µm. 

 

Fig. 5. Scanning electron microscopy (SEM) micrographs: 1 Gomphonema cymbelliclinum; 2 

Fistulifera pelliculosa; 3, 4 Achnanthidium latecephalum. Scale bar=2 μm. 
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1  Introduction

During the last few decades great attention is being devoted to the development of new 
materials for biomedical applications. Currently metallic biomaterials (stainless steels, 
Co–Cr alloys, Ti and its alloys) are the most widely used materials in this field, especially 
for orthopedic implants. An ideal metallic biomaterial should satisfy the criteria such as 
biocompatibility, high corrosion resistance, high strength and low elastic modulus close to 
that of human bones. Physical and particularly chemical characteristics of the material are 
to a large extent defined by their surface, so because of that, examination of thin films and 
coatings of biomaterials requires more attention.

Some previous investigations show that the Ti–Ta alloys are promising materials for 
biomedical applications due to excellent corrosion resistance and better mechanical charac-
teristics than pure Ti (Zhou et al. 2004a, b, 2005; Zhou and Niinomi 2009; Kesteven et al. 
2015; Liu et al. 2015). Multilayered metallic thin film structures are very useful for wide 
applications due to their properties, such as enhanced hardness or unusual phase composi-
tion, compared to single component systems (Sproul 1996). Ti/Ta multilayers belong to 
the so-called immiscible materials, in which chemical driving forces can prevent radiation 
induced atomic mixing at their interface. The absence of interlayer mixing was shown dur-
ing the Ar+ ion irradiation of this system up to relatively high fluence of 2 × 1016 ions cm−2 
(Milosavljević et al. 2011).

It is generally accepted that creating an appropriate porous structure on the Ti-based 
implant surface is very important when biocompatibility is of great concern. Chemical and 
thermal treatments have usually been used for creating such porous structures (Yang and 
Huang 2010; Nishiguchi et al. 2003; Fujibayashi et al. 2004). However, these roughening 
procedures induce contamination of implants. On the other hand laser irradiation provides 
contamination free roughening process because it enables surface treatments without direct 
contact and easy control of the surface roughness (Jeong et al. 2011).

Surface modification of biomaterials by ultrafast laser processing is considered an 
innovative technique, which contributes to improved cell integration and inhibits bac-
terial growth. Different types of the novel surface motives (ripples, groves, spikes) with 
sub-micron sized features are produced by ultrafast laser processing, while the chemical 
and physical properties of semiconductor, dielectric and metallic surfaces are significantly 
modified. Laser-assisted changes of chemistry, charge, topography and wettability of the 
surface can improve the degree of biocompatibility in terms of promoting cell adhesion, 
spreading and proliferation (Stratakis et al. 2009; Simitzi et al. 2015, 2017).

This article presents the results of structural and compositional investigations of the 
laser beam induced effects in Ti/Ta multilayer system. A defocused Nd:YAG laser beam 
was used, with two different energies. Beam was scanned over the sample surfaces. The 
aim of these experiments was to investigate the possibility of interlayer mixing in this sys-
tem caused by irradiation with picoseconds laser pulses.

2 � Experiment

Ti/Ta multilayer structure consisted of 10 alternate Ti and Ta thin films, with individ-
ual thickness of ~ 18  nm each, covered with slightly thicker Ti film (~ 27  nm). Total 
thickness of deposited structure, measured with a talystep profilometer, was ~ 205 nm. 
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Samples were deposited in a Balzers Sputtron II system, using 1.2 keV argon ions and 
99.9% pure Ti and Ta targets. The base pressure in the chamber was ~ 2 × 10−6 mbar, 
and the partial pressure of Ar during deposition was 1 × 10−3 mbar. Complete mul-
tilayer structure was deposited in a single vacuum run, at an average deposition rate 
of ~ 0.13  nm  s−1 for both materials onto (100) Si wafers at ambient temperature. The 
first layer deposited on the silicon substrate was titanium. Si wafers were cleaned by 
standard HF etch and a dip in deionised water before being mounted in the chamber.

The samples were irradiated by a defocused Nd:YAG laser beam with energies of 
4 and 8 mJ. Nd:YAG laser (model EKSPLA SL212P) was operated in the fundamen-
tal transverse mode (TEM00 mode). Distribution of energy over the spots was near 
Gaussian with energy maximum in the centre of the laser spot. All irradiations were 
performed in air, and laser beam was perpendicular to the sample surface. The laser 
beam output characteristics were: wavelength 1064 nm, pulse duration ~ 150 ps and lin-
early polarised. The pulse-to-pulse energy variation was ~ 10% with typical pulse rep-
etition rate of 10 Hz. Diameter of the laser spot on the sample surface was 3 mm, so 
that laser pulse fluences were 0.057 and 0.11  J  cm−2 for energies of laser beam of 4 
and 8 mJ, respectively. Laser beam was scanned over the sample surfaces with different 
steps along y-axes covering an area of 5 × 5 mm2. Description of the analysed samples is 
shown in Table 1.

Compositional and structure analyses were done by auger electron spectroscopy 
(AES), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and 
scanning electron microscopy (SEM).

The depth distribution of elements in as deposited and laser treated samples was ana-
lysed by auger electron spectroscopy in the PHI SAM 545 spectrometer. For electron 
excitation a primary electron beam of 3 keV and 0.5 μA, with a diameter of 40 μm, was 
used. During AES depth profiling, the samples were sputtered by two symmetrically 
inclined Ar ion beams of 1 keV. The sputtering area was 6 × 6 mm2. The quantitative 
composition was determined using the relative sensitivity factors provided by the instru-
ment manufacturer.

XPS analyses were carried out on the PHITFA XPS spectrometer manufactured by 
physical electronics Inc. XPS spectra were excited by X-ray radiation from an Al mono-
chromatic source. The changes of surface morphology, induced by laser treatment, were 
examined by atomic force microscopy (Solver PRO47) in oscillating mode. SEM analy-
ses of samples surface and fracture cross section of sample 4 (irradiated with laser beam 
energy of 8 mJ) was performed by MIRA3 TESCAN microscopy.

Table 1   Samples description

Sample Laser beam 
energy
(mJ)

Laser pulse 
fluence
(J cm−2)

Scan speed along 
x-axis
(μm s−1)

Step distance 
along y-axis
(μm)

Total number of 
applied laser pulses

1 – – – – –
2 4 0.057 300 300 2670
3 4 0.057 300 200 4170
4 8 0.11 300 300 2670
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3 � Results and discussion

AES depth concentration profiles of elements in the as deposited and laser treated Ti/Ta 
samples are presented in Fig. 1. The surface of as deposited sample (1) is contaminated 
with oxygen and carbon. Concentrations of O and C are 41.7 and 42.5 at.% respectively, 
and they decrease very fast to a few atomic percent inside the top titanium layer. Ti and 
Ta layers are well separated in the whole multilayered structure. Due to small thickness 
(~ 18 nm) of individual layers and limited depth resolution of AES method, some overlap-
ping between Ti and Ta curves is visible. This phenomenon can be assigned to limitations 
of the AES analytical method rather than mixing of the layers. Enhanced concentration 
of oxygen (about 7 at.%) was registered in the first Ti layer deposited on silicon substrate. 
This is a consequence of degassing of the vacuum system at the beginning of thin film 
deposition process and high reactivity of titanium.

In the case of lower energy of applied laser pulses (samples 2 and 3) laser irradiation 
induces oxidation of the top Ti layer. Oxygen signal spreads within this layer up to inter-
face with Ta. All other layers beneath remain unaffected, and Ta and Ti signals are still 
well separated. Enhanced concentration of oxygen in the near surface region originates 
from the fact that laser irradiation was performed in air. Reason for observed increased 
incorporation of oxygen is the high temperature on the sample surface during the laser 
interaction and great reactivity of titanium. It also can be seen that time necessary for 
completely removing of deposited layers is higher for laser treated samples compared 

Fig. 1   AES depth profiles of as deposited (1) and laser treated (2–4) samples
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to as deposited. This phenomenon can be explained by formation of Ti–O oxides which 
have lower sputtering coefficients than those of pure titanium and tantalum.

Multilayered structure was completely destroyed by applying the laser beam with 
higher energy (sample 4). Signals of Ti and Ta are practically equalised and spread deep 
into the sample, but their concentrations are considerably lower (about 10 at.%). High 
concentration of Si (~ 60 at.% at the sample surface) and lack of concentrations of Ti 
and Ta may be the result of inhomogeneous ablation of deposited layers. Laser spot 
overlapping was the greatest in the central part of irradiated sample and induced their 
complete removal, while at the peripheral areas, layers have not completely ablated, 
some still remained. It may be presumed that AES depth concentration profiles repre-
sent some average values of elements concentration that include both ablated and not 
fully ablated parts of the sample.

The results of surface composition of as deposited and laser treated samples, per-
formed by XPS, are shown in Fig. 2. The aim of this analysis was to deduce whether Ta 
occurs at the sample surface as a result of laser irradiation. Its appearing would indi-
cate intermixing of layers. Presence of titanium and contaminants, carbon and oxygen, 
was registered on the surface of as deposited sample (1). These contaminants appear on 
the surface of all samples due to their adsorption from atmosphere. Tantalum does not 
appear on the surface in the cases of laser treated samples at lower energy of laser beam 
despite on the number of applied laser pulses (samples 2 and 3). It occurs only for sam-
ple treated with laser beam at higher energy (sample 4). In that case a large amount of 
silicon was also registered on the sample surface.

XPS analysis show that titanium appeared at the sample surface in the oxide but not 
metal state in all analysed samples (1–4). Tantalum and silicon are in oxide state at 
the surface of sample 4 as well. It is well known that clean surfaces of many materials 
(Ti, Al, Si, etc.) spontaneously react with air, even at room temperature, to form a thin 
native oxide layer. These layers are usually very dense and can prevent further oxida-
tion. Laser irradiation caused additional oxidation and oxide layer became wider, as can 
be seen in AES analysis for samples 2 and 3.

AES and XPS analysis show that, except the phenomenon of oxidation of the top 
Ti layer, multilayered Ti/Ta structure is very stable upon the laser irradiation for laser 
pulse fluence of 0.057 J cm−2 (laser beam energy 4 mJ). Appliance of higher laser pulse 
fluence (0.11 J cm−2) leads to the complete destruction of this thin film structure.

Fig. 2   XPS surface composi-
tion of as deposited (1) and laser 
irradiated (2–4) samples
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The results of AFM analysis of as deposited and laser treated samples are shown in 
Fig. 3. Average surface roughness, measured over an area of 5 × 5 μm for all samples, is 
presented on the same figure.

It is obvious that laser irradiation induces enhancing of surface roughness. This increase 
is particularly pronounced for sample irradiated with laser pulses with higher energy (sam-
ple 4). Application of laser beam with lower energy (samples 2 and 3) causes the formation 
of a mesh of micro-cracks, which contributes increasing of surface roughness. This effect 
is more pronounced for sample irradiated with larger number of laser pulses (sample 3 
compared to sample 2).

The results of SEM analysis of as deposited and laser treated samples are presented in 
Fig. 4. As deposited Ti/Ta sample has a flat, mirror-like surface. As was shown in AFM 
analysis, irradiation with lower laser pulse fluence of 0.057 J cm−2 causes the formation of 
micro-cracks on the top Ti layer.

SEM micrographs of sample 4, treated with higher laser pulse fluence, confirm the 
assumption about full and/or partial removing of deposited layers. Completely ablated 
areas are visible on the left micrograph of the sample 4. Magnified area with residual layers 
is shown on the right micrograph of the sample 4. Dark and bright sections within residual 
layered structure indicate possible mixing between Ti and Ta. Bright parts correspond to 
tantalum and dark to titanium.

Formation of micro-cracks may be explained by the fact that short processing cycles 
permit material transformations within thin films and surfaces without a significant influ-
ence on the substrate or underlying bulk material (Bäuerle 2000; Mondal et  al. 2008; 
Petrović et al. 2012). As was mentioned earlier, on the surface of the cover Ti layer a very 
thin amorphous oxide film (thickness of a few nm) was formed. This formation is a con-
sequence of high reactivity of titanium (Peruško et al. 2015). According to XPS analysis, 
this surface oxide layer is mainly TiO2 and it cannot follow the fast heating and quench-
ing processes caused by laser pulses. This leads to cracking of this oxide film and enables 

Fig. 3   AFM images and average surface roughness of as deposited (1) and laser irradiated (2–4) samples
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further oxidation of underlying Ti layer. AES analyses show that this process is limited to 
the cover layer only, for lower value of laser pulse energy. Approximate calculation of sur-
face temperature, for laser pulse fluence of 0.057 J cm−2, gives the value of 1550 K. Since 
the melting temperature of Ti is 1941 K, it is probably the reason for absence of melting 
and ablation of cover layer. For fluence of 0.11 J cm−2 the surface temperature reaches the 
value of 2280 K and in this case melting and ablation of titanium layer can be expected 
to appear. The melting temperature for tantalum is 2744 K and its coefficient of thermal 
expansion is about 30% lower compared to that of titanium. Ta thin film cannot follow the 
expansion of melted titanium and cracks into small fragments that are trapped and fused 
into Ti. Ablation of titanium includes the ablation of trapped tantalum fragments. Con-
firmation of this assumed mechanism for ablation could be seen in the SEM micrograph 
of surface of sample 4 (Fig. 4). In solidified titanium there can be seen some isolated Ta 
fragments.

Fig. 4   SEM analysis of surfaces of as deposited (1) and laser treated (2–4) samples
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SEM analysis of fracture cross section of sample 4 (Fig. 5) explicitly show that laser 
treatment with higher energy of laser pulses induces partial mixing between Ti and Ta lay-
ers. Fracture cross section of part of sample that is not affected by laser beam is present in 
Fig. 5a. Well separated Ti and Ta layers are clearly visible.

Micrographs shown in Fig. 5b, c are taken from the parts of sample close to boundary 
with unaffected zone. The layers close to Si substrate (five or six of them) stay well sepa-
rated, while the upper part of multilayered structure is completely mixed.

Due to Gaussian distribution of energy over the laser spot, energy (and laser pulse 
fluence) is lower in this zone. Also, overlapping of laser spots near the border is smaller 
compared to central part of irradiated zone. Mixing between Ti and Ta layers is less pro-
nounced immediately next to the boundary (Fig. 5b).

Moving away from the border interlayer mixing becomes more expressed (Fig. 5c). Sur-
face roughness increases, deposited layers accumulate in the form of hills in some places 
and their height overcomes the total thickness of deposited layers. In other places depos-
ited material is almost completely removed. Probably, these effects are responsible for laser 
induced ablation visible in Fig. 4.

Fig. 5   Fracture cross section of sample (4) irradiated with laser pulse fluence of 0.11 J cm−2
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Laser induced modification of materials is based on the high temperature created at the 
surface during very short laser pulses. If the pulse duration is longer than a few tenths of 
picoseconds, laser–material interaction can be considered as thermally activated (Bäuerle 
2000). It has been shown that irradiation of multilayered thin film systems by pico-seconds 
laser pulses induces mixing of constituent films incorporated within heat-affected zone 
(HAZ; Peruško et  al. 2012, 2013). Approximate calculation of the HAZ (Bäuerle 2000) 
for this Ti/Ta multilayered system and applied laser beam parameter (duration of laser 
pulse of 150 ps) gives the value of 68 nm. This result coincides fairly well with observed 
intermixed layers shown in Fig. 5b. However, formula for HAZ contains only laser pulse 
duration and thermal diffusivity of materials. In that case the amount of mixed material, 
incorporated within HAZ, should be the same regardless of the laser pulse fluence. But, for 
fluence of 0.057 J cm−2 mixing between Ti and Ta layers was not observed. Probably, the 
process of interlayer mixing in this case is related to the energy of laser pulses, which must 
be sufficient to overcome the activity of chemical driving forces.

4 � Conclusions

Irradiation of Ti/Ta multilayer structure, performed in air by defocused Nd:YAG picosec-
onds laser pulses at fluence of 0.057 J cm−2, did not induce interlayer mixing regardless on 
the number of applied laser pulses. Only oxidation of the top Ti layer was observed under 
these conditions.

Appliance of the laser pulses with fluence of 0.11 J cm−2 leads to partial or complete 
ablation of multilayered structure, mixing between Ti and Ta films and large increase in 
surface roughness. Incomplete mixing of layers appeared in the vicinity of boundary with 
untreated part of sample.

Obtained results indicate that the use of picoseconds laser pulses with fluences in inter-
val (0.057–0.11) J cm−2 can be very useful for mixing of titanium and tantalum layers and 
fabrication of a new material for medical implants. Suitable choice of films thicknesses, 
laser pulse fluence and scan speed over the sample surface would lead to the desired com-
position of this alloy.
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Abstract  The oxidation behaviour and morphological modification of CrN/(Cr,V)N coat-
ings on Si wafers were studied after UV nanosecond laser (wavelength 248 nm, pulse dura-
tion 25 ns) processing in ambient air. The evolution of the surface composition and micro-
structure with the number of accumulated/subsequent pulses was systematically analysed 
depending on the initial content of vanadium in the as-deposited coatings. Irradiation of 
CrN/(Cr,V)N coatings with different content of vanadium was carried out at a fluence of 
0.17  J  cm−2 with different number of pulses. The concentration of metallic components 
was fairly homogeneous distributed throughout the sample. However, on surface and in 
sub-surface regions the contents of Cr and V are diminished due to laser-induced oxidation. 
The composition and thickness of forming oxides mixture, Cr2O3 and V2O5, are depending 
on the number of applied laser pulses and the initial vanadium content. The asymmetric 
progress of surface morphology is characterized by the formation of grainy structures at 
peripheries and the appearance of cracks and irregular closed shapes in the centre of the 
irradiation area.
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1  Introduction

Transition metal nitrides are widely applied as hard protective coatings. Simple binary 
(TiN and CrN) and ternary (TiCrN, TiAlN and CrVN) nitride systems are used, due to 
their high hardness, wear resistance, thermal stability, oxidation resistance, and chemi-
cal inertness (Yongqiang et al. 2013; Polcar et al. 2007; Uglov et al. 2005; Panjan et al. 
2015). For cutting and forming tools, marine and machinery components, aerospace and 
automotive parts, new protective coatings have been intensively investigated, including ter-
nary components, multilayer and nanocomposite structures (Shi et al. 2013; Drnovšek et al. 
2015). The original idea with ceramic CrN coatings has been to prevent corrosion, but its 
high coefficient of friction hinders the application as wear protection (Uchida et al. 2004; 
Perfilyev et  al. 2013). Adding a third element is an effective method to further improve 
the mechanical properties and oxidation resistance of the CrN coatings, obtaining ternary 
nitrides in form of nanocomposite or single-phase (solid solution) coatings (Rapoport 
et  al. 2014). Addition of vanadium to form CrVN coating has improved the tribological 
and lubricious properties with roughly the same hardness and toughness as the CrN coat-
ing. The existence of vanadium in form of VN is particularly interesting because of easy 
oxidation in Magneli-phase with the specific property that planes can slide leading to self-
lubricating (Wua et al. 2013; Qiu et al. 2014). The sliding performance of CrVN is highly 
superior as compared to CrN, especially in the case of motor oil environment at 373 K (Qiu 
et al. 2014).

Material laser processing can be used as heat treatment, welding and processes based 
on material removal (Gaković et al. 2012; Iordanova and Antonov 2008). Laser process-
ing without material removal is important for alloying, cladding, hardening etc., when the 
purpose is to improve the surface properties by changing the chemical composition or/and 
structure (Baurle 2000; Dumitru et al. 2005). When metallic sample irradiated by different 
laser pulses in an oxidizing atmosphere, oxide layers are formed on the metal surface. The 
oxide layers majorly change the surface properties in two aspects: (1) the surface absorptiv-
ity effected by the increase in thickness of oxide layers and (2) the colour of surface varied 
by the colour of the oxide layers. The following advantages of laser-induced oxidation with 
respect to other methods are limitation of the process to a small area with a resolution 
down to laser wavelength, high precision spatial–temporal control, short processing time, 
high repeatability and formation of new types of oxides (Stefanov et al. 2006; Mondal et al. 
2008). The surface structure, mechanical, corrosion and optical properties after laser pro-
cessing can be modified by formation of relatively thin oxide layers (Petrović et al. 2014; 
Cui et al. 2008).

Studies of specific and complex samples, such as thin films or coatings deposited on a 
substrate, are highly desirable nowadays, primarily due to the existence of new, improved 
properties of the systems which are different from the bulk material (Ramos et al. 2006; 
PalDey and Deevi 2003). The combination of a nanolayer of binary CrN and ternary CrVN 
exhibits remarkable physical–chemical and mechanical characteristics, among which high 
corrosion resistance (Qiu et  al. 2014). The goal of this work was to study laser-assisted 
surface oxidation with morphological changes induced by an UV nanosecond excimer laser 
source emitting at 248 nm on complex CrN/(Cr,V)N coating deposited on silicon substrate. 
The influence of different content of vanadium in the CrVN coatings on the laser-induced 
surface oxidation by various numbers of irradiation pulses was investigated. This research 
should contribute to a better understanding of the oxidation process of this complex CrN/
(Cr,V)N system in extreme conditions such as nanosecond UV laser pulses.
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2 � Experimental

2.1 � Sample preparation

The samples in form of multi-layered coatings were prepared by DC magnetron sput-
tering in a CC800/9 (Ceme Con) industrial unit. The nanolayer CrN/(Cr,V)N coatings 
were deposited from one pair of chromium and one pair of Cr/V triangular targets with 
target power of 9.5 kW. Ion etching with bias on a turntable of 650 V was conducted for 
75 min in mixed argon (flow rate 120 ml min−1) and krypton (flow rate 90 ml min−1) 
atmosphere under a pressure of 0.35 Pa. In this way a set of samples with a composition 
gradient along the chamber’s vertical axis were deposited in a single process. The vana-
dium concentration in the (Cr,V)N layers was varied in the range (1.0–11.5) at% (Panjan 
et  al. 2015). As substrate, silicon wafers were mounted on a one-, two- and threefold 
rotating substrate holder. By using double rotation it was possible to produce nanolay-
ered coatings with a uniform thickness of the constituent layers. The total operating 
pressure was maintained at 0.6 Pa, with the flow rates of nitrogen, argon and krypton 
being 100, 160 and 110  ml  min−1, respectively. Prior to the deposition, the chamber 
was heated to 450 °C. The multilayer system composed of two different layers, i.e. CrN/
CrxV1−xN was prepared in single vacuum run at the deposition rate ~ 1.7 μm h−1. Thick-
ness of particular layer was about 40 nm. For the study reported here, two samples with 
different vanadium concentration (6  at% (sample I) and 12  at% (sample II)) and total 
coating thickness of ~ 6.5 and 5.7 μm, respectively, were chosen.

2.2 � Laser irradiation

The CrN/(Cr,V)N multilayer coatings were irradiated by nanosecond laser beam in 
ambient air. The laser source (Compex Pro 205) employed in the research was an exci-
mer laser system emitting at 248 nm wavelength. The temporal pulse width was of 25 ns 
and a frequency repetition rate of 3  Hz. The laser beam was focused on the samples 
through a mask with dimension of 2 mm2. The used energy per pulse (Ep) was 100 mJ, 
corresponding to a laser fluence of 0.17 J cm−2. Multi-pulse irradiation was performed 
with 5 and 10 pulses.

2.3 � Sample characterization

The depth profile in the non-treated and laser-treated areas of the CrN/(Cr,V)N coatings 
was analysed by Auger electron spectroscopy (AES) in a PHI SAM 545 spectrometer. 
Compositional analysis of the CrN/(Cr,V)N coatings was done by X-ray photoelectron 
spectroscopy (XPS) using the PHI-TFA XPS spectrometer. XPS spectra were excited by 
X-ray radiation from an Al standard and an Al-monochromatic source. The relative sen-
sitivity factors were used for the calculation of surface concentrations (Moulder et  al. 
1995), and they were provided by an instrument producer. Detailed characterization of 
the morphological changes of the sample surface after laser irradiation was performed 
by confocal microscopy and scanning electron microscopy (SEM). SEM micrographs 
were obtained with the field emission (FE) SEM (TESCAN, MIRA 3) operating with 
secondary and backscattered electron detectors.
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3 � Results and discussion

Laser-induced modification was done under the same experimental conditions for both 
chosen samples, CrN/(Cr,V)N coatings with different content of vanadium. The changes in 
composition and depth distribution of components after laser irradiation with 5 pulses of 
CrN/(Cr,V)N system were recorded by AES. The depth profile of components through the 
samples almost 200 nm from the surface, are presented in Fig. 1a, b. The sample I refers to 
nanolayer CrN/(Cr,V)N coatings with a lower content of vanadium (6%). Its depth profile 
after laser treatment shows that the concentration of metallic components was rather homo-
geneous distributed throughout the sample with the following concentrations: chromium 
~ 60% and vanadium ~ 6% (Fig. 1a). Depth profile for sample II with higher vanadium con-
tent shows the same uniform distribution but with different values of chromium (~ 48%) 
and vanadium (~ 12%) concentrations (Fig. 1b). Wavy shape of the concentration profile 
for chromium can be associated with the change of chromium content in the alternately 
deposited CrN and (Cr,V)N layers. At surface and in sub-surface region, the contents of 
Cr and V are reduced due to the surface oxidation. In the sample I, the oxidation process 
was prolonged in the depth of coating, where the nitrogen atoms are replaced by oxygen 
atoms. Oxygen atoms have penetrated the coating, wherein the concentration of oxygen on 
the surface of about 30% (without surface contamination with CO2) and gradually reduces 
to a depth of 200 nm (Fig. 1a). In the sample II with higher content of V, the penetration 
of oxygen included only sub-surface region to a depth of 8 nm, without noticeable replace-
ment with nitrogen atoms (Fig. 1b).

Analysis of the binding energy in the corresponding XPS spectra was used for the deter-
mination of chemical states of the constituents (Cr, V, O and N) after laser processing of 
CrN/(Cr,V)N coatings with accumulated 5 pulses. For sample I, the changes in binding 

Fig. 1   AES depth profile of 
CrN/(Cr,V)N multilayer coat-
ings: a sample I with 6% at of 
vanadium, b sample II with 11% 
at of vanadium, after nanosecond 
laser processing with fluence 
F = 0.17 J cm−2 with 5 pulses 
irradiation
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energies are presented at the surface (red lines in Fig. 2) and in the depth of 6 nm (blue 
lines in Fig. 2). Both metallic constituents (Cr and V) formed oxides phases mostly at the 
surface than in the sub-surface layer. The concentration of V-oxide in form of V2O5,with 
the binding energy of 517 eV (Fig. 2a), was about 40% while Cr2O3 oxide, with the bind-
ing energy 577 eV (Fig. 2b), had the concentration on the surface close to 60% (http://xpssi​
mplif​ied.com/perio​dicta​ble.php). The relative concentration of V-oxide phase is drastically 
decreased in the depth of the sample, reaching only 5% at 6 nm. However, only 10% of 
Cr-oxide has remained in sub-surface region at 6 nm depth. Nitride states of V and Cr are 
dominant phases in sub-surface region, at a depth of 6 nm. The binding energy for metallic 
V (512.3 eV) is very close to V-nitride state (514.2 eV) while the V 2p peak was asymmet-
rical shifted towards higher values of binding energy, which is indicative for the presence 
of both chemical states (Fig. 2a) (Wang et al. 2016). The same situation was observed for 
Cr species, metallic Cr (574.3 eV) and Cr-nitride (575 eV), which had close binding ener-
gies and also an asymmetrical Cr 2p peak moved to higher values (Fig. 2b) (Wang et al. 
2016). The N 1 s peak was appearing at the binding energy of 397 eV, which is attributed 
to nitride state. During the laser-induced surface oxidation, an ultra-thin layer, composed 
from mixture Cr2O3 and V2O5 was preferentially formed on the surface. The laser action 
is likely to cause diffusion of elements between layers. Since the top-surface layer is CrN, 
vanadium can reach the surface by diffusion and react with oxygen from the air to form 
V-oxide phase. In the depth, the Cr-oxide phase was majority in comparison with V-oxide, 
due to the initial higher content of Cr species in the as-deposited CrN/(Cr,V)N coating. 

The laser-induced composition modification in surface and sub-surface region for sam-
ple II (with higher content of vanadium) after cumulative action with 5 pulses have shown 
very similar results as in sample I. The same chemical phases (Cr2O3 and V2O5) were 
formed in the ultra-thin oxide layer, while both metallic constituents and/or nitride states 
were observed at 6 nm depth of the modified CrN/(Cr,V)N coating (Fig. 3a, b). However, 
the concentration of corresponding oxide phases were different, namely the surface con-
centrations were about 25% for V oxide and 75% for Cr oxide. Surface concentrations of Cr 
oxide for sample II had higher values in comparison with sample I under the same experi-
mental conditions. At the depth of 6 nm, both components (Cr and V) appeared in a very 
small percentage as oxides (~ 5%), which is consistent with AES analysis proving that the 
sample II undergone a lower degree of laser-assisted surface oxidation.
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Fig. 2   XPS spectra of a V 2p and b Cr 2p regions of sample I (low content of V) obtained on the surface 
and in the depth of 6 nm after laser treatment with five pulses at fluence of F = 0.17 J cm−2. (Color figure 
online)
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The changes in surface and sub-surface composition are also accompanied with 
changes morphological modification of irradiated surface. In the central part of the 
modified area, the separation of the different oxide phases at the surface based on 
the regions with different reflectivity is observed (regions with different colours in 
Fig. 4). The absorptivity of the irradiated surface changed considerably with change of 
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Fig. 3   XPS spectra of a V 2p and b Cr 2p regions of sample II (high content of V) obtained on the surface 
and in the depth of 6 nm after laser treatment with five pulses at fluence of F = 0.17 J cm−2

Fig. 4   Confocal images of the central modified zones of the CrN/(Cr,V)N multilayer coatings, after nano-
second laser processing with fluence F = 0.17 J cm−2 with five pulses irradiation
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thickness of the oxide layers as result of molecular absorption and interference effect 
(Li et al. 2009). Also, different types of oxides have different spectral reflectance during 
the illumination by light, resulting in showing of various colours. The different colours 
of the irregular closed shapes with cracks can be associated with different oxide phases 
(Cr2O3 and V2O5), which are segregated on the irradiated surface for both samples 
(Fig. 4). Unmodified areas for both samples did not show changes in colours, which can 
be attributed to the presence of the one phase on the surface.

The dominant morphology characteristic was the occurrence of the cracks with 
dimensions (length and depth) gradually increasing from periphery to centre of irradi-
ated areas for both samples (Fig. 5A1–B2). Locally removal/exfoliation of surface layer 
(probably CrN) was recorded at the surface of the sample I (Fig.  5A2), which could 
point to the formation of V-oxide phase with specific property to easy sliding the planes.

This further enables the presence of V2O5 phase on the surface because the (Cr,V)N 
layer become the surface layer in contact with air. In very small regions of the order of 
100 nm, the surface melting was recognized/observed in the top layer and in the opened 
layer created by the previous exfoliated surface layer (Fig.  5A3, A4). Hydrodynamic 
feature of these surface melting are appearing as cone-like forms or spikes. At the sur-
face of the sample II, the cracks were quite densely arranged, generating some netting-
mosaic structure with irregular shapes contoured by cracks. However, at the surface is 
not observed the removal/exfoliation of the top layer, and also no noticeable locally sur-
face melting as for the sample I (with lower vanadium content). The surface between 
cracks seems rather smooth (Fig. 5B3), only an initial melting very rarely occurs in the 
form of small circular cavities (Fig. 5B4).

Laser-induced morphological modification of CrN/(Cr,V)N samples with different 
content of vanadium was reported after cumulative action with 10 pulses (Fig. 6). The 
SEM images have shown that the exfoliation of surface layer was occurring for both 

Sample I

10 µm 10 µm 500 nm 500 nm

Sample II

10 µm 10 µm 500 nm 500 nm

A1 A2 A3 A4

B1 B2 B3 B4

Fig. 5   SEM analyses of the CrN/(Cr,V)N multilayer coatings, after nanosecond laser processing of both 
sample I (low content of V) and sample II (high content of V) at fluence F = 0.17 J cm−2 with five pulses 
irradiation
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samples (Fig. 6A1–B2). The exfoliation is more pronounced in the sample I, which is 
consistent with the changes obtained in the case of the laser processing with 5 pulses.

At the same time, the formation of cracks was recorded at the top layer. Regions covered 
by surface melting are larger for the sample I, cavities were formed on the surface layer 
and the cone-like structure was induced in the bottom layer (Fig. 6A3, A4). A local surface 
melting was not observed in the sample II, in accordance with the higher melting point of 
the sample with larger vanadium content. Laser treatment of the sample II with accumu-
lated 10 pulses induced the formation of a parallel periodic structure at the periphery of 
irradiated area. The width of periods decreased (from 800 nm to 300 nm) with the distance 
from the centre of the irradiated zone to the far periphery. The origin of these periodic 
structures can be associated with the wrinkling of softened material, because the periodic-
ity of these ripples is not comparable with the applied wavelength.

The oxides start to nucleate and growth through chemical reaction between oxygen and 
metallic component (Cr and V) at the gas-nitride surface. The oxidation reactions were 
spontaneous process for Cr and V due to the corresponding Gibbs free energy values 
(∆G = − 1053.10 kJ mol−1 for Cr2O3 and ∆G = − 1421.15 kJ mol−1 for V2O5) were nega-
tive (Vaz et al. 2013). The more negative ∆G for V2O5 than for Cr2O3 at the same tempera-
ture suggesting the greater affinity with oxygen is vanadium. On the other hand, thermody-
namics strongly prefers the formation of oxides to nitrides (V2O5, ∆G = − 1421 kJ mol−1; 
VN, ∆G° = − 191 kJ mol−1), the oxidation process is extremely sensitive to the presence 
of oxygen even in trace amounts (Galesic and Kolbesen 1999). However, on the irradi-
ated surface for the both samples, the concentration of Cr2O3 had higher values. The top/
surface layer was CrN causing higher initial concentration of Cr on the surface in compare 
to vanadium surface concentration. Appearance of vanadium atoms on the surface may be 
consequence of thermal activated diffusion and/or exfoliation of top CrN layer during the 
laser treatment. The oxidation mechanism can be assumed to be controlled by diffusion 
of component at the surface and in depth of samples. The formation of oxides at the high 

Sample I

10 µm 10 µm 500 nm 500 nm

Sample II

10 µm 10 µm 500 nm 2 µm

A1 A2 A3 A4

B1 B2 B3 B4

Fig. 6   SEM analyses of the CrN/(Cr,V)N multilayer coatings, after nanosecond laser processing of both 
sample I (low content of V) and sample II (high content of V) at fluence F = 0.17 J cm−2 with 10 pulses 
irradiation
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temperature and atmospheric pressure mainly depends on the thermodynamic and kinetic 
factors, as well as the initial concentration. One of addition reason why vanadium prevents 
the replacement of nitrogen by oxygen in the sample II, can be good performance of VN 
and V2O5 as diffusion barriers (Galesic and Kolbesen 1999).

4 � Conclusion

Multi-pulse irradiation provided enough input energy for laser induced surface oxidation 
and interaction between the sample constitutive components and oxygen. For the selected 
experimental conditions, the CrN/(Cr,V)N multilayer coatings are oxidized. They actu-
ally consist mostly of a mixture of oxides, Cr2O3 and V2O5 depends on the components 
which are brought on the surface either by diffusion of components or exfoliation. The 
composition and thickness of this ultra-thin oxide layer correlates with the applied number 
of laser pulses. The penetration depth of oxygen largely depends on the concentration of 
vanadium, which is blocking the replacement of nitrogen by oxygen inside coating with 
beneficial results on corrosion deceleration and stopping. This is demonstrated by SEM 
evidence showing an increased degradation by exfoliation and cracking in case of sam-
ple with 6% at V, which is prone to an enhanced corrosion. This is expected to result in a 
significant increase of the protective role of substrate by the applied, laser modified CrN/
(Cr,V)N coating.
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Abstract: As data on the distribution of freshwater sponges (Porifera, Demospongiae, Spongillida) in Serbia are 
extremely scarce, we investigated the main Serbian rivers and lakes with respect to Porifera occurrence, for which 
17 lotic and 11 lentic water bodies were selected. Sponges were found in 11 of 17 rivers (62 specimens in total) and 
in 3 of 11 lakes/reservoirs (seven specimens in total). Classical morphological spicule analysis was coupled with 
polymerase chain reaction (PCR) and gene sequencing for species identification. Among the 69 collected speci-
mens, five sponge species of the family Spongillidae have been identified: Ephydatia fluviatilis (Linnaeus, 1759), 
Spongilla lacustris (Linnaeus, 1759), Ephydatia muelleri (Lieberkühn, 1856), Trochospongilla horrida Weltner, 
1893, and Eunapius fragilis (Leidy, 1851). The most frequently found sponge in Serbian rivers was E. fluviatilis 
(45 % of all specimens), while the least frequent was E. fragilis (6 % of all specimens). The Tisa river has the high-
est sponge diversity (four species). In lentic water bodies, only E. fluviatilis (four specimens) and S. lacustris (three 
specimens) were found. In general, sponges were infrequent and their abundance was low in Serbian fresh waters. 
While sponges seem to tolerate significant variations of physical and chemical parameters, some optimal values 
can be established.

Keywords: Serbian lotic and lentic waters; Porifera; spicule morphology; physical and chemical parameters

Introduction

Freshwater sponges, which are ubiquitous benthic 
organisms, are widely distributed, live at all lati-
tudes (Manconi & Pronzato 2007; Manconi & Pron-
zato 2008; Manconi & Pronzato 2015), and are pre-
dominantly marine, with the exception of the family 
Spongillidae, an extant of freshwater demospongia 
whose fossil record begins in the Permo-Carbonifer-
ous era (Schindler et al. 2008; Pronzato et al. 2017). 
Six families with 48 known genera colonize a variety 
of flowing and stagnant water habitats (Manconi & 
Pronzato 2002; Manconi & Pronzato 2015). Sponges 
are sessile organisms with an outstanding filtering 

potential and the capacity to capture high amounts of 
bacteria present in the water, making them an impor-
tant element in the purification process of freshwater 
ecosystems (Manconi & Pronzato 2008). Sponges also 
represent fine microhabitats for other species, and can 
be found associated with unicellular algae, protists, 
hydrozoans, nematodes, worms, turbellarians and sev-
eral other invertebrates and vertebrates (Pronzato & 
Manconi 2001; Manconi & Pronzato 2008; Manconi 
& Pronzato 2015). They can be found attached to rocks 
and logs in a variety of habitats with different levels 
of pollution, and hence they may be used as water-
quality indicators (Venkateswara Rao et al. 2009).
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Abstract

A total of 15 Navicula taxa were recorded in epilithic 

communities occurring in seven rivers of Serbia, all of 

which are new to the diatom flora of Serbia. The most 

interesting of them are N. splendicula and N. moskalii. When 

observing N. splendicula specimens under SEM, we noticed 

a characteristic silicate tongue in the center of raphe ends, 

which had not been previously reported in the available 

literature. The insufficiently researched distribution of 

N. moskalii and scarce autecological information on the 

taxon prompted us to provide new details about the species 

in this study. These findings clearly indicate the need for 

further comprehensive research that would provide new 

information on rare taxa.
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Introduction

Navicula, one of the most species-rich freshwater 
genera, was originally described in 1822 by Bory 
de St. Vincent. Its typification has been changed 
several times (Patrick 1959; Cox 1979) and species 
were organized into 15 sections (Hustedt 1961–1966; 
Van-Landingham 1975). Only members of the section 
Lineolatae Cleve (1895: 10), which comprises the 
neotypus generis Navicula tripunctata (O.F. Müller) 
Bory, were included in Navicula sensu stricto (Cox 
1979). Navicula sensu stricto includes a group of 
species with boat-shaped valves characterized by 
different shapes of apices, uniseriate striae composed 
of slit-like areolae and two plate-like, girdle-appressed 
plastids (Round et al. 1990; Lange-Bertalot 2001). 
Central pores of the raphe can be deflected toward the 
primary side (section Alinea) or toward the secondary 
side, where the Voigt fault is located (section Navicula).

To date, the order Naviculales includes 5003 taxa, 
the family Naviculaceae – 1944 species, and the genus 
Navicula – 1344 species (Guiry 2018). Navicula sensu 
stricto has been recorded throughout Europe from 
different types of freshwater habitats, e.g. springs, 
rivers, lakes (Lange-Bertalot 2001; Miho et al. 2004; 
Werum, Lange-Bertalot 2004; Levkov et al. 2007; Van 
de Vijver et al. 2010; 2011; Beauger et al. 2015; Cantonati 
et al. 2016). In Serbia, the genus is also widespread 
and has so far been recorded in rivers (Laušević 1993; 
Andrejić et al. 2012a,b; Vidakovic et al. 2014; 2015a; 
Krizmanić et al. 2015a; Jakovljević et al. 2016a,b), peat 
bogs (Vidakovic et al. 2015b), salt marshes (Krizmanić 
et al. 2008), lakes (Zlatković et al. 2010; Trbojević et al. 
2017) and reservoirs (Cvijan & Laušević 1997; Simić 
2004; Gavrilović et al. 2016).

The main objectives of this study were as follows: 
(1) to describe Navicula taxa new to the territory 
of Serbia, (2) to describe in detail morphological 
characteristics of N. splendicula and N. moskalii, and (3) 
to provide ecological preferences of N. splendicula and 
N. moskalii.

Materials and methods

Epilithic diatom samples were collected from seven 
rivers in Serbia: the Rasina, the Rača, the Raška, the 
Studenica, the Mlava, the Vrla, and the Radovanska 
Reka. The Rača, the Raška and the Studenica are 
located in the southwestern part of Serbia, the Rasina 
is located in the central part, while the Mlava, the Vrla 
and the Radovanska Reka are located in the eastern 
part of Serbia (Fig. 1). The rivers have a carbonate 
bedrock substrate and run through trout farms. 

Samples were collected in 2011 and 2012 by scraping 
the upper surface of rocks with a stiff brush (a total of 
234 samples were collected). The analyzed chemical 
and physical factors include water temperature, pH, 
conductivity, oxygen, total phosphorus, ammonium 
and nitrate ions. Water temperature, pH, conductivity 
and oxygen were measured at each sampling site 
using a PCE-PHD device. Concentrations of total 
phosphorus, ammonium ions and nitrate ions were 
determined at the Institute of General and Physical 
Chemistry, University of Belgrade. Diatom samples were 
processed in the laboratory according to the permanent 
slide preparation method described by Krammer, 
Lange-Bertalot (1986).

A Zeiss AxioImagerM.1 microscope with DIC 
optics and AxioVision 4.8 software were used to 
carry out light microscope observations and to 
prepare micrographs. Abundance was estimated 
by counting 400 valves of each taxon present on a 
slide. SEM observations were made at the Institute of 

Figure 1
Map of Serbia with an indication of the surveyed rivers. 
RČ – Rača; ST – Studenica; RŠ – Raška; RA – Rasina; ML – 
Mlava; RD – Radovanska Reka; VR – Vrla
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Physics, University of Belgrade, using a TESCAN MIRA 
3 scanning electron microscope with a maximum 
accelerating voltage of 30 kV. Surfaces of samples were 
sputtered with gold using a Quorum Technologies 
SC7620 Mini Sputter Coater for enhanced conductivity.

Results

Navicula is one of the most species-rich genera 
in Serbian rivers. To date, 61 Navicula taxa have been 
recorded in Serbia (Table 1, Supplementary material). 
During the field research conducted in seven rivers, we 
recorded 15 Navicula taxa new to the diatom flora of 
Serbia (Table 1, Fig. 2).

Water in these rivers is alkaline, oligo- to 
α-mesosaprobic, characterized by low to moderate 
electrolyte content, poor in total phosphorus, rich in 
ammonium and nitrate ions (Table 2).

Of all the recorded taxa, N. splendicula and 
N. moskalii are the most interesting ones. Their 
detailed morphological characteristics with ecological 
preferences are presented below.

Navicula splendicula Van Landingham (Fig. 3. 1–17; 
Fig. 4. 1–6)

Reference. Lange-Bertalot 2001 (p. 6, Figs 1–7; p. 65, 
Fig. 4; p. 69, Fig. 1)

Morphological characteristics (LM). Valve outline 
narrowly to broadly lanceolate. Ends broadly 
protracted and obtusely rounded. Length 23.2–45.9 
μm, breadth 6.8–9.0 μm. Raphe filiform; axial area 
narrow, central area small, characterized by longer and 

shorter striae. Striae radiate in the middle and parallel 
at the ends, 14–17/10 μm (Fig. 3. 1–17).

Morphological characteristics (SEM). Axial and 
central areas flat without ornamentation (Fig. 4. 1, 3, 5). 
Raphe branches straight with deflected central pores 
toward the secondary side and elongated, drop-like 
(Fig. 4. 1–5). A characteristic silicate tongue appears in 
the center of raphe ends (Fig. 4. 2, 4). Terminal raphe 
fissures arising from the terminal pores running almost 
straight to the valve mantle (Fig. 4. 6). Striae composed 
of slit-like lineolae, 25–29/10 μm.

Distribution in Serbia. Navicula splendicula was 
recorded in the Rasina, the Rača, the Studenica 
and the Vrla.  In the Rasina River, it occurred with 
relative abundance of 0.2–1.73%, in the Rača River – 
0.44–0.99% and in the Vrla River – 0.3%; whereas in the 
Studenica River only the presence of the species was 
noted, without estimating its abundance.

Ecology: Navicula splendicula was recorded in epilithic 
diatom communities in small rivers, at altitudes 
between 273 and 1142 m a.s.l. The substrate consisted 
of carbonate bedrock, which is consistent with 
conductivity values. The proximity of sampling sites 
to trout farms explains the elevated concentrations 
of ammonium and nitrate ions. Waters were alkaline, 
oligo- to α-mesosaprobic (Table 2).

Navicula moskalii Metzeltin, Witkowski & 
Lange-Bertalot (Fig. 2. 1–10; Fig. 5. 1–5)

Reference. Lange-Bertalot 2001 (p. 14, Figs 1–14; p. 64, 
Fig. 8)

Table 1
List of Navicula species new to the diatom � ora of Serbia

Taxon River Figure
N. aquaedurae Lange-Bertalot ML Fig. 2. 18
N. associata Lange-Bertalot ML, RD Fig. 2. 26, 27
N. cariocincta Lange-Bertalot ML Fig. 3. 11
N. cataracta-rheni Lange-Bertalot VR Fig. 2. 22, 23
N. cryptotenelloides Lange-Bertalot RA, RČ, ST, ML, RD, VR Fig. 2. 29–35
N. germainii J.H.Wallace VR Fig. 2. 20
N. libonensis Schoeman RA, RŠ Fig. 2. 25
N. moskalii Metzel� n, Witkowski & Lange-Bertalot RA, RŠ, RČ, ST, ML, RD, Fig. 2. 1–10, Fig. 5. 1–5
N. oppugnata Hustedt RA, RŠ, ML, RD Fig. 2. 12, 13
N. praeterita Hustedt ST, ML Fig. 2. 14–17
N. splendicula VanLandingham RA, RČ, ST, VR Fig. 3. 1–17, Fig. 4. 1–6
N. stankovicii Hustedt RA Fig. 2. 21
N. subalpina Reichardt RŠ, ML Fig. 2. 28
N. vandamii Schoeman & Archibald ML Fig. 2. 24
N. wiesneri Lange-Bertalot RA, RŠ, VR Fig. 2. 19

RČ – Rača; ST – Studenica; RŠ – Raška; RA – Rasina; ML – Mlava; RD – Radovanska Reka; VR – Vrla
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Figure 2
Light microscopy (LM) micrographs. 1–10 N. moskalii; 11 N. cariocincta; 12, 13 N. oppugnata; 14–17 N. praeterita; 
18 N. aquaedurae; 19 N. wiesneri; 20 N. germainii; 21 N. stankovicii; 22, 23 N. cataracta-rheni; 24 N. vandamii; 
25 N. libonensis; 26, 27 N. associata; 28 N. subalpina; 29–35 N. cryptotenelloides. Scale bar = 10 µm
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Figure 3
Light microscopy (LM) micrographs. 1–17 N. splendicula. Scale bar = 10 µm

Table 2
Mean values of physical and chemical parameters of water from seven rivers in Serbia

Parameters Unit
Rivers

Rasina Rača Studenica Raška Mlava Vrla Radovanska
T °C 2.5–18.7 5.7–17.3 1.4–19.1 9.9–13.5 6.4–16.8 2–15 6.4–15.4

pH 7.32–8.41 7.9–8.68 7.6–8.72 7.02–8.23 7.14–8.12 7.5–8.43 7.18–8.34

DO

mg l−1

9.2–14.4 9.5–12.5 9.2–16.4 7–12.6 7.5–12.2 8.8–15.1 7.5–12.8
BOD 1.3–8.8 2.2–7.5 2.45–9 2.05–8.3 1.4–7.8 < 0.2–6.7 1.25–7.2
N-NH4

+ 0.02–0.33 0.04–0.41 0.02–0.30 0.01–0.52 0.04–0.56 0.005–0.26 0.02–1.1
N-NO3

− 1.41–6.7 1.39–7.3 0.93–2.21 6.3–7.9 3.62–7.6 0.60–3.4 4.23–9
Con. μS cm−1 120–345 247–384 146–257 305–423 340–506 58–115.6 278–540
TP μg P l−1 11–61.6 6.7–86.5 11.5–73 13.5–97.6 8.7–115.1 22.1–91 16–66.5

T – Temperature, DO – Dissolved oxygen, TP – Total phosphorus, Con. – Conductivity
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Figure 4
Scanning electron microscopy (SEM) micrographs of N. splendicula (1–6). 1–6 External valve view of the frustule; 
6 Terminal raphe � ssures; 2, 4 Center of raphe ends with the silicate tongue. Scale bar = 5 μm for 1, 3; 2 μm for 2, 4, 
6; 10 μm for 5
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Figure 5
Scanning electron microscopy (SEM) micrographs of N. moskalii (1–5). Scale bar = 5 μm for 1, 3, 5; 2 μm for 2; 1 μm 
for 4
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Morphological characteristics (LM). Valve outline 
broadly lanceolate. Ends slightly protracted and 
obtusely rounded. Length 16.1–31.7 μm, breadth 
5.8–8.5 μm. Raphe filiform, axial area linear, central 
area moderately large, rectangular to elliptic and 
asymmetric. Striae radiate and sometimes curved at 
the center, parallel to slightly convergent at the ends, 
13–16/10 μm; lineolae 29–34/10 μm (Fig. 2. 1–10).

Morphological characteristics (SEM). Sternum 
elevated relief-like, interrupted in the center (Fig. 5. 1, 
2, 5). On the strongly tilted valve, the sternum appears 
scarcely elevated (Fig. 5. 3). Central pores expanded 
drop-like and the central area almost asymmetric (Fig. 
5. 2). Terminal raphe fissures slightly curved, with one 
row of terminal pores visible (Fig. 5. 4).

Distribution in Serbia. Navicula moskalii was recorded 
in the Rača, the Raška, the Rasina, the Studenica, the 
Mlava and the Radovanska Reka. In the Rača River, it 
occurred with relative abundance of 0.42–0.49%, in the 
Rasina River – 0.49%, in the Studenica River – 0.5% and 
in the Radovanksa Reka – 0.24%; whereas in the Raška 
and the Mlava only the presence of N. moskalii was 
noted, without estimating its abundance.

Ecology: The species was recorded in epilithic 
diatom communities in small, alkaline, oligo- to 
α-mesosaprobic mountain rivers, at altitudes between 
273 and 701 m a.s.l. The substrate was carbonate 
bedrock, which is consistent with conductivity values. 
The proximity of the sampling sites to trout farms 
explains the elevated concentrations of ammonium 
and nitrate ions (Table 2).

Discussion

The first diatom taxa were recorded in Serbia by 
Schaarschmidt (1883). However, extensive research on 
diatoms did not begin until the second half of the 20th 
century (Blaženčić et al. 1985; Blaženčić 1986). Several 
papers have been published so far (e.g. Andrejić et al. 
2012a,b; Krizmanić et al. 2015a,b; 2016; Vidaković et al. 
2014; 2015a,b; 2017; 2018; Jakovljević et al. 2016a,b), 
which have resulted in the extension of the diatom 
checklist to about 900 taxa (Krizmanic et al. unpubl. 
data). The main reason for the continuous increase in 
the number of new diatom taxa in the flora of Serbia 
is most likely insufficient research on different types of 
habitats and under-reporting.

Detailed descriptions of Navicula splendicula 
morphology are provided in Diatoms of Europe 
(Lange-Bertalot 2001) and Freshwater Benthic Diatoms 

of Central Europe (Cantonati et al. 2017). The only 
available SEM micrographs are presented in Diatoms 
of Europe, where Lange-Bertalot gives the following 
description: “central area almost symmetric; central 
pores apically elongated drop-like” (Lange-Bertalot 
2001: 374, Fig. 1). The SEM micrographs presented in 
our paper clearly show a silicate tongue in the center 
of raphe ends. The silicate tongue was observed in 
other taxa, e.g. N. tipunctata (Lange-Bertalot 2001: 
370, Figs 3, 4), N. concentrica (Lange-Bertalot 2001: 380, 
Fig. 6) and N. jakovljevicii (Lange-Bertalot 2001: 378, 
Fig. 6), which suggests that this may be an important 
taxonomic character. This character is not mentioned 
in the description of N. splendicula probably due to 
possible corrosion of the described material. In several 
papers, N. splendicula was just listed with information 
about the community in which it was found, without 
details about ecological preferences. It was recorded 
in small numbers in epipelic (Atici & Obali 2010), 
epiphytic (Millie, Lowe 1981; Atici and Obali 2010), 
epilithic (Battegazzore et al. 2003; Atici & Obali 2010; 
Noga et al. 2014) and plankton communities (Ziller, 
Economou-Amilli 1998; Bolgovics et al. 2015). Known 
facts about its ecological preferences indicate that 
the taxon prefers oligo-mesotrophic to eutrophic 
calcium-rich waters with average electrolyte content 
and oligo- to β-mesosaprobic characteristics 
(Lange-Bertalot 2001; Cantonati et al. 2017). Navicula 
splendicula belongs to the group of diatoms tolerant of 
a wide spectrum of oligo- to eutrophic conditions, but 
intolerant of higher saprobity levels (Lange-Bertalot 
2001). According to our results, it occurs at sites with 
elevated concentrations of ammonium and nitrate 
ions. According to Lange-Bertalot (2001), N. splendicula 
was recorded in Southern and Central Europe. The 
exception is the type locality (Drinkuellen – St. Naum 
Springs), which is located near Lake Ohrid. In recent 
years, it was recorded in Italy in the Argentino and 
Abatemarco rivers (Battegazzore et al. 2003), in streams 
of the central Apennine mountains (Dell’Uomo & 
Torrisi 2009), in Lake Ohrid in Albania (Miho & Tase 
2004), in the San River in southeastern Poland (Noga et 
al. 2014) and in the Sajó River in Slovakia and Hungary 
(Bolgovics et al. 2015). The taxon was recorded outside 
Europe, in the Asartepe Dam Lake in Turkey (Atici & 
Obali 2010), in Lake Erie and the Laurentian lakes in 
North America (Millie & Lowe 1981), and in the Niger 
Delta system in Nigeria (Ziller & Economou-Amilli 
1998).

The distribution of Navicula moskalii is still 
insufficiently explored and autecological data on the 
species are still scarce, which prompted us to present 
details about this species. According to Cantonati 
et al. (2017), N. moskalii is more or less characteristic 

Brought to you by | National University of Singapore - NUS Libraries
Authenticated

Download Date | 3/18/20 8:07 PM



64
Danijela Vidakovic, Olga Jakovljević, Vladimir Lazović, Sanja Šovran, Jelena Krizmanić

www.oandhs.ug.edu.plwww.oandhs.ug.edu.pl

Oceanological and Hydrobiological Studies, VOL. 49, NO. 1 | MARCH 2020

© Fa c u l t y  o f  O c e a n o g r a p h y  a n d  G e o g r a p h y,  U n i v e r s i t y  o f  G d a ń s k ,  Po l a n d .  A l l  r i g h t s  r e s e r v e d .

of calcium-rich and meso- to eutrophic lotic waters 
and lakes. Our results confirm that the taxon occurs 
in calcium-rich lotic waters, but also supplement the 
available ecological data with the information about its 
presence in oligo- to α-mesosaprobic waters with low 
to moderate electrolyte content, low concentrations 
of total phosphorus and elevated concentrations of 
ammonium and nitrate ions. According to Szczepocka 
& Rakowska (2015), N. moskalii is an indicator species 
characteristic of waters with good ecological status 
as well as calcareous and silicate waters, which 
contradicts the statement that it is “apparently absent 
from nutrient-poor freshwater habitats of siliceous 
regions” (Cantonati et al. 2017). After the first finding 
on the Arctic Bear Island, N. moskalii was also found 
in the Kinzig River in Germany (Lange-Bertalot 2001), 
in a peat bog in the Eastern Carpathians and in the 
Apuseni Mountains in Transylvania (Szigyártó et al. 
2017, only mentioned in the text), in the Kobylanka 
stream and the Czarna Staszowska River in Poland 
(Wojtal 2009: 174, Fig. 30, 15; Szczepocka & Rakowska 
2015, only mentioned in the text), and in a peat 
bog in the Novgorod region of Russia (Kulikovskiy 
2009: 96, Fig. 1, 13). Wojtal (2009) and Szczepocka & 
Rakowska (2015) found N. moskalii only in the epipelic 
community, while in our samples it was present in the 
epilithic community. The valve dimensions reported by 
Lange-Bertalot (2001) are: length 24–27 μm, breadth 
6.8–8 μm, with 11.5–15 striae per 10 μm. Kulikovskiy 
(2009) found a single specimen, which was 21.8 μm 
long, 6.4 μm wide, with 12 striae per 10 μm. Our 
population shows a broader dimension range, with a 
length of 16.1–31.7 μm and a breadth of 5.8–8.5 μm.

These findings clearly indicate the need for further 
extensive research to provide new information on 
insufficiently known and rare taxa.
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Supplementary material
Checklist of the recorded Navicula taxa in Serbia (from the unpublished database of Serbian diatom � ora compiled by 
Dr Jelena Krizmanić, University of Belgrade, Faculty of Biology)

No. Taxon
1. Navicula amphiceropsis Lange-Bertalot & U.Rumrich
2. Navicula angusta Grunow
3. Navicula antonii Lange-Bertalot
4. Navicula aquaedurae Lange-Bertalot
5. Navicula bourrellyivera Lange-Bertalot, Witkowski & Stachura
6. Navicula broetzii Lange-Bertalot & E.Reichardt
7. Navicula capitatoradiata H.Germain ex Gasse
8 Navicula cari Ehrenberg
9. Navicula catalanogermanica Lange-Bertalot & G.Hofmann

10. Navicula cincta (Ehrenberg) Ralfs
11. Navicula cryptocephala Kützing
12. Navicula cryptofallax Lange-Bertalot & G.Hofmann
13. Navicula cryptotenella Lange-Bertalot
14. Navicula dealpina Lange-Bertalot
15. Navicula digitoradiata (W.Gregory) Ralfs
16. Navicula erifuga Lange-Bertalot
17. Navicula exilis Kützing
18. Navicula exilissima Grunow
19. Navicula gregaria Donkin
20. Navicula jakovljevicii Hustedt
21. Navicula lanceolate Ehrenberg
22. Navicula lundii E.Reichardt
23. Navicula hasta Pantocsek
24. Navicula hintzii Lange-Bertalot
25. Navicula margalithii Lange-Bertalot
26. Navicula menisculus Schumann
27. Navicula microdigitoradiata Lange-Bertalot
28. Navicula novaesiberica Lange-Bertalot
29. Navicula oblonga (Kützing) Kützing
30. Navicula oligotraphenta Lange-Bertalot & G.Hofmann
31. Navicula peregrine (Ehrenberg) Kützing
32. Navicula perminuta Grunow
33. Navicula phyllepta Kützing
34. Navicula pseudolanceolata Lange-Bertalot
35. Navicula pseudosilicula Hustedt
36. Navicula pseudotenelloides Krasske
37. Navicula radiosa Kützing
38. Navicula recens (Lange-Bertalot) Lange-Bertalot
39. Navicula reinhardti i (Grunow) Grunow
40. Navicula reichardti ana Lange-Bertalot
41. Navicula rhynchotella Lange-Bertalot
42. Navicula rostellata Kützing
43. Navicula salinarum Grunow
44. Navicula salinarum var. rostrate (Hustedt) Lange-Bertalot
45. Navicula semen Ehrenberg
46. Navicula slesvicensis Grunow
47. Navicula subrhynchocephala Hustedt
48. Navicula symmetrica R.M.Patrick
49. Navicula staff ordiae L.L.Bahls
50. Navicula streckerae Lange-Bertalot & Witkowski
51. Navicula rhynchocephala Kützing
52. Navicula tenelloides Hustedt
53. Navicula tripunctata (O.F.Müller) Bory
54. Navicula trivialis Lange-Bertalot
55. Navicula trophicatrix Lange-Bertalot
56. Navicula veneta Kützing
57. Navicula viridula (Kützing) Ehrenberg
58. Navicula viridulacalcis Lange-Bertalot
59. Navicula vulpine Kützing
60. Navicula upsaliensis (Grunow) M.Peragallo
61. Navicula wildii Lange-Bertalot
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Abstract: N-doped TiO2/carbon composites (TiO2/CN) with different nitrogen 
content, were obtained starting from titanium isopropoxide and glucose, and by 
varying the amount of melamine, added to starting reaction mixture. For com-
parison, an undoped sample (TiO2/C) was also prepared. Structural and surface 
characteristics were determined through scanning electron microscopy, thermo-
gravimetric analysis, elemental analysis, Fourier transform infrared spectro-
scopy, X-ray photoelectron spectroscopy, X-ray diffraction and nitrogen ads-
orption–desorption isotherms. The photocatalytic activity of TiO2/CN com-
posites was examined via photocatalytic degradation of methylene blue and 
multiclass pharmaceuticals from water solution. It was found that N doping of 
TiO2/carbon composites induced changes in structural and surface character-
istics of TiO2/CN composites, improving their adsorption, but decreasing 
photocatalytic efficiency. Nevertheless, TiO2/CN0.05 composite obtained by the 
hydrothermal synthesis in the presence of glucose and 0.05 g melamine showed 
the highest efficiency for removing selected pharmaceuticals and methylene 
blue from aqueous solutions through the combined processes of adsorption in 
the dark, and photocatalytic degradation under UV and visible irradiation. 

                                                                                                                    

* Corresponding author. E-mail: mvukasinovic@tmf.bg.ac.rs 
# Serbian Chemical Society member. 
https://doi.org/10.2298/JSC220608079M 

________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



184 MALETIĆ et al. 

Keywords: TiO2/carbon composites; N-doping; surface properties; photocatal-
ytic properties; pharmaceuticals. 

INTRODUCTION 
Photocatalysis represents a clean, green and sustainable technology that is 

constantly being studied and improved for its effective application in removing 
organic pollutants from the environmental water. Titanium dioxide is one of the 
most widely used photocatalytic materials in the fields of environmental purific-
ation, due to its advantages of good chemical stability, low cost and nontoxicity.1 
However, it is photocatalytically active only under UV light, due to its relatively 
high band gap energy.2 Reduction of the band gap energy, which can be achieved 
by doping TiO2 with non-metal elements, such as C, B, S and N,2–6 spread the 
spectral response of TiO2 into the visible region. Also, it was found7 that N-dop-
ing of TiO2 enhances the photocatalytic performance under UV irradiation by 
increasing the specific surface area of a photocatalyst. 

To obtain highly reactive photocatalysts, in addition to TiO2 doping with 
nitrogen, photocatalysts can be combined with different carbon materials that 
play the role of catalysts.1,8–10 It was found that nitrogen doping combined with 
some carbon material as a carrier lead to an increase in the specific surface area 
of the material, as well as its photocatalytic activity under visible irradiation.1 

Previously,8 we have used a simple method of hydrothermal synthesis to 
obtain highly reactive TiO2/carbon composites for photocatalytic degradation of 
selected organic pollutants, under UV irradiation. In this work, the hydrothermal 
method was applied to synthesize the material, photocatalytically active under 
visible light. N-doped TiO2/carbon composites (TiO2/CN), with different nitro-
gen content, were obtained starting from titanium isopropoxide and glucose, and 
by varying the amount of melamine, added to starting reaction mixture. Obtained 
composites were characterized by the means of structural and surface properties. 
Their photocatalytic activity was tested through the degradation of methylene 
blue (MB) and selected pharmaceuticals, belonging to classes of antibiotics, pain-
killers, sedatives and cardiovascular. Additionally, it is important to highlight 
that some of the examined pharmaceuticals (diclofenac, azithromycin, and ery-
thromycin) were included in the watch list of substances for union-wide moni-
toring in the field of water policy,11 since their presence may pose a significant 
risk to the aquatic environment. 

EXPERIMENTAL 
TiO2/carbon composites doped with nitrogen (TiO2/CN) were obtained by hydrothermal 

synthesis. Starting reaction mixture containing: 37 cm3 glucose solution (30 g dm-3), 3 cm3 35 
% hydrochloric acid, 6 cm3 of titanium isopropoxide, and different amounts of melamine 
(0.05, 0.1 and 0.5 g), was placed in the Teflon lined stainless steel autoclave (50 cm3), and 
carbonized at a temperature of 160 °C and self-generated pressure for 12 h. The resulting sus-
pension, obtained after the carbonization, was filtered and the precipitate was washed with 
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distilled water and ethanol and dried at 60 °C overnight. Obtained samples were denoted as 
TiO2/CN0.05, TiO2/CN0.1 and TiO2/CN0.5, respectively, based on the amount of melamine 
used. For the purpose of comparison, the undoped sample (TiO2/C) was prepared according to 
the same procedure, without melamine adding. 

Scanning electron microscopy (Mira Tescan 3X, Tescan Orsay Holding, Czech Rep-
ublic) was used to examine the structure and morphology of prepared carbon composites. 

The thermogravimetric analysis (TGA, SDT Q600, TA Instruments) was performed in 
the O2 atmosphere (flow rate: 100 cm3 min-1) from room temperature up to 800 °C, with a 
heating rate of 20 °C min-1. 

Elemental analysis (Vario EL III Element Analyzer, Elementar, Shimadzu Europe) was 
performed to determine the nitrogen content in the synthesized composite materials. 

Fourier transform infrared spectroscopy (FTIR, Bomem MB-Series, Hartmann Braun) 
was used for qualitative analysis of surface functional groups. FTIR spectra were obtained in 
the wavenumber range from 400 to 4000 cm-1. 

X-Ray photoelectron spectroscopy (XPS) measurements were performed on the PHI- 
-TFA XPS spectrometer produced by Physical Electronics Inc. and equipped with the mono-
chromatic X-ray source with the Al anode. Wide energy range XPS spectra were taken with 
pass energy of 187 eV to identify present elements and high-energy resolution XPS spectra 
were taken with pass energy 29 eV to identify chemical bonds of elements on the surface. 
Low-energy electron gun was used for neutralization of possible charging effects. 

The specific surface area and the pore size distribution (PSD) of carbon composites were 
analyzed using the Surfer (Thermo Fisher Scientific, USA). PSD was estimated by applying 
Barrett–Joyner–Halenda (BJH) method12 to the desorption branch of isotherms and mesopore 
surface (Smeso) and micropore volume (Vmicro) were estimated using the t-plot method.13 

X-ray diffraction (XRD) patterns were performed by Philips PW1710 diffractometer 
with CuKα radiation at a scanning speed 1 °C min-1 in the range of 2θ of 20–60°. Based on 
obtained X-ray diffraction patterns, crystalline phases have been identified, and approximate 
share of the individual phases in the product and the crystallite size was calculated by com-
puter program Powder Cell.14 

The photocatalytic activity of TiO2/CN composites, as well as undoped TiO2/C compo-
site, was evaluated by photocatalytic degradation of methylene blue (MB) and selected phar-
maceuticals from multicomponent solution. Experiments were carried out at room temperature 
and atmospheric pressure with constant shaking on a magnetic stirrer. The starting concen-
tration of the MB solution was 25 mg dm-3, while the concentration of composite material was 
2 g dm-3. The suspension was held for 60 min in the dark until an adsorption–desorption 
equilibrium is reached, after which the suspension was exposed to UV irradiation. Process of 
photocatalytic degradation was monitored by periodic sampling (60, 75, 90, 105, 120, 150 and 
180 min), and measuring of MB concentration. To compare the photocatalytic activity of 
examined samples under visible irradiation, MB solution with an initial concentration of 10 
mg dm-3 was used. As a source of UV irradiation, 125 W high-pressure mercury lamp, Phil-
ips, HPLN was used, while visible irradiation was obtained by 150 W tungsten halogen lamp 
with a 400 nm cut off glass optical filter. 

Also, TiO2/CN composites were used as photocatalysts for degradation of the selected 
pharmaceuticals: diclofenac (painkillers); bromazepam (sedatives); atorvastatin, amlodipine, 
cilazapril and clopidogrel (cardiovascular); azithromycin, doxycycline and erythromycin 
(antibiotics). The initial concentration of each of the selected pharmaceuticals from the multi-
component solution was 5 mg dm-3. The concentration of composite photocatalysts was 1 g 
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dm-3, while experimental conditions were the same as for degradation of MB under UV irra-
diation. The solution samples were taken after 180 min of the removal process, which inc-
luded 60 min of adsorption in the dark, followed by photocatalytic degradation. Samples were 
filtered through 0.45 μm PVDF syringe filters, and the concentration of selected pharmaceut-
icals was assessed by high-performance liquid chromatography–tandem mass spectrometry 
(LC–MS/MS Thermo Scientific). LC–MS/MS method conditions are given in the Supplemen-
tary material to this paper. 

RESULTS AND DISCUSSION 

The morphological characteristics of TiO2/CN samples were examined by 
scanning electron microscopy (Fig. 1). Compared to the undoped sample (Fig. 
1d), the addition of melamine in the reaction mixture does not lead to any imp-
ortant differences in the morphology of obtained composites. SEM photographs 
showed that all N-doped TiO2/carbon composites were characterized by a similar 
and homogenous structure, regardless of the amount of melamine added to the 
reaction mixture. 

 
Fig. 1. SEM photographs of samples: a) TiO2/CN0.5; b) TiO2/CN0.1, c) TiO2/CN0.05 and 

d) TiO2/C. 

The contents of nitrogen, carbon phase and TiO2 in examined composites 
were obtained by elemental and thermogravimetric analysis. The TGA, DTG, 
and DTA curves of the TiO2/CN composites, as well as undoped TiO2/C, are 
shown in Fig. 2a–c, respectively. For all examined samples, according to the 
DTG curves, the first mass loss was observed in the temperature range from 40 to 
120 °C, which originates from physically and chemically adsorbed water. The 
second mass loss observed in the range 250–450 °C, is a consequence of hydro-
thermal carbon oxidation during TG analysis. Sample TiO2/CN0.05 has an addit-
ional mass loss in the temperature range 550–650 °C, which origin is not fully 
understood. 

According to the literature15 the mass loss in this region can be the conse-
quence of the decomposition of residual melamine, which is unlikely because 
samples obtained with a higher amount of melamine do not display the mass loss 
in this temperature region. Also, it is suggested that the mass loss in the tem-
perature region from 350–800 °C can be a result of carbon residue degradation, 
as well as TiO2 crystal phase transformation.16 The content of TiO2, carbon 
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phase (obtained from TGA), and nitrogen (from elemental analysis) in examined 
composites are presented in Table I. Percentage contents of TiO2 and carbon 
phase, shown in Table I, were calculated taking the content of hydrothermally 
obtained TiO2 on 800 °C as 100 %. 

 
Fig. 2. TGA (a), DTG (b) and DTA (c) curves, and FTIR spectra (d) of TiO2/C and TiO2/CN 

composites. 

Table I. TiO2, carbon phase and nitrogen content in TiO2/CN composites (wt. %) 

Sample Component  
TiO2 Carbon phase N 

TiO2/C 88.17 11.83 0 
TiO2/CN0.05 80.45 19.33 0.221 
TiO2/CN0.1 83.27 16.61 0.156 
TiO2/CN0.5 82.23 17.48 0.292 

Obtained results showed that adding the melamine to the reaction mixture 
led to nitrogen incorporation into TiO2/CN composites in the range from 0.156 to 
0.292 wt. %. However, nitrogen content in TiO2/CN composites is not directly 
dependent on the amount of melamine added to the reaction mixture since both, 
the lowest and the highest amount of melamine, led to similar nitrogen content in 
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the TiO2/CN composites. It has been observed that the lowest concentration of 
melamine in the reaction mixture resulted in increased content of the organic car-
bonaceous phase at the expense of the TiO2 inorganic phase. 

FTIR spectra of undoped and doped composites are shown in Fig. 2d. The 
broad band in the range of 400–1000 cm–1 is derived from the stretch vibration 
of Ti–O and Ti–O–Ti bonds.17,18 The peak at 3400 cm–1 originates from the 
stretching vibration of the OH bond in Ti–OH and in water adsorbed on the TiO2 
surface, indicating the presence of hydroxyl groups on the surface of the 
material.18 Another peak that may correspond to bending vibrations of the O–H 
bond in water molecules appears around 1625 cm–1 for all tested samples.18 Two 
weak peaks at 2850 and 2920 cm–1 can be ascribed to characteristic stretching 
vibrations of aliphatic C–H, which indicate the formation of carbon layers.17 The 
addition of melamine leads to a broadening of the peak at 3400 cm–1. It is neces-
sary to highlight that there are no distinct differences between the FTIR spectra 
of TiO2/CN composites. Nevertheless, a small shoulder at around 1715 cm–1, 
was observed for sample TiO2/CN0.5. This peak may originate from stretching 
vibration of –C=O from carbonyl and carboxyl groups, indicating that N-doping 
with the highest amount of melamine induced their formation. Although the peak 
at 1385 cm–1 can be related to C=C and O–H bond,19 it may also be induced by 
the C–N bond. However, this observation could not confirm the presence of 
nitrogen in obtained composite materials, since undoped TiO2/C spectra dis-
played peaks at the same wavenumber. 

XPS analysis was conducted to confirm the nitrogen incorporation into 
TiO2/CN composites and to identify the valence state of the doping nitrogen. 
Fig. 3a shows the very similar spectra of undoped TiO2/C and TiO2/CN samples, 
doped with various nitrogen amounts, taken in the binding energy range from 0 
to 1200 eV. In the high-resolution spectra of Ti 2p (Fig. 3b), peaks at 458.8 and 
464.4 eV correspond to Ti 2p3/2 and Ti 2p1/2, respectively.20 Binding energy 
difference between these two peaks is 5.6 eV. Binding energy 458.8 eV of Ti 
2p3/2 confirms the presence of the Ti4+ states in TiO2. Fig. 3c shows the high 
resolution XPS spectra of O 1s, deconvoluted in three peaks at 530.1, 531.7 and 
532.8 eV that are ascribed to lattice oxygen (Ti–O–Ti), surface hydroxyl groups 
(Ti–O–H) and adsorbed water.21,22 

The C 1s spectrum (Fig. 3d) was fitted with four peaks. The main peak at 
284.8 eV corresponds to C–C and C–H bonds,23 while the peak at 289.6 eV 
corresponds to O=C–O. Peaks at 286.4 and 288.4 eV can be assigned to nitrogen-
doped sp2 carbon (C–N) and nitrogen-doped sp3 carbon (C=N),20 although, these 
peaks may be related to the C–O, C–OH and C=O, due to much higher concen-
tration of oxygen, compared to nitrogen. Furthermore, the high-resolution N 1s 
spectra display a peak of around 400 eV (Fig. 3e). Emission in the 399–400 eV 
region can originate from nitriles (N triple-bonded to only one carbon), graphitic 
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N (bonded to three carbons),24 or adsorbed nitrogen, but also from the interstitial 
integration of nitrogen into TiO2 lattice. 

 
Fig. 3. XPS survey spectra of TiO2/C and TiO2/CN samples with various nitrogen content (a), 

the high-resolution spectra of Ti 2p (b), O 1s (c), C 1s (d) and N 1s (e) of TiO2/CN0.5. 

Nitrogen adsorption isotherms obtained for undoped and TiO2/CN samples 
are given in Fig. 4a, as the dependence of the adsorbed amount of N2 (n / mmol 
g–1) and relative pressure (P/P0) at the temperature of liquid nitrogen. Obtained 
isotherms are type IV of IUPAC classification,25 containing a hysteresis loop, 
which indicates a mesoporous material. The observed hysteresis loop of type H2 
is typical for the pores of undefinable shape. 

Additionally, non-limiting adsorption at high P/P0, observed for N-doped 
samples indicates the presence of slit-shaped pores at non-rigid aggregates of 
plate-like particles.26 Pore size distribution (Fig. 4b) for all samples is very nar-
row and close to the limiting value between micro and mesopores (2 nm). This 
means that these materials can be considered microporous with a small fraction 
of mesoporousness. Values for the average pore width (rp), for all samples, along 
with the calculated porosity parameters (SBET, Smeso, Smic, Vmic) are given in 
Table II. The mesoporous TiO2/C sample showed an SBET of 174.08 m2 g–1 and 
an average pore width of 3.78 nm. 

On the other hand, all TiO2/CN composites are mainly microporous, with a 
maximum pore radius of about 2.2 nm. Also, it was found that the SBET of 
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N-doped samples, ranging from 186 to 239 m2 g–1, increase with nitrogen con-
tent. Consideration of the obtained results indicates that melamine addition in 
reaction mixture leads to the decrease of average pore width, and drastically inc-
reases the microporosity, as well as SBET values of obtained TiO2/CN samples. 
As it was reported previously,27 these changes in specific surface area and 
average pore width may be the consequence of the substitution of carbon atoms, 
most likely located on the reactive edges, with nitrogen atoms during 
hydrothermal synthesis. These incorporated N atoms could act as a catalyst for 
porosity development. 

 
Fig. 4. Nitrogen adsorption isotherms (a) and pore size distribution (b) for TiO2/C and 

TiO2/CN samples. 

TABLE II. Porous properties of TiO2/CN samples 
Sample SBET / m2 g-1 Smeso / m2 g-1 Smic / m2 g-1 Vmic / cm 3g-1 rp / nm 
TiO2/C 174 168 6 0.048 3.78 
TiO2/CN0.05 231 32 199 0.231 2.37 
TiO2/CN0.1 186 17 169 0.194 2.11 
TiO2/CN0.5 239 22 217 0.246 2.38 

XRD analysis was performed to determine the content of crystalline TiO2 
phases in TiO2/C and TiO2/CN composites, as well as the crystallite size. XRD 
diffraction pattern for all tested samples (Fig. 5) showed the presence of a charac-
teristic peak for anatase (101) (2θ = 25.6°) crystalline phase, as well as peaks at 
2θ 38.2 (112), 48.3 (200) and 54.6° (105) also arising from anatase crystalline 
modification.10,28 The presence of a low-intensity peak at 2θ = 27.7° (110), ori-
ginating from rutile crystal modification, was observed for the undoped sample 
TiO2/C (Fig. 5).28 However, no distinguish peaks characteristic for the rutile 
phase were displayed on XRD diffraction patterns of TiO2/CN composites. A 
shoulder appearing at 2θ = 26° (110), visible on the XRD diffraction pattern of 
all TiO2/CN composites, may originate from the photocatalytically inactive crys-

________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



 N DOPED TIO2/CARBON COMPOSITES 191 

talline phase of brookite, as well as from titanium nitride.29 The presence of these 
phases may affect the photocatalytic activity of the examined composites, espe-
cially of sample TiO2/CN0.5 which shows the shoulder of higher intensity. 
Although XPS analysis showed that nitrogen was most likely incorporated in 
carbon lattice, the addition of melamine to the starting reaction mixture affected 
the structure of N-doped composites by favoring the formation of the anatase 
phase and suppressing the formation of the rutile phase. 

 
Fig. 5. XRD patterns of examined samples. 

The calculated approximate values of the fraction of TiO2 crystalline phases 
and the size of the crystallite are shown in Table III. The undoped sample, 
TiO2/C, contains 24 % of the rutile phase, while N doping significantly 
decreased the content of the rutile phase. The observed increase of the anatase 
phase content should favorably affect the photocatalytic characteristics of 
TiO2/CN composites. It can be noticed that N-doping leads to a decrease in the 
average grain size, which is dependable on nitrogen content in TiO2/CN com-
posites. The addition of melamine increases the content of amorphous carbon 
(Table I), which inhibits the growth of TiO2 grains and thus N-doping leads to a 
decrease in the grain size. Obtained values for grain size and average pore width 
(Table II), suggest that these pores most likely represent interparticle spaces. 

The photocatalytic activity of TiO2/CN composites was investigated in the 
process of removing methylene blue from aqueous solutions under UV and 
visible irradiation. Fig. 6a shows the photocatalytic decomposition of MB as a 
decrease in the MB concentration during the time. The entire process of MB 
removal lasted 180 min and it was performed in two steps. The first step is rel-
ated to the establishment of an adsorption/desorption equilibrium for 60 min in 
the dark, and the second step implied the degradation of organic pollutants in the 
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presence of UV or visible irradiation. Fig. 6b summarized the removal efficiency 
after the first adsorption step in the dark, the second step of photocatalytic deg-
radation under UV irradiation, and total removal efficiency. At the end of the 
first step, TiO2/CN samples showed higher adsorption capacity (removing 44–70 
% of MB) than sample TiO2/C, which adsorbed about 35 % of the initial amount 
of MB. According to the results shown in Fig. 6b and Table II, adsorption effi-
ciency increases with specific surface area, although, a direct relationship bet-
ween SBET and the amount of MB adsorbed cannot be established. N-doped 
samples had higher adsorption capacity, but lower photocatalytic efficiency since 
N-doped samples showed lower removal efficiency during the irradiation step 
than the undoped sample. However, according to Fig. 6b, samples TiO2/CN0.5 
and TiO2/CN0.05 showed the highest level of adsorption and total removal 
efficiency, due to the high specific surface area, which is the result of the highest 
content of carbon. Photocatalytic characteristics of examined materials are not 
directly influenced by nitrogen content. TiO2/C showed better photocatalytic 
activity than N-doped samples, most likely because increased carbon content in 
N-doped samples had a negative effect on photocatalytic activity by preventing 
light penetration to the TiO2. 

TABLE III. Anatase and rutile phase content and grain sizes of TiO2/C and TiO2/CN compo-
sites 

Sample Crystallite size, nm Phase content, wt. % 
Anatase Rutile 

TiO2/C 9.76 76.0 24.0 
TiO2/CN0.05 7.15 98.0 2.0 
TiO2/CN0.1 7.26 99.0 1.0 
TiO2/CN0.5 6.52 95.0 5.0 

 
Fig. 6. Photocatalytic decomposition (a) and removal efficiency (b) of MB in the presence of 

TiO2/C and TiO2/CN composites. 
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Undoped and N-doped samples showed a similar trend in the photocatalytic 
activity in the process of methylene blue removal under visible irradiation (Fig. 
7a). Samples obtained by adding a larger amount of melamine to the reaction 
mixture (TiO2/CN0.1, TiO2/CN0.5) show lower photocatalytic activity in the vis-
ible region than the undoped sample. Only the sample obtained with a small 
amount of melamine (TiO2/CN0.05) shows a better efficiency than the undoped 
sample. As was already mentioned, due to the large specific surface area and the 
highest carbon content, sample TiO2/CN0.05 displayed the best efficiency in the 
MB removal process. Also, its photocatalytic activity in the decomposition of 
MB under visible radiation (λ > 400 nm) was followed by the recording of the 
absorption spectra. According to the spectra shown (Fig. 7b), no new absorption 
bands appear in the visible or UV area, which confirms the disappearance of the 
dye chromophore structure.30 Even though the absorption peak at 663 nm dec-
reases with the increase in reaction time, the MB is not degraded after 24 h. 

 
Fig. 7. Photocatalytic decomposition of MB in the presence of undoped and N-doped samples 

(a) and absorption spectraof MB on TiO2/CN0.05 (b). 

The possibility of removing selected pharmaceuticals from a multi-compo-
nent solution by TiO2/CN composites under UV irradiation was also examined. 
For the purpose of comparison, results obtained by undoped TiO2/C composite 
were also presented. Fig. 8 summarized the percentage of removed pharmaceut-
icals by adsorption in the dark, followed by the photocatalytic degradation under 
UV irradiation after 180 min, and total removal efficiency. 

Generally, all tested materials better adsorb pharmaceuticals of decreased 
polarity (higher values of retention time in Table S-II of the Supplementary mat-
erial), except in the case of doxycycline. The higher specific surface area of 
N-doped samples, compared to the undoped sample, positively affects the phar-
maceutical adsorption, except for amlodipine adsorption where the undoped 
sample showed the highest removal efficiency in the dark. Samples TiO2/CN0.1 
and TiO2/CN0.5 show a lower efficiency of pharmaceuticals removal under UV 
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irradiation (Fig. 8b), compared to the undoped sample and TiO2/CN0.05. Never-
theless, all tested composites demonstrate high efficacy in the total removal (Fig. 
8c) of diclofenac, doxycycline, atorvastatin, amlodipine and clopidogrel, which 
were completely removed after the adsorption in the dark, followed by photo-
catalytic degradation under UV irradiation.  

 

 

Fig. 8. Removal of pharmaceuticals from a multi-component solution by TiO2/C and TiO2/CN 
composites: a) adsorption in the dark, b) under UV irradiation and c) total removal. 

The percentage of totally removed pharmaceuticals increases with the higher 
amount of melamine introduced in the starting reaction mixture, most likely due 
to the increased specific surface area and adsorption efficiency. In that way, the 
composite obtained with the highest amount of melamine, TiO2/CN0.5, showed 
the highest efficiency for removing selected pharmaceuticals from aqueous sol-
utions. 

CONCLUSION 

N-doped TiO2/carbon composites were obtained by hydrothermal synthesis 
using melamine, as a source of nitrogen, though the nitrogen content in TiO2/CN 
composites was not directly proportional to the amount of melamine added to the 
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reaction mixture. The incorporation of nitrogen affected the structural and sur-
face characteristics of composite photocatalysts, by increasing the specific sur-
face area and microporosity, as well as the content of the photocatalytically act-
ive anatase phase. N-doping affected the efficiency of these composites to rem-
ove methylene blue and selected pharmaceuticals, by increasing their adsorption 
efficiency and decreasing photocatalytic activity under UV irradiation. Never-
theless, TiO2/CN0.05 composite, obtained by the hydrothermal synthesis in the 
presence of glucose and 0.05 g melamine, showed the highest efficiency for 
removing selected pharmaceuticals and methylene blue from aqueous solutions 
through the combined processes of adsorption in the dark and photocatalytic 
degradation under UV and visible irradiation. 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal 
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И З В О Д  
УТИЦАЈ ДОПИРАЊА АЗОТОМ НА СТРУКТУРНЕ И ФОТОКАТАЛИТИЧКЕ 

КАРАКТЕРИСТИКЕ ХИДРОТЕРМАЛНО СИНТЕТИСАНИХ TiO2/КАРБОН КОМПОЗИТА 

МАРИНА М. МАЛЕТИЋ1, АНА М. КАЛИЈАДИС2, ВЛАДИМИР ЛАЗОВИЋ3, СНЕЖАНА ТРИФУНОВИЋ4,  

БИЉАНА М. БАБИЋ3, АЛЕКСАНДРА ДАПЧЕВИЋ5, JANEZ KOVAČ6 и МАРИЈА М. ВУКЧЕВИЋ5 

1Иновациони Центар Технолошко–металуршког факултета, Карнегијева 4, 11000 Београд, 
2Лабораторија за материјале, Институт за нуклеарне науке Винча – Институт од националног 
значаја, Универзитет у Београду, Мике Петровића Аласа 12–14, 11000 Београд, 3Институт за 
физику – Институт од националног значаја, Универзитет у Београду, Прегревица 118, 11080 
Београд, 4Хемијски факултет, Универзитет у Београду, Студентски трг 12–16, 11000 Београд, 
5Технолошко–металуршки факултет, Универзитет у Београду, Карнегијева 4, 11000 Београд и 

6Department of Surface Engineering, Institute Jožef Stefan, Jamova cesta 39, 1000 Ljubljana, Slovenia 

TiO2/карбон композити допирани азотом (TiO2/CN) добијени су хидротермалном 
карбонизацијом смеше титан изопропоксида и глукозе, у присуству различитих коли-
чина меламина као прекурсора азота. Извршена је површинска и структурна карактери-
зација материјала, а добијени резултати су упоређени са карактеристикама недопираног 
TiO2/карбон композита. Фотокаталитичка активност добијених композита испитана је 
фотокаталитичком разградњом метиленско плавог и лекова из мултикомпонентног 
воденог раствора. Утврђено је да допирање азотом TiO2 карбон композита доводи до 
промена у структурним и површинским карактеристикама TiO2/CN композита, побољ-
шавајући њихову адсорпциону ефикасност, али смањујући фотокаталитичку активност. 
Показано је да се примењеном методом хидротермалне карбонизације могу добити ефи-
касни композити за уклањање одабраних лекова и метиленског плавог из водених рас-
твора, применом процеса адсорпције у мраку, праћеног фотокаталитичком разградњом 
под UV и видљивим зрачењем. 

(Примљено 8. јуна, ревидирано 11. октобра, прихваћено 15. октобра 2022) 
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SECURITY TAG CONTAINING A PATTERN scanning of the document surface which is a slow process , 
OF BIOLOGICAL PARTICLES and paper structure may be strongly affected by printing and 

everyday usage . 
This application is a National Stage entry under $ 371 of Yet another technique was described in R . Pappu , B . 

International Application No . PCT / EP2015 / 081400 , filed on 5 Recht , J . Taylor , N . Gershenfeld , “ Physical One - Way Func 
Dec . 30 2015 . tions , ” Science 297 , ( 2002 ) 2026 - 2030 , where mesoscopic 

scattering from disordered array of plastic spheres embed 
FIELD OF INVENTION ded in a transparent substrate was used to construct physical 

one - way function . The response of the system strongly 
The present invention relates to security tags for identi - 10 depends on the illumination direction , again producing 

fication and authentication of goods , articles and documents . unique individual characteristics . The proposed method is 
limited by the physical requirements for the mesoscopic 

BACKGROUND OF INVENTION scattering , resulting in a 10 mmx10 mm sized tag , with 2 . 5 
mm thickness , which is unsuitable for the modern plastic 

Optically variable devices ( OVD ) are a common protec card technology . Furthermore , the dimension of scattering 
tive element on various types of documents ( e . g . identity particles is rather large — 500 - 800 um in diameter , with 100 cards , passports , visas , bank cards ) see the book " Optical um average spacing - resulting in a bulky system which can 
Document Security ” , ed . by R . L . Van Renesse , Artech be reverse engineered by techniques like micro - tomography . 
House , ( 1998 ) . Holograms and other diffractive elements are 20 It is a common knowledge that certain natural character 
mainly used , because their protective value is based on istic of living creatures are essentially complex and hard to 
complexity of micron and submicron structures . Manufac reproduce . This was first realized by Benjamin Franklin who 
turing is a complicated and expensive process whose final used this for document protection ( Farley Grubb , “ Benjamin 
result is a master hologram — a single , unique prototype . To Franklin and the birth of the paper money economy ” , Essay 
make protection commercially acceptable , the master holo - 25 based on Mar . 30 , 2006 lecture , published by Federal 
gram is copied and multiplied , resulting in a replica shim Reserve Bank of Philadelphia ) . He made casts of plant 
used for embossing into a plastic foil , which is then inte leaves ( correctly recognizing the uniqueness of their vena 
grated into a document using a hot tool . The final result is a tion ) and used them to print the first dollar bills . Due to 
series of documents possessing exactly the same protective further technological advancements , Franklin ' s method 
OVD . This is a significant drawback , because , if the OVD is 30 became obsolete , and was replaced with different printing 
counterfeited , a large number of fake documents can be techniques , such as : intaglio , guilloche , watermark , holo 
manufactured grams , etc . 

As a result , there is ongoing research for a simple and Complexity of natural structures was observed in art , too . 
affordable document individualization method . This makes Japanese painters used fish printing ( gyotaku ) to directly 
counterfeit much harder , because each and every document 35 document 35 transfer fish features , instead of painting them . Later , Leon 

ardo Da Vinci directly printed leaf venation on the paper , has to be copied individually , i . e . large scale production of while Dutch painter Otto Marseus Van Schrieck transferred false documents becomes impossible . However , the trivial butterfly wing scales to his canvases ( S . Berthier , J . Bou individualization by simply printing numbers will not work , lenguez , M . Menu , B . Mottin , “ Butterfly inclusions in Van because it is too simple and affordable , if using modern 40 Schrieck masterpieces . Techniques and optical properties ” , printing technologies ( e . g . laser printing ) . Therefore the Appl . Phys . A , 51 - 57 , ( 2008 ) ) . Today , all the techniques 
individualization - bearing features must possess a significant have the common name : nature printing ( R . Newcomb , 
amount of complexity together with strong , unrepeatable , “ Method for producing nature prints ” , U . S . Pat . No . 4 , 279 . 
individual properties . They have to be comparable in its 200 A . ( 1981 ) , C . F . Cowan . “ Butterfly wing - prints ” . J . Soc . 
uniqueness with biometric characteristics , such as : finger - 45 Biblphy . Nat . Hist . , 4 ( 1968 ) 368 - 369 , D . G . Edwards , “ A 
prints , iris and retina pattern , but significantly more complex receipt for taking figures of butterflies on thin gummed 
and miniscule . Currently used OVD security methods are paper ” , in Essays upon natural history and other miscella 
not well suited for individualization ( fingerprinting ) , as this neous subjects , pg . 117 ) . 
will significantly increase the production prices . Patents WO 2007031077 ( A1 ) March 2007 , C . Hamm 

Attempts to obtain " fingerprint " documents are based on 50 Dubischar , “ Inorganic marking particles for characterizing 
the idea of physical one - way functions ( C . Boehm , M . products for proof of authenticity method for production and 
Hofer , “ Physically unclonable functions in theory and prac us thereof ” and DE10238506 A1 , 3 / 2004 , H . Rauhe , “ Pro 
tice ” , Springer , 2013 ) — which are physical devices simple to ducing information - bearing micro - particulate mixtures 
manufacture , yet extremely difficult to reverse engineer and involves defining code that can be implemented using natu 
copy . Random structures can be highly significant for docu - 55 ral or subsequently applied particle characteristics selected 
ment security , because they offer simple and cheap produc from e . g . morphology ” , disclosed an idea for document 
tion , almost impossible re - origination and unique features . It protection which uses natural complexity of aquatic organ 
was proposed to tag documents with randomly dispersed ism inorganic shells ( like diatoms and radiolarians ) accord 
objects such as metal , fluorescent or optical fibers ( van ing to characteristics of their surfaces . The practicing 
Renesse book , and references therein ) . 60 method is , however , not disclosed . Another problem is that 

Natural fibrous structure of paper - based substrates was the optical effects are not very pronounced , and the com 
used ( J . D . R . Buchanan , R . P . Cowburn , A - V . Jausovec , D . plexity can be observed only at the sub - wavelength levels , 
Petit , P . Seem , G . Xiong , D . Atkinson , K . Fenton , D . A . using electron microscopy . Technique for estimating the 
Allwood , M . T . Bryan , “ Fingerprinting ' documents and degree of complexity was not described , either . Variation 
packaging ” , Nature 436 , ( 2005 ) 475 ) . Laser beam was 65 among the specimens of the same species is rather small . In 
scattered from the paper surface and its statistics was that respect , the method can be used only for the forensic 
observed and recorded . This however requires a large scale level of document authentication . 
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Recently , there was a significant amount of research In another embodiment of the present invention , the 
aimed at using the principles of optics in nature for docu - pattern of biological particles is in the shape of a silhouette 
ment protection - biomimetics ( J . Sun , B . Bhushanand J . of a human head or , alternatively , in the shape of a finger 
Tong , “ Structural coloration in nature ” , RSC Adv . , 2013 , 3 , print . 
14862 - 14889 , B . Yoon , J . Lee , I . S . Park , S . Jeon , J . Lee , 5 Preferably , the biological particles are overtly inscribed 
J - M . Kim , “ Recent functional material based approaches to with information by mechanical or laser cutting . 
prevent and detect counterfeiting ” , J . Mater . Chem . C 1 , Alternatively , the biological particles are covertly 
( 2013 ) 2388 - 2403 ) . Variability of biological structures was inscribed with information by permanently bleaching their 
also observed ( L . P . Biro and J - P . Vigneron , “ Photonic fluorescence . 
nanoarchitectures in butterflies and beetles : valuable sources Preferably , the biological particles are selected from Lepi 
for bioinspiration ” , Laser Photonics Rev . 5 , No . 1 , 27 - 51 doptera scales , hairs or bristles , Coleoptera scales , Trichop 
( 2011 ) ) . Biotemplating was used to manufacture butterfly tera hairs or bristles , and Arachnides scales . 
scale - like structures using metals ( S . Sotiropoulou , Y . More preferably , the biological particles are taken from 
Sierra - Sastre , S . S . Mark , and C . A . Batt , “ Biotemplated 15 several different species , and assembled on the substrate in 
Nanostructured Materials ” , Chem . Mater . 2008 , 20 , 821 - a predetermined pattern . 
834 ) . In one embodiment of the present invention , selected 

The randomized systems described above must be parts of the superstrate are covered with a transparent layer 
machine - inspected , based on radiation scattering with con - of adhesive , which permanently adheres to the biological 
sequent optical or microwave detection ( in the case of metal 20 particles . 
inclusions ) . Recorded pattern is encrypted and stored in a Furthermore , the invention is directed to the use of a 
central repository or on the document , itself . Public key security tag according to the present invention for identifi 
encryption method is used , as described in the report : cation and authentication of goods , articles and documents . 
“ Counterfeit deterrent features for the next generation cur - Finally , the invention is directed to a method of manu 
rency design ” , Committee on Next - Generation Currency 25 facturing a security tag according to the present invention , 
Design , National Materials Advisory Board , Commission on comprising the following steps : 
Engineering and Technical Systems , National Research ( 1 ) providing for at least one biological particle on a 
Council , Publication NMAB - 472 , ( 1993 ) , Section : Random surface ; 
Pattern / Encryption Counterfeit - Deterrence Concept , pg . ( 2 ) cutting an optically transparent tape , with a low 
74 - 75 , and Appendix E : " Methods for authentication of 30 surface energy adhesive layer , in a predetermined shape 
unique random ” , pg . 117 - 119 . A technique is based on two to form a first pre - cut tape ; keys : a secret one , used for encryption , and a public one , ( 4 ) pressing the first pre - cut tape onto the surface with the used for the decryption . biological particles ; All the methods used a complexity of natural structures ( 5 ) removing the first pre - cut tape from the surface with but their variability remained completely unused in the 35 
context of the document protection . Document variability the biological particles , with a majority of the biologi 
was rather attained by randomly dispersing particle - or cal particles being attached to the first pre - cut tape ; 
thread - like entities across the document , as described in the ( 6 ) bringing in contact the first pre - cut tape with attached 
patent literature ( U . S . Pat . No . 8 , 408 , 470B2 , 2013 , N . biological particles ( 10 ) with a second , high surface 
Komatsu , S - I . Nanjo , " Object for authentication verification , 40 energy , optically transparent , adhesive tape , such that 
authentication verifying chip reading device and authenti the adhesive layers face each other ; 
cation judging method ” ) . ( 7 ) lifting - off the first pre - cut tape from the second tape ; 

( 8 ) covering the second tape with a third optically trans 
SUMMARY OF THE INVENTION parent tape , which is smaller than the second tape to 

45 form the security tag ready to be attached to goods , 
This invention solves the problem of identicalness of , articles or documents . 

presently used , document security features ( e . g . holograms A tag according to the present invention comprises a 
and other OVDs ) , making them vulnerable to counterfeiting . multiplicity of selected , micron - sized , parts of an insect 
Presently , security elements are identical on the same type of body ( biological particles ) , attached on a substrate surface 
document ( passport , visa , credit card ) , without variability 50 within the predetermined area having well defined , easily 
between the individual documents . This eases the counter - recognizable , shape . Biological particles are directly trans 
feiting process because , once the counterfeit is made , it can ferred to the substrate , retaining their original physical 
be applied to any number of documents . The invention uses characteristics and spatial arrangement . Said biological par 
naturally occurring biological particles , whose variability is ticles are selected according to a high level of complexity 
guaranteed by the large number of degrees of freedom of 55 and variability of their optical properties , observable under 
biological processes . They are used to manufacture a tag , different image magnifications . Overall tag size is such that 
which can be further applied to a document or a product , it enables visual inspection and easy recognition by the user , 
thus making it unique . as well as machine inspection at the microscopic level . 
A security tag and a manufacturing method are disclosed . Complexity is measured by the statistically averaged 

The security tag of the present invention is characterized 60 volume to surface ratio of the biological particle ( FIG . 1 and 
by a pattern of inimitable biological particles , directly trans - FIG . 2 show the typical complexity of insect body - scales 
ferred from an organism to a transparent adhesive layer on found on the cuticle of some insects ) . Preferably , the vol 
a substrate , covered with a transparent superstrate , such that ume / surface ratio is less than 50 nm . Variability is defined 
said biological particles are encapsulated between said sub - through the number of degrees of freedom ( G . T . di Francia , 
strate and said superstrate . 65 “ Degrees of freedom of an image ” , JOSA 59 , ( 1969 ) 799 

In one embodiment of the present invention , the pattern of 804 ) of the observed biological particle image at the defined 
biological particles is in the shape of a bar - code or QR - code . magnification ( FIG . 6 presents optical patterns of insect 



US 10 , 406 , 847 B2 

body - scales 7 recorded at different magnifications ) . Prefer are described hereinafter , however , not limiting its scope of 
ably , the number of degrees of freedom should be larger than protection , which is exclusively defined by the claims . Any 
1000 . equivalent variation and modification made according to the 

It is required that the observed optical effects are strongly appended claims is to be included into their scope of 
localized , variable and individual and the result of interfer - 5 protection . 
ence , diffraction and scattering ( including their polarization An optical tag is disclosed which contains a number of 
and angular dependence ) from a complex three - dimensional biological particles selected according to their complexity 
structure . Additionally , tissues and cells are chosen to be and variability . Before describing the construction of a tag 
durable , with permanent optical properties and capable of and its various embodiments , we assign concrete meaning to 
being transferred to the substrate and processing prior , 10 notions of complexity and variability . This is necessary in 
during and after attachment to the substrate . A substrate order to select the best species and biological particles , 
which receives the biological structure thus becomes unique which guarantee the anti - counterfeit properties of a tag . 
and unrepeatable . The resulting tag can be further attached In reference to FIG . 1 , the typical complexity of biologi 
on various types of objects demanding individualization and cal particles can be observed , e . g . Lepidoptera scales . Struc 
secure identification . 15 ture consists of two types of gratings : a volume grating 

A tag substrate may contain three printed markers , which enrinted markers which which is characterized by ridges 1 having a number of 
are used as a reference to generate a local coordinate system . lamellas 2 , and a surface grating consisting of cross - ribs 3 
Selected features of insect body parts attached to the tag are connecting the ridges . By observing the cross - section of the 
used as the machine - readable security code ( second line of scale ( FIG . 2 ) , it can be seen that the scale has two 
protection ) 20 membranes : a lower one 4 , which is unstructured , and an 

Tag manufacturing process consists of several stages , upper one 5 , which contains ridges , lamellas and cross - ribs . 
which use adhesive tapes with varying surface energy . The By using magnified cross - section of a complex part of the 
first tape is used to lift off the biological particles from the butterfly scale in FIG . 3 , the complexity can be quantified by 
organism . They are transferred to a higher surface energy determining the contour length to contour enclosed - surface 
tape , where they remain permanently affixed and protected 25 ratio . Contour length is determined by first digitally empha 
by an additional protective layer . sizing object edges ( see FIG . 4 ) and calculating the total 

number of black pixels — L , . Surface area is determined by 
BRIEF DESCRIPTION OF THE DRAWINGS digitally thresholding image in FIG . 3 ( the result of the 

operation is shown in FIG . 5 ) , and integrating the total 
FIG . 1 : Butterfly scale observed under the scanning 30 number of black pixels Sg . Complexity C is thus C = S , / Lb . 

electron microscope ( SEM ) . Natural variation in the internal structure of the biological 
FIG . 2 : Cross - section of the butterfly scale observed particles , e . g . Lepidoptera scale ( as shown in FIGS . 1 , 2 and 

under the transmission electron microscope ( TEM ) . 3 ) , leads to variability of resulting optical effects . FIG . 6 
FIG . 3 : Magnified cross - section of the butterfly scale shows a star - shaped part of the butterfly wing transferred on 

ridge , observed under the TEM microscope . 35 another substrate . Concrete Lepidoptera species and cut 
FIG . 4 : Gamma corrected image of the butterfly scale position are chosen such that the resulting piece contains at 

from FIG . 3 , where edges are emphasized . least one iridescent spot 6 . Its magnified image reveal scales 
FIG . 5 : Thresholded version of the image in FIG . 3 , 7 having a number of dots of varying intensity and spectral 

enabling calculation of the enclosed surface area . content . Their position , optical spectrum and intensity are 
FIG . 6 : Part of the butterfly wing is star - shaped cut , such 40 unpredictable and define degrees of freedom . Their number 

that an iridescent patch is included , whose magnified image N is used a measure of variability . This can be estimated by 
reveals individual scales with number of dots of different calculating the ratio of the individual scale surface area S 
intensity and spectral content . ( easily calculated from an image ) to the average dimension 

FIG . 7 : A Fourier transform of the scale in FIG . 6 is used of a dot Ax ( FIG . 6 ) . The last feature is connected to spectral 
to calculate signal bandwidth Av . 45 width of the signal via relation : 

FIG . 8 : A tag with transferred biological particles . 
FIG . 9 : A tag with transferred biological particles and AxAv = 1 / ( 41 ) 

superstrate having an adhesive layer which changes the ( see FIG . 7 , where Fourier transform of the Lepidoptera 
iridescence color . scale image is shown ) . By measuring the spectral width Av , 

FIG . 10 : Square - shaped cuts in a butterfly wing ( desig - 50 average dot dimension Ax can be calculated . Finally , the 
nated with white arrows ) , as observed under the scanning number of the degrees of freedom is calculated as N = S / AX 
electron microscope . In reference to FIG . 8 , a preferred embodiment of an 

FIG . 11 : A silhouette made of biological particles . optical security tag according to the invention is shown by 
FIG . 12 : A fingerprint made of biological particles . presenting it in two orthogonal projections . A substrate 8 is 
FIG . 13 : A bar - code made of butterfly scales . 55 covered with a thin , transparent , adhesive layer 9 . Biological 
FIG . 14 : A manufacturing process of a tag with biological particles 10 firmly adhere to the said adhesive layer , pro 

particles . ducing an easily recognizable pattern ( e . g . a symbol , a letter , 
FIG . 15 : A flow chart of the manufacturing process of a a barcode , a silhouette , etc . ) . Adhesion of the biological 

tag with biological particles . particles 10 is such that the attempt of removal destroys their 
FIG . 16 : A manufacturing process of a tag with biological 60 submicron - sized structure . Three visible marks 11 , 12 and 

particles belonging to different biological species . 13 ( e . g . crosses ) are printed on the substrate 8 , and are used 
for positioning the tag in a well defined position , with 

DETAILED DESCRIPTION OF THE respect to the optical reading system . They also define a 
INVENTION local coordinate system which can be curvilinear and non 

65 orthogonal ( designated with dashed lines ) . The exact math 
In cooperation with the attached drawings , the technical ematical nature of the coordinate system is known only to 

contents and detailed embodiments of the present invention the issuer of the tag . The biological particles 10 are protected 
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by a transparent cover 14 . One or several particles 10 ' are focused to the tag with biological particles , using an f - theta 
randomly selected as bearers of individualization pattern . lens , which enables flat scanning field and linear relation 
Their position with respect to markers 11 , 12 and 13 is between the deflection angle and the focal beam position . 
determined and memorized . In addition , their optical pattern Wavelength of a laser is chosen such that the bleaching 
( 7 in FIG . 6 ) is recorded and memorized , too . 5 action is enabled via single - photon process in the case of a 

In another embodiment ( FIG . 9 ) the superstrate 14 com - CW laser ) , or two - photon process in the case of an ultrafast 
prises a patterned adhesive layer 16 which permanently laser ) . The laser power and its scanning speed determine the 
affixes to the biological particles . This serves a dual purpose . intensity of the bleaching . The pattern is observable using 
First , the refractive index of the layer changes the refractive low intensity UV radiation as a covert security feature . 
index above the biological particles and alters the iridescent 10 The tag manufacturing process consists of several stages 
color of one part of the pattern 17 . As in the previous depicted in FIG . 14 . First , a tape having an adhesive layer 
embodiment , one or several scales 10 ' , are randomly ( pressure sensitive ) with low peel strength ( preferably , the 
selected as bearers of individualization pattern . In addition , surface energy of the order of 0 . 5 N / cm ) is laser - or die - cut 
any attempt to disassemble the tag results in separation of in the required shape . A tape is pressed on the surface 
biological particles — some of them remain on the substrate 15 covered with biological particles ( e . g . a butterfly wing ) , with 
and others are lifted with the superstrate , thus producing a their iridescent surface facing up , and they adhere to the tape 
tamper sensitive tag . ( phase ( I ) in FIG . 14 ) . The tape is peeled , lifting - off cells or 

In another embodiment , the substrate 8 is transparent , thus tissues ( phase ( II ) in FIG . 14 ) . Next , a tape is transferred to 
enabling two - sided observation of the biological particle 10 . a second optically transparent tape having high peel strength 
For some Lepidoptera species , the iridescence pattern is 20 and , preferably , surface energy of the order of 2 . 5 N / cm 
different on each side of the scale . In this embodiment , the ( phase ( III ) in FIG . 14 ) . Tapes are pressed together with the 
optical pattern can be observed both in transmitted and adhesive layers facing each other , biological particles being 
reflected light . The pattern can be a result of diffraction , trapped between the layers . After a certain dwell time , the 
interference , iridescence , scattering and fluorescence of tapes are separated ( phase ( IV ) in FIG . 14 ) . Due to the 
coherent or incoherent light . Angular , focal and polarization 25 higher surface energy of the second tape , biological particles 
changeability of the pattern is recorded and used as an from the first plate remain on the second tape . The third , 
authentication signal . optically transparent , non - adhesive tape is used to cover the 

In yet another embodiment , transferred biological par - biological particles , protecting them from external influ 
ticles 10 are further patterned by mechanical means . A e nces ( phase ( V ) in FIG . 14 ) . The third tape is smaller than 
mechanical tool is engraved with the desired pattern , pro - 30 the second tape , thus exposing the remaining adhesive layer , 
ducing a system of raised and recessed portions . It is pressed which will be used for attachment to an object requiring 
onto the pattern , thus crushing the biological particles and individualization . A flow chart of the whole process is shown 
changing their optical properties ( e . g . iridescence , scatter - in FIG . 15 . 
ing ) , producing visually observable pattern . In another embodiment , a tag and associated manufactur 

In yet another embodiment , transferred biological par - 35 ing process use biological particles of several species . The 
ticles are macroscopically patterned by laser cutting or final pattern is assembled from two or more sub - patterns 
engraving ( e . g . square shaped areas designated with white transferred from several insect species belonging to e . g . 
arrows in FIG . 10 ) . A beam from an ultrafast laser is Lepidoptera order , as described in FIG . 16 . First , a tape 18 
introduced in a system with a computer - controlled galva - having an adhesive layer ( pressure sensitive ) with low peel 
nometer - mirror scanner , which is used to angularly deflect a 40 strength ( preferably , with a surface energy of the order of 0 . 5 
beam according to programmed trajectory . The beam is then N / cm ) is laser - or die - cut in the required shape . A tape is 
expanded and focused to the tag with biological particles , pressed on the surface 19 covered with biological particles 
using an f - theta lens , which enables flat scanning field and ( e . g . a Lepidoptera wing ) belonging to one biological spe 
linear relation between the deflection angle and the focal cies , with their iridescent surface facing up . Biological 
beam position . The laser wavelength , scanning speed and 45 particles adhere to the tape ( phase ( 1 ) in FIG . 16 ) . The tape 
power are chosen such that cutting or engraving is enabled . is peeled , lifting off cells or tissues ( phase ( II ) in FIG . 16 ) . 
It is used to draw a personalized , biometric , pattern ( e . g . Next , a tape is transferred to a second optically transparent 
silhouette as in FIG . 11 , fingerprint as in FIG . 12 , retinal tape 20 having high peel strength and , preferably , a surface 
blood vessel pattern , signature , or iris image ) onto the energy of the order of 2 . 5 N / cm ( phase ( III ) in FIG . 16 ) . 
surface of a tag with biological particles . In this manner an 50 Tapes are pressed together with the adhesive layers facing 
overt pattern is produced , which can be used for visual and each other , biological particles being trapped between the 
machine authentication . layers . After a certain dwell time , the tapes are separated 

A further embodiment is characterized by a bar - code or ( phase ( IV ) in FIG . 16 ) . Due to the higher surface energy of 
QR - code pattern made from biological particles ( FIG . 13 ) . the second tape , biological particles from the first plate 

In another embodiment , fluorescence of transferred bio - 55 remain on the second tape . Another tape 21 , having an 
logical particles is selectively bleached using high intensity adhesive layer ( pressure sensitive ) with a low peel strength 
UV radiation . This can be done using an UV projection ( preferably , with a surface energy of the order of 0 . 5 N / cm ) 
system consisting of a UV lamp and an objective . A mask , is laser - or die - cut in the required shape , complementary to 
containing transparent and opaque areas which comprise an the one described in Phase I of the process . A tape is pressed 
image , is inserted into the system such that an image is 60 on the surface 22 covered with biological particles ( e . g . a 
produced directly on a tag with biological particles . Bleach - Lepidoptera wing ) belonging to another biological species , 
ing action is controlled by the intensity of the illuminating with their iridescent surface facing up . Biological particles 
beam and the illumination time . Alternatively , a beam from adhere to the tape ( phase ( V ) in FIG . 16 ) . The tape is peeled , 
a continuous wave ( CW ) or ultrafast laser is introduced in a lifting off cells or tissues ( phase ( VI ) in FIG . 16 ) . Next , a 
system with a computer - controlled galvanometer - mirror 65 tape is transferred to , previously manufactured , transparent 
scanner , which is used to angularly deflect a beam according tape 20 having high peel strength and , preferably , a surface 
to programmed trajectory . The beam is then expanded and energy of the order of 2 . 5 N / cm ( phase ( VII ) in FIG . 16 ) . 
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Tapes are pressed together with the adhesive layers facing 7 . The security tag according to claim 1 , wherein the 
each other such that patterns defined by tapes 18 and 21 inimitable biological particles are particles of at least one 
complement each other . Consequently biological particles member selected from the group consisting of a Lepidoptera 
are trapped between the layers . After a certain dwell time , scale , hair , a bristle , a Coleoptera scale , Trichoptera hair , a 
the tapes are separated ( phase ( VIII ) in FIG . 16 ) . Due to the 5 Trichoptera bristle , and an Araneae scale . 
higher surface energy of the second tape , biological particles 8 . The security tag according to claim 7 , wherein 
from the first tape remain on the second tape . the inimitable biological particles are particles of at least In the next phase ( IX in FIG . 16 ) the third , optically two members selected from the group consisting of a transparent , non - adhesive tape is used to cover the biologi Lepidoptera scale , hair , a bristle , a Coleoptera scale , cal particles , protecting them from external influences . The 10 Trichoptera hair , a Trichoptera bristle , and an Araneae third tape is smaller than the second tape , thus exposing the scale , and remaining adhesive layer , which will be used for attachment wherein the inimitable biological particles are assembled to an object requiring individualization . 

The method described in the previous embodiment can be on the substrate in a predetermined pattern . 
further extended to any number of different biological 15 9 . The security tag according to claim 7 , wherein 
species . at least one part of the superstrate is covered with a 

The invention claimed is : transparent layer of adhesive , which permanently 
1 . A security tag , comprising : adheres to the biological particles . 
a pattern of inimitable biological particles , 10 . A method of identifying or authenticating a good , an 
a transparent adhesive laver , 20 article , or a document comprising the security tag according 
a substrate , and to claim 1 , the method comprising : 
a transparent superstrate , scanning the security tag with a scanning device . 
wherein the pattern of inimitable biological particles is 11 . A method of manufacturing a security tag , comprising : 

directly transferred from an organism to the transparent ( 1 ) providing biological particles on a surface ; 
adhesive layer on the substrate , and ( 2 ) cutting an optically transparent tape , with a low 

wherein said biological particles are covered with the surface energy adhesive layer , in a predetermined shape 
transparent superstrate , such that said inimitable bio to form a first pre - cut tape ; 
logical particles are encapsulated between said sub ( 3 ) pressing the first pre - cut tape onto the surface with the strate and said superstrate . biological particles provided thereon ; 2 . The security tag according to claim 1 , wherein 30 ( 4 ) removing the first pre - cut tape from the surface with the pattern of inimitable biological particles is in the the biological particles present thereon , with a majority shape of a bar - code or a QR - code . 

3 . The security tag according to claim 1 , wherein the of the biological particles being attached to the first 
pattern of inimitable biological particles is in the shape of a pre - cut tape ; 
silhouette of a human head . 35 ( 5 ) bringing into contact the first pre - cut tape with 

attached biological particles with a second , high sur 4 . The security tag according to claim 1 , wherein the 
pattern of inimitable biological particles is in the shape of a face energy , optically transparent , adhesive tape , such 
fingerprint . that the adhesive layers face each other , 

5 . The security tag according to claim 1 , wherein the ( 6 ) lifting - off the first pre - cut tape from the second tape ; 
biological particles are overtly inscribed with information by 40 and 
mechanical or laser cutting . ( 7 ) covering the second tape with a third optically trans 

parent tape , which is smaller than the second tape to 6 . The security tag according to claim 1 , wherein 
the biological particles are covertly inscribed with infor form the security tag ready to be attached to goods , 

mation by permanently bleaching a fluorescence articles or documents . 
thereof . 
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Abstract: Rosalia alpina is a longhorn beetle possessing distinctive gray body with several black spots. They serve as a 
camouflage within its environment (beech forest) and we suppose that insect also uses them to control the body 
temperature. We have studied the optical properties of this particular insect, ranging from the visible to far infrared 
part of the spectrum. Optical analysis has shown strong absorption in the visible, while thermal camera (operating in 
the spectral range from 7.5 to 13 μm) has shown quite uniform emissivity of the whole body. Numerical ray tracing was 
used to explain the exact optical mechanism of strong absorption of black spots. Possible military applications of the 
natural camouflage and absorption mechanism are outlined. 

Keywords: Infrared imaging, natural photonics, camouflage. 

 

1. INTRODUCTION 

Coloration has multiple purposes in the living world: to 
hide, attract or warn. It can be also used for heat energy 
exchange with the environment [1]. Thermoregulation can 
be improved using natural photonic processes. In that 
respect, we have analyzed antennas and elytra (modified 
forewings of Coleoptera, which are used as a hard shield 
for their body) of Rosalia alpina (Linnaeus, 1758) (see 
photograph in Picture 1). 

This is a large longhorn beetle (family Cerambycidae) 
with flat, blue-gray elytra with large, dominating black 
spots. It is 15-38 mm long, with the long antennas and 
striking black tufts of hair on the central segments of the 

antenna [2]. Such coloration serves as a good camouflage 
with their preferred habitat, the European Beech [3]. 

The largest part of the beetles’ body is covered with a 
dense tomentum, consisting of very fine, light blue, blue 
gray and dark blue hairs. The black spots on the elytra and 
pronotum are also covered with dense black hairs which 
give the spots their velvety appearance [2,4]. Picture 1 
shows the photography of Rosalia alpina (test sample). 

Natural photonic structures have the main purpose of 
producing colors that would have been impossible to 
generate by the pigments alone. In the insect world this is 
particularly true for blue colors (generated by pepper-pot 
structures found in many Polyommatinae [5]) and green 
colors (produced by chiral photonic structures in 
Calophrys rubi (Linnaeus, 1758), [6]).  



THERMAL AND CAMOUFLAGE PROPERTIES OF ROSALIA ALPINA LONGHORN BEETLE WITH STRUCTURAL COLORATION  OTEH 2016
 

526 

 

Picture 1. The potography of Rosalia alpina.  

Sometimes photonic structure enhances the pigment color 
as observed in some snakes [7] or butterflies [8]. Micro 
and nano-structures localize light, and increase the 
average path length within the structure thus increasing 
absorption. The biological purpose of such structures 
might be the camouflage or thermoregulation, as in 
Lycaenid butterflies [9].  

More advanced structures have dual purpose as in 
Saharan silver ant (Cataglyphis bombycina (Roger, 1859) 
[1]): to reflect maximum amount of the visible light, and 
to simultaneously dissipate infrared radiation directly into 
the atmospheric window at mid-infrared. This enables 
insect to efficiently regulate its body temperature in very 
hostile desert environment.  

Four prominent black spots on the elytra of Rosalia 
alpina have attracted our attention. We have found, that 
the light absorption is not the sole consequence of dark 
pigments (most probably melanin), but that it is strongly 
influenced by the underlying structure [10]. We have been 
using Scanning Electron Microsope to examine the 
structure of Rosalia alpina hairs within the black spot 
(Picture 2). In adjacent grey zones hairs have completely 
different structure, as shown in Picture 3. 

 

Picture 2. The hairs in black spots area of Rosalia alpina. 

Both structures can be viewed, in the same scale, in 
picture 4. The different structure of hairs can be very easy 
notified in this picture. 

 

Picture 3. The hairs in gray zones of Rosalia alpina. 

 

Picture 4. The black spot area of Rosalia alpina 
surrounded by hairs with differenrt structure. 

Materials developed by nature during the evolution, have 
a significant impact on search for artificial materials 
having useful absorptive properties, especially for solar 
energy collection, thermal energy dissipation and 
camouflage.  

Bearing in mind possible military application we have 
been examining cooling process in the area of black spots 
of Rosalia alpine. The first results have been obtained 
using thermographic analysis based on pulse thermogaphy 
[10]. This method involves the analysis of images that 
have been recorded by an infrared (IR) camera irradiating 
the test sample with infrared radiation. We have found 
that the light absorption is not the sole consequence of 
dark pigments (most probably melanin), but that it is 
strongly influenced by the underlying structure.  

Here we analyze spectral absorption of black spots using 
several laser wavelengths. 
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2. EXPERIMENTAL SETUP 

The test equipment comprised a set of laser pointers, a 
thermal camera and a personal computer (PC), which 
recorded digital data in real time. The surface of test 
sample (Rosalia alpina) was heated using the red, green 
and blue laser pointers (650 nm, 532 nm and 405 nm), 
positioned at a distance of 50 cm from the sample. Picture 
5 shows the experimental setup. 

 

Picture 5. The experimental setup. 

Cooling of the test sample, previously heated by means of 
a short laser pulse, was monitored using a commercial 
thermal camera "FLIR SC620", operating in the spectral 
range from 7.5 to 13 μm with FLIR T197189 macro lens. 
This type of camera has a focal plane matrix of 640x480 
consisting of semiconductor detector (Vanadium Oxide - 
VOx). Each detector measures the intensity of infrared 
radiation. These values can be represented on a monitor as 
a thermal image coded in shades of gray or in color and 
can be converted to temperature values using the 
appropriate table. 

In order to obtain optimal experimental results zoom has 
been set manually. After that, the all other parameters 
(ambient temperature, emissivity, the distance of the 
object from the thermal imaging camera, humidity, etc) 
have been found. Measurements, presented in this paper, 
have been carried out at short distances, (about 50 cm) 
and are not affected by atmospheric absorption. 

Thermal imaging camera allows conversion of spatially 
inhomogeneous distribution of radiation flux of scene, 
due to differences in the distribution of temperature 
and/or emissivity, in the visible image. The right choice 
of measuring geometry and correct interpretation of the 
results is based on the knowledge of the spatial and 
temperature resolution (sensitivity) of thermal imaging 
cameras. 

3. EXPERIMENTAL RESULTS 

Experiments have been organized in two ways. In the first 
case laser has been pointed to the black spot. In the 
second it has been used to irradiate the gray area near the 
black spot. During the short time (several seconds) laser 
pulse has been heating the irradiated place. Complete 
process has been recorded by IR camera and analyzed 
later using MATLAB software. 

Energy emitted by laser, during irradiation of black spot, 
was 49.632 mJ (red light), 5.73 mJ (green light) and 
176.305 mJ (blue light). It is followed by temperature 
increase of 44.226 °C (in case of red light), 23.512 °C (in 
case of green light) and 4.531 °C (in the case of blue 
light). It can be noticed that approximately 10 times less 
energy had been emitted in case of green light but 
temperature increase was only 2 times less than in case of 
red light. In addition, 3.5 times more energy had been 
emitted in case of blue light but temperature increase was 
nearly 10 times less than in case of red light.  

Picture 6 shows a thermal image during the experiments 
with red laser in case of frame number 700. This frame is 
chosen because the temperature difference between 
maximal and minimal temperature is small enough that 
both, details of the target and the background can be 
visible.  

 

Picture 6. Thermal immage recorded during the 700th 
frame in case when red laser has been pointed at black 

spot. 

Picture 7 shows a typical temperature change during the 
experiments.  

 

Picture 7. Temperature change in case when red laser had 
been pointed at black spot.  

Here we try to establish the dominant cooling mechanism: 
convection, conduction or radiation. We have started with 
analysis based on the Newton’s law of cooling.  

This law states that the rate of heat loss of a body is 
proportional to the difference in temperatures between the 
body and its surroundings. This means that the heat 
transfer coefficient, which mediates between heat losses 
and temperature differences, is a constant. This condition 
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is true in thermal conduction, but approximately true in 
conditions of convective heat transfer.  

Newton's law of colling is described by equation 

 ( )t a
dT k T Tdt = −  (1) 

Whose solution is  

 0( ) kt
t a aT T T T e−= + −  (2) 

In these equation Tt is the temperature at time t and Ta is 
the ambient temperature, T0 is the initial temperature of 
the body, and k is a constant. 

From equation 2 it folows that  

 
0

( )ln ( )
t a

a

T T ktT T
− = −
−

 (3) 

We can see that appropriate curve, in ideal case of 
cooling, should be the straight line. In picture 8 we can 
see slightly displacement of real process (blue line) 
comparing to the ideal case (red line) 

 

Picture 8.  Natural logarithm of temperature difference in 
case of red laser; blue line real; red line in accordance 

with the Newton’s law of cooling 

Picture 9 shows the temperature difference in case when 
laser with red light has been pointed to the black spot. The 
blue line represents results obtained at the position of 
pixel with maximal temperature obtained during 
irradiation. The red line represents the results for the pixel 
in the same colon but one row below. Line marked by 
green colour represents the results in the same colon two 
row below. The similar results has been obtained in case 
of laser with the green and blue light.  

Obviously the cooling process not coincide ideally with 
the Newton’s law of cooling. There is a process of heat 
conduction in space that surround the irradiated point. 
The existence of negative values in case of green curve is 
clear evidence of that. Maximal temperature is achieved 
later than in case of red curve, after conducting of energy 
from the space with higher temperature. 

During experiments the radiation time of laser has not 
controlled precisely. The next experiments will be 
organized with possibility for strictly control of radiation 
time. Also, with intention to have more comparable 
results, more attention will be paid to the positioning of 
the laser beam. During the last experiments irradiation of 
the object has been realized pointing laser from the hand. 
In addition, a couple of lasers with different wavelengths 
will be used for better covering of radiation spectra. 

 

Picture 9. Displacement of real curve comparing to the 
curve obtained by the Newton’s law of cooling; blue in 
position of maximal temperature; red in the same colon 
but one raw below, and green in the same colon but two 

rows bellow. 

4. CONCLUSION 

Our experiments are in progress. The results we have up 
to now show the existence of different photonic structure 
in the area of black spots. It is confirmed by the scanning 
electronic microscope but we want to confirm comparing 
the results of irradiation of the black spots and area 
outside of them. 

In this paper we present the preliminary results of thermal 
analysis of Rosalia alpina. Insect was irradiated with laser 
radiation at three wavelengths, spanning the whole visible 
spectrum (405 nm, 532 nm and 650 nm). Significant 
departure from the Newton’s law of cooling indicates that 
the thermal dissipation is regulated by radiation from the 
photonic structures. It seems that the structure is 
optimized such that it maximizes absorption in the visible 
part of the spectrum and simultaneously minimizes 
thermal losses due to radiation. More experimental and 
theoretical research is needed to better assess the thermal 
effects. 

If proven true, the described effect could be used in 
construction of military personnel and arms clothes, 
which will diminish thermal dissipation through radiation. 
The effect could be important from the military point of 
view, because it can help the solder to survive in cold 
weather, while reducing its thermal trace. 
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Abstract. The state of the art investigations in the laser scanning microscopy and 

its application is enabled mainly by new optical devices, laser sources and microscopic 

objectives. Advanced microscopic techniques, that give different and mutually 

compatible information about the sample, enable full characterization of the micro 

objects. Nonlinear microscopy enables obtaining the information on oriented structures, 

refraction index variation, and fluorescent properties deeply from the volume of the 

sample. The information are obtained by detecting nonlinear optical effects Two Photon 

Excitation Fluorescence (TPEF), Second Harmonic Generation (SHG) and Third 

Harmonic Generation (THG) during the scanning of the laser beam through the sample 

[1]. The nonlinear optical effects are efficiently produced only in the focus of the laser 

beam where the intensity is high enough. High intensity is achieved by tight focusing 

using high numerical aperture objectives and ultra short laser pulses. In this way it is 

possible to slice the sample, in optical manner, into tiny layers, and to use those layers 

for 3D reconstruction of the object. We present the images of chitinous structures of the 

specimens of endemic cave-dwelling insects Pheggomisetes ninae and Plusiocampa 

christiani from  Southeast and East Serbia [2].  The results are obtained using home 

made experiemtal setup for  nonlinear microscopy.  We also present results of  

compound eyes of the Small White butterfly (Pieris rapae) and some other species of 

butterflies (Lepidoptera) (Fig. 1). 

 

Figure 1. A slice of compound eye of Pieris rapae consisting of ommatidia obtained by 

TPEF modality of nonlinear microscopy. 
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Оптичке и флуоресцентне особине хитина и хитинских 
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Резиме 

 

Предмет истраживања ове докторске дисертације су оптичке, флуоресцентне и термалне 

радијативне особине хитина и хитинских микро и наноструктура биолошког порекла. Хитин је, 

после целулозе, најзаступљенији полисахарид у природи и добија се прерадом одбачених 

љуштура морских шкољки и ракова, и има многобројне технолошке примене. Хитин је такође и 

главни састојак тела инсеката. Поједини делови тела ових инсеката су често структурисани на 

микро и нано нивоу па се могу анализирати као сложени оптички системи биолошког порекла и 

приликом интеракције упадне светлости са овим хитинским структурама испољавају се 

различити физички механизми (интерференција, дифракција, различите врсте расејања 

светлости) који синергијски дају значајан допринос рефлексији, трансмисији и апсорпцији 

светлости. 

У оквиру ове докторске дисертације експериментално и теоријски су истражене поједине 

нелинеарне оптичке особине хемијски пречишћеног хитина применом двофотонски побуђене 

флуоресценције и генерисањем другог хармоника. Ови резултати су употребљени за анализу 

оптичких и флуоресцентних особина појединих хитинских микро и наноструктура биолошког 

порекла, и за истраживање контролисане модификације ових особина ласерском радијацијом. 

Анализиране су и термалне особине природне хитинске микроструктуре. 

Добијени резултати су искоришћени за технолошку примену – сложене хитинске 

наноструктуре су, у изворној и ласерски модификованој форми, употребљене као варијабилни 

оптички елемент у заштити од фалсификовања докумената, хартија од вредности, новчаница 

итд. Показана је и примена у ентомолгији, за високо-квалитетно површинско и дубинско 

осликавање делова тела организама који се доминантно састоје од хитина. 
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Optical and fluorescent properties of chitin and chitinous 

structures of biological origins 

 

 
Abstract 

 

 
The main subject of this doctoral thesis are optical, fluorescent and thermal radiative properties 

of chitin and chitinous micro and nanostructures of biological origins. Chitin is the most prevalent 

polysaccharide after cellulose and it is made by processing of the dumped seashells and sea crawfish 

shells, and it has numerous technological applications. Chitin is also a main body ingredient of insects. 

Some body parts of these insects are often micro and nanostructured so that many of them represent 

complex optical systems of biological origins and many physical mechanisms (interferеnce, diffraction, 

differеnt forms of scattering) appear during the interaction of incident light with these chitinous 

structures. These physical mechanisms act in sinergy and have significant contribution to the reflection, 

transmission and absorption of light. 

 

In this doctoral thesis, nonlinear optical properties (two-photon excited fluorescence, second 

harmonic generation) of chemically purified chitin powder are experimentally and theoretically 

investigated. These results are used for the analysis of the optical and fluorescent properties of 

biological chitionous micro and nanostructures and for the investigation of the controlled modification 

of these properties by laser irradiation. Thermal properties of natural chitinous microstructure are also 

analyzed. 

 

Results are used for technological application – complex chitinous nanostructures are used, in 

natural and laser-modified form, for variable optical element whose optical and fluorescent properties 

have central spot in its function, which is prevention of counterfeiting of documents, stocks, paper 

money etc. Additional application, in entomolоgy, is demonstarted, for high quality surface and deep 

imaging of insect's body parts which are dominantly built of chitin. 
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1  

1. Увод 

 

1.1 Фотоника и биофотоника 

 

Фотоника је област физике која проучава активну и пасивну контролу светлости кроз 

генерисање, детекцију и контролисање светлости самом светлошћу (нелинеарни ефекти) [1,2]. 

Фотоника највећим делом истражује радијацију из оптичког и блиско инфра-црвеног дела 

спектра. Настанку фотонике претходиле су прве практичне примене полупроводничких извора 

светлости, раних 1960.-их година, и развој оптичких влакана 1970.-их година. Биофотоника је 

огранак фотонике који проучава интеракцију светлости и биолошких система. Многи биолошки 

системи интерагују са светлошћу на веома сложен и још увек не у потпуности истражен начин. 

Ови системи често имају веома сложену структуру, на нанометарском нивоу. Због тога, 

приликом интеракције светлости са њима долази до различитих оптичких ефеката који настају 

комбинацијом интерференције, дифракције, различитих типова расејања светлости... Оптичке 

особине ових биолошких система – организама помажу и омогућавају организму да преживи. Са 

становишта оптике, они представљају сложене оптичке системе са сложеним оптичким одзивом. 

Због многобројних примена, биолошки системи се могу имитирати, и на различите начине 

модификовати, чиме се додатно повећава број оптичких механизама који одређују интеракцију 

светлости и ових система. Огранак биофотонике који се бави имитирањем, модификацијом и 

функционализацијом природних система се назива биомиметика. 

Друга, такође значајна област биофотонике се бави развојем и применом оптичких 

техника, првенствено осликавања, са циљем проучавања биолошких молекула, ћелија и ткива 

[3]. У оквиру ове тезе, под осликавањем се подразумева микроскопско осликавање узорака 

биолошког порекла, применом различитих микроскопских техника. При томе, многе оптичке 

технике развијене у биофотоници не оштећују ткива и ћелије [4], што је значајна предност у 

односу на многе друге методе (флуоресцентна конфокална микроскопија, опто-акустичко 

осликавање, термографија...) које се користе у „живим наукама“. У овом смислу, биофотоника 

проучава апсорпцију, емисију, модификацију и детекцију радијације код биолошких материјала 

– ћелија, ткива, па и читавих организама. Ово има значајне примене у медицини, биологији, 

пољопривреди, примене као што су терапија и хирургија, где се радијација користи као 

преносилац енергије. Међутим, биофотоника се бави и дијагностиком ћелија и ткива, при чему 

радијација побуђује материју која онда приликом релаксације у основно стање „емитује“ 

одређену информацију о ткиву, у форми радијације измењених особина. 

Почеци биофотонике као науке датирају још од времена Исака Њутна, који је, између 

осталог, проучавао и обојеност у живом свету и претпоставио да интензивна обојеност пауновог 

перја потиче од биолошког материјала који има форму танког филма [5]. На прелазу из 19.-ог у 

20.-и век настављена су истраживања феномена структурне обојености [6-15]. У тим почетним 

истраживањима, један од најистраживанијих објеката су била крила иридесцентних лептира. 

Међутим, пошто тада није постојала електронска микроскопија, узрок иридесценције није било 

лако одредити. Теорије из тог времена се зато могу сврстати у следеће категорије [16]: 1) 

дифракција светлости на набораној површини природних структура, 2) интерференција 

светлости на танким филмовима, 3) расејање светлости, 4) селективна рефлексија светлости као 

у случају метала и обојених кристала. 
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Савремена биофотоника представља веома атрактивну научну дисциплину, како са 

аспекта фундаменталних истраживања физике и оптике природних фотонских микроструктура, 

тако и са аспекта многобројних технолошких примена. На пример, недавно је откривено да 

спољашњи хитински омотач (хитин је доминантни градивни елемент инсеката и о њему ће бити 

више речи у наставку ове дисертације, у подпоглављу 1.1.2.) инсекта P. c. Pavonius има 

структуру 3Д фотонског кристала са елементарном ћелијом „једноструког“ дијаманта (single 

diamond network morphology) [17]. О научном и технолошком значају оваквих природних 3Д 

фотонских наноструктура ће бити речи у наставку ове дисертације. Оно што оптику ове 

структуре разликује од осталих оваквих 3Д фотонских кристала откривених код инсеката је 

велика спектрална варијабилност рефлексије – у зависности од упадног угла светлости, 

рефлексија може да има максимум на било којој таласној дужини из оптичког дела спектра. 

Изузетна спектрална подесивост је омогућена структуром 3Д фотонског кристала који је 

изграђен од хитина и ваздушних шупљина, и у којој постоје адекватне варијације константе 

кристалне решетке и варијације односа запремине хитин/ваздух. 

Настављају се истраживања нових биофотонских система, са акцентом на хитин-ваздух 

наноструктуре. Имитирање оваквих наноструктура вештачким материјалима са бољим 

оптичким и осталим особинама и адекватна модификација и функционализација оваквих 

структура представљају плодно тло за примене у биоинжењерству, соларним ћелијама, 

различитим сензорима, комуникационим технологијама, обради података [23]. Упоредо са тим, 

откривају се и нови физички и оптички механизми интеракције електро-магнетне радијације са 

сложеним хитинским наносистемима, који се заснивају на оптичкој синергији различитих 

хитинских микро и наноелемената. 

Веома су активна и истраживања примене биофотонике у медицини, у развоју нових 

биомедицинских оптичких уређаја за осликавање, дијагнозу и терапију различитих обољења 

[18-22]. 

 

 
1.1.1. Структурна и пигментна обојеност 

 

 
Обојеност у природи је најчешће последица присуства пигмената и она се назива 

пигментна обојеност. Међутим, поједини организми имају веома сложене, нано-структурисане 

делове тела. Приликом интеракције упадне светлости са овим структурама, долази до 

комбиновања низа оптичких ефеката (интерференција, дифракција, различите врсте расејања 

светлости...) који синергијски одређују оптичке особине оваквих структура. Оваква обојеност се 

назива структурна обојеност. Није редак случај да се пигменти налазе у сложеној природној 

нано-структури, и онда је рефлексија радијације са овакве структуре комбинација утицаја нано - 

структуре и пигмената. За разлику од пигментне обојености, структурна обојеност показује јаку 

угаону зависност. Дакле рефлексиони спектар се мења са променом угла посматрања или 

осветљавања структуре и ова појава се у биофотоници назива иридесценција. Структурне, 

иридесцентне боје су такође интензивније од пигментне обојености (рефлектована светлост има 

већу амплитуду), јер се не заснивају на селективној апсорпцији електро-магнетних таласа од 

стране пигментних молекула него на суперпозицији великог броја парцијално рефлектованих 

таласа. 
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Поред кохерентних процеса као што су интерференција и дифракција, за структурну 

обојеност је веома значајно и некохерентно, дифузно расејање светлости. Поједине природне 

структуре су оптимизоване за овај процес. Оне расејавају таласне дужине из одређеног под- 

опсега оптичког дела спектра у пуном просторном углу и на тај начин елиминишу ове таласне 

дужине из кохерентне и високо-амплитудске иридесцентне рефлексије. Уколико је материјал 

транспарентан, расејана светлост се појављује и унутар материјала због чега се, захваљујући 

дифузном расејању, повећава време боравка ових фотона унутар материјала. Овде је у питању 

ефекат локалног таласовода који је праћен повећањем апсопције светлости унутар материјала 

услед чега поново имамо елиминацију ових таласних дужина из иридесцентне, структуром 

узроковане рефлексије. 

Постоје различите врсте расејања радијације у материјалној средини, у зависности од 
односа таласне дужине радијације и величине честица на којима се расејање одиграва. Рејлијево 
расејање се дешава када је пречник честице за ред величине (или више од тога) мањи од таласне 
дужине радијације. Ако се ради о радијацији из оптичког дела спектра, то значи да пречник 

честице треба да буде ~ 50 nm или мањи. Значајна особина овог расејања је да је интензитет 
расејања обрнуто пропорционалан четвртом степену таласне дужине радијације која се расејава 

(𝐼 ~ 1⁄𝜆4), па се таласне дужине из „плавог дела спектра“ (𝜆 ~ 400-500 nm) расејавају веома 

интензивно у свим правцима, док је расејање преосталих таласних дужина из оптичког дела 
спектра скоро занемарљиво [24]. Лорд Рејли је дошао до израза за расејање које је добило назив 
по њему анализирајући расејање радијације на дипол-расејавачима чије су димензије бар за ред 
величине мање од таласне дужине радијације која се расејава: 

8𝜋4𝑁𝛼2 

(1 + 𝑐𝑜𝑠2𝜃) 

(1.1) 

𝐼 = 𝐼0 

𝜆4𝑅2 

 

где је 𝐼 - интензитет расејане радијације на дипол-расејавачу, 𝐼0 - интензитет упадне радијације, 
𝑁 - број расејавача, 𝛼 – поларизабилност, 𝜆 - таласне дужина радијације, 𝑅 - растојање између 

расејавача и детектора радијације, 𝜃 - угао између правца упадне светлости и правца дуж кога се 

детектује расејана радијација. На пример, молекули О2 и N2 који су веома заступљени у 

Земљиној атмосфери имају ове димензије па се Рејлијевим расејањем може објаснити плава боја 

неба и наранџасто-црвена боја излазака и залазака Сунца [24]. Рејлијево расејање значајно утиче 

на оптичке особине многих биолошких система [25-28]. 

Широкопојасна рефлексија многих биофотонских система објашњава се Миевим 

расејањем (слика 1.1) [142, 143, 153-155]. Оно се испољава на честицама чије димензије 

одговарају таласној дужини упадне светлости. Миево расејање представља решење 

Максвелових једначина за расејање равног електро-магнетног таласа на хомогеној сфери. 

Упадни равни талас, као и расејано поље, приказују се преко низа радијалних сферних 

векторских таласних функција. Електро-магнетно поље унутар честице се приказује преко низа 

регуларних сферних векторских таласних функција. Применом одговарајућих граничних услова 

на површини сфере, могу се израчунати коефицијенти пропагације расејаног електро-магнетног 

поља. Решење има облик бесконачног реда сферних парцијалних таласа. Ипак, не постоји горњи 

лимит за величину сфере, јер у случају веома великих честица Миево решење конвергира ка 

решењу геометријске оптике [29]. 
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Миево расејање је најинтензивније у правцу побудне светлости, јер су у овом правцу 

најмање релативне фазне разлике између радијације која је расејана са различитих делова 

честице. На пример, ово доприноси белој боји млека где се расејање дешава на капљицама 

масти унутар воде. Такође, облаци се састоје од капљица воде које су већих димензија од 

таласне дужине светлости и због тога се дешава Миево расејање – све таласне дужине из 

оптичког дела спектра се расејавају приближно једнако, што ствара утисак беле боје облака. 

Миево расејање је такође одговорно за белу боју шећера, соли, магле итд. Оно је заступљено и у 

нижим слојевима атмосфере, где се налазе сферичне честице чији су пречници приближно 

једнаки таласним дужинама упадне радијације [30]. 

Код појединих биолошких материјала заступљено је Тиндалово расејање [31, 32]. Оно је 

слично Рејлијевом расејању, јер је и овде интензитет расејане светлости обрнуто 

пропорционалан четвртом степену таласне дужине светлости, па се „плава“ светлост (λ ~ 400- 

500 nm) расејава знатно интензивније од „црвене“ светлости (λ ~ 600-700 nm), али се дешава на 

честицама већих димензија у односу на Рејлијево расејање (због чега се светлост интензивније 

расејава у случају Тиндаловог расејања). У оптички транспарентним срединама у којима се 

дешава Тиндалово расејање, веће таласне дужине се трансмитују кроз материјал, док се краће 

таласне дужине дифузно рефлектују због Тиндаловог расејања. Ово расејање се дешава када се у 

оптички транспарентној средини налазе честице пречника ~ 500 – 900 nm. 
 

 

 
 

  
Упадна 
светлост 𝑟 

𝑄 ~ 
𝜆 

 

 
𝑄 ~ 𝐶 + cos( 

 
𝑟 −𝑘

𝑟
 

)𝑒 𝜆 𝑄 ~ 𝐶 
𝜆 

 

2𝑟 < 50 𝑛𝑚 2𝑟 ≅ 50 − 500 𝑛𝑚 2𝑟 > 1 𝜇𝑚 

 
Слика 1.1. Различите врсте расејања светлости. С лева на десно: Рејлијево расејање, које се 

дешава када је пречник честице на којој се радијација расејава мањи од 50 nm (овој групи 

припадају, на пример, молекули О2 и N2, веома заступљени у Земљиној атмосфери); Миево 

расејање: величина честице је 50 – 500 nm; Када је пречник честице већи од оптичких таласних 

дужина, Миево расејање конвергира ка решењу геометријске оптике за расејање светлости на 

крупним честицама. Q - коефицијент атенуације надолазеће светлости, r – полупречник 

честице на којој се светлост расејава, λ – таласна дужина светлости, C – константа. 

 

 
У оквиру ове дисертације су проучаване оптичке, флуоресцентне и термалне особине сложених 

нано-структура инсеката. Доминантан градивни састојак ових структура је хитин. 
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1.1.2. Хитин и хитинске наноструктуре биолошког порекла 

 
 

Постоје многи материјали који су свеприсутни у живом свету (ДНК, протеини, 

полисахариди...). Међу најзаступљенијима су полисахариди целулоза (градивни елемент 

биљака) и хитин (градивни елемент инсеката). 

Хитин је полимер који се налази у егзоскелету и у унутрашњим структурама 

бескичмењака. То је други најзаступљенији полимер на Земљи, после целулозе [5]. Производи 

се од одбачених љуштура шкољки и морских ракова (љуштуре садрже 20 – 30% хитина) [33, 34]. 

Хитин је природно обилан и обновљив полимер са одличним особинама као што су: 

биоразградивост, биокомпатибилност, нетоксичност. 
 

 
 

 

 
Слика 1.2. Хемијска структура молекула хитина 

 

 
Хитин је доминантан градивни елемент инсеката. Хитинске наноструктуре се налазе на 

крилима и другим деловима тела инсеката а истражују се због откривања нових оптичких 

механизама и због различитих примена као што су: 

 сензори малих (нанометарских) помераја и деформација које могу бити различитог 

порекла: термалног, акустичког, механичког па чак и нуклеарног [35-39]. 

 текстилна индустрија – иридесцентна одећа [40]. 

 медицина – где се користе као повољна подлога за раст различитих ћелијских култура 

што доводи до примена у регенеративној медицини, инжењерингу ткива, контроли 

облика ћелија [41]... 

 биохемија – анализа молекулских интеракција [42]. 
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Због ових примена истражују се физичке и оптичке особине хитинских наноструктура у 

природном облику, проучавају се могућности њихове модификације и функционализације због 

побољшања ових особина, и развија се нова област чија је улога да имитира природне структуре 

вештачким материјалима ради побољшања њихових својстава (биомиметика). 

Љуспице лептира, које биофотоника препознаје као сложене нано-структурисане оптичке 

микро-објекте, састоје се највећим делом од хитина и класификоване су у две основне 

категорије – љуспице чији је типичан представник „Morpho“ фамилија лептира и други тип 

љуспица чији је типичан представник „Urania“ фамилија лептира [65, 203], у зависности од тога 

да ли су равног облика или конвексне (облик љуспице утиче на оптичке ефекте). Обе категорије 

садрже одређени број подкатегорија које се разликују у наноструктури [204]. Веома честа појава 

код оваких структура је иридесценција – промена рефлексионог спектра са променом угла 

посматрања или осветљавања љуспице. Љуспице се могу делимично преклапати, а код 

појединих врста инсеката постоје два слоја љуспица – базне и покровне, које су постављене 

једне преко других и могу имати исту или веома различиту нано-структуру и оптичке особине. 

Због своје сложене нано-структуре и резултујућих оптичких особина, љуспице лептира 

имају многобројне технолошке примене. На пример, користе се као подлога за Раманову 

спектроскопију појачану површинском структуром („surafce enhanced Raman scattering - SERS“) 

[205-207]. Такође, у развоју сензора малих (нанометарских) помераја и деформација које могу 

бити различитог порекла: термалног, механичког, акустичког, па чак и нуклеарног. 

Структурисање фото-аноде соларних ћелија по узору на љуспице лептира доводи до повећања 

ефикасности соларних ћелија [208]. Овде се примењују особине љуспица појединих врста 

лептира и мољаца да „заробљавају“ светлост [95]. У скорије време, локализована површинска 

плазмонска резонанца („localized surface plasmon resonance (LSPR)“) остварена је плазмонским 

ефектима на металима са површином нано-структурисаном по узору на горњу површину 

љуспица лептира [209]. Ово има потенцијалну примену у производњи водоника фотокатализом 

воде. У појединим применама, на пример у текстилној индустрији, предложено је да се љуспице 

лептира користе у изворном облику, уклоњене са крила инсекта. За сложеније примене („SERS“, 

„LSPR“, гасни, термални, механички сензори...) сложена нано-структура љуспица се имитира – 

од различитих метала и легура се генеришу копије љуспица, допирају се нано-честицама итд. 

Ове технике се примењују у биомиметици, области биофотонике која истражује могућности 

имитирања природних нано-структура другим материјалима, као и побољшање оптичких, 

механичких и других особина ових „копија“ контролисаном модификацијом и 

функционализацијом (придруживање нових елемената структури ради побољшања већ 

постојеће или додавања нове функције структури, на пример, поједини оптички апсорбери се 

функционализују допирањем карбонским наноцевима, чиме се значајно повећава њихова 

апсорпција у оптичком делу спектра) њихове наноструктуре [210-212, 238]. 
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1.2. Природне фотонске наноструктуре 

 

У природи постоји велика разноврсност сложених фотонских структура и оптичких 

ефеката који настају у интеракцији светлости са њима. Поједине структуре су периодичне и 

њихов период је реда величине таласне дужине радијације из оптичког дела спектра па се на 

њима испољавају кохерентни ефекти (као што су интерференција, дифракција...). Постоје и 

насумичне структуре чија је примарна оптичка функција расејање светлости из одређеног опсега 

таласних дужина у широком просторном углу, што има централно место у рефлексији али може 

бити значајно и за апсорпцију светлости, што ће касније бити објашњено. Присутна је и псеудо- 

уређеност, где структуре биолошког порекла показују различит степен уређености на 

различитим физичким скалама – нпр. биолошки поликристал, материјал који се састоји од 

великог броја периодичних области, при чему је међусобна оријентација тих под-области 

насумична (тзв. „short range order – long range disorder“). 

Природне структуре се могу састојати од два различита материјала код којих постоји 

разлика у индексу преламања потребна да се добију резултујући оптички ефекти. То су нпр. 

меланин и кератин код птица, гуанин и цитоплазма код водених организама...Али периодичност 

се у природи може постићи и у форми рељефа, као нпр. код инсеката где је периодичност 

обезбеђена хитином и ваздушним шупљинама унутар хитина, па су главне компоненте оваквих 

система хитин и ваздух. О свим поменутим структурама и оптичким механизмима интеракције 

светлости са њима биће речи у наставку овог поглавља, са посебним акцентом на хитинске 

фотонске структуре. 

 

 
1.2.1. Периодичне природне фотонске нано-структуре 

 
 

У зависности од броја просторних димензија у којима постоји периодичност, овакве 

структуре се могу поделити у 3 основне категорије: танки филмови (код којих периодичност 

постоји у једној просторној димензији), дифракционе решетке и фотонски кристали, где 

периодичност постоји у две и три просторне димензије, респективно. 

 

 
Танки филмови 

Танки филмови имају периодичну промену индекса преламања у једној димензији. Пошто 

је главна оптичка функција хитинских танких филмова до сада откривених у природи 

рефлексија (спектрално уско-појасна или широко-појасна, и угаоно-зависна рефлексија), они су 

познати и под називом вишеслојни рефлектори. Уколико се светлост простире кроз овакав 

материјал, на свакој граничној површини унатар материјала на којој постоји дисконтинуитет 

индекса премања долази до рефлексије једног дела упадне светлости. Уколико је физичка 

дебљина слојева од којих се материјал састоји реда величине таласне дужине светлости, долази 

до интерференције парцијално рефлектованих таласа. Када два електро-магнетна таласа 

интеферирају, резултујући интензитет електро-магнетног поља је једнак: 
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𝐼 = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2𝑐𝑜𝑠𝛿 (1.2) 

где су 𝐼1 и 𝐼2 интензитети појединачних електро-магнетних таласа а δ је њихова фазна разлика у 
одређеној тачки у простору. 

У различитим тачкама у простору, резултујући интензитет 𝐼 може да буде већи, мањи или 

једнак збиру 𝐼1 + 𝐼2, што зависи од вредности фазне разлике δ, а исти принцип важи и када у 

материјалу постоји већи број граничних површина, па због тога долази до интерференције већег 

броја парцијалних рефлектованих таласа, слика 1.3 б. У различитим областима у простору, 

електромагнетни таласи одређене таласне дужине слабе или се појачавају у различитој мери, у 

зависности од њихове фазне разлике у датој области. Из тог разлога, рефлексиони спектар 

једнодимензионих периодичних материјала се мења са променом угла посматрања (или угла 

осветљавања) материјала. 

Слојеви од којих се састоји вишеслојни оптички рефлектор могу имати константну 

дебљину – сви слојеви индекса преламања n1 имају исту физичку дебљину, а слојеви индекса 

преламања n2 имају неку другу (или исту) вредност дебљине и тада овакав рефлектор рефлектује 

узак интервал таласних дужина које задовољавају услов за конструктивну интерференцију у 

рефлексији. Овакви рефлектори се, због ширине њиховог рефлексионог спектра, називају уско- 

појасно рефлектори. Међутим, рефлектори који имају велики број слојева, могу имати и 

варијабилну дебљину слојева. У том случју, повећава се број таласних дужина које испуњавају 

услов за конструктивну интерференцију у рефлексији па због тога овакви рефлектори имају 

шири рефлексиони спектар од уско-појасних рефлектора и, уколико је он значајно шири, 

називају се широко-појасни рефлектори. Оптички механизми уско-појасне и широко-појасне 

рефлексије на хитинским 1Д вишеслојним рефлекторима откривени су у живом свету, код 

многобројних врста инсеката [49-60]. 
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Слика 1.3. Интерференција светлости: а) Интерференција на танком слоју, два делимично 

рефлектована таласа (таласи означени бројевима 1 и 2) интерферирају. б) интерференција на 

вишеслојној структури са периодичном променом индекса преламања – већи број граничних 

површина узрокује већи број делимично рефлектованих таласа (на слици су означени бројевима 

1, 2, 3 и 4) који интерферирају. Ради једноставности приказа, таласи су приказани правим 

линијама – зрацима. 

 

 
Ускопојасни хитински 1Д рефлектори биолошког порекла 

 
 

Уско-појасна рефлексија на хитинским 1Д вишеслојним рефлекторима откривена је у 

природи код различитих врста инсеката [43-54]. На пример, Вукушић и сарадници [55] 

истраживали су оптичке особине појединачних љуспица (микро-објекти којима су прекривена 

крила различитих врста инсеката, често имају сложену структуру и оптичку функцију) Morpho 

rhetenor лептира и показали да се ове љуспице могу успешно моделовати као 1Д вишеслојни 

рефлектори изузетних оптичких особина. Наиме, мерења су показала да је оптичка дебљина 

слојева оптимизована за интензивну рефлексију „плаве“ светлости (~ 400-500 nm) – љуспице 

рефлектују 75% упадне плаве светлости и то у великом просторном углу што је далеко више 

него што се може постићи пигментацијом. Дакле, ови лептири су развили вишеслојне 

рефлекторе са довољним бројем слојева који им омогућавају веома интензивну рефлексију у 

поменутом спектралном опсегу, и који у комбинацији са другим компонентама овог сложеног 

биофотонског микро-система показују рефлексивност у широком просторном углу, 

поништавајући дакле, у одређеној мери, угловну зависност рефлексије карактеристичну за 

вишеслојне рефлекторе. Али не само то, него и друге оптичке особине као што су интензивна 

рефлексија у УВ области и различити поларизациони ефекти. Ништа од овога се не може 

постићи само пигментима. 

 

Уско-појасна рефлексија је карактеристична и за хитинске 1Д вишеслојне рефлекторе који 

се налазе на дорзалној површини крила лептира Morpho aega, слика 1.4. Она је прекривена 

љуспицама просечних димензија 200 X 75 μm. Електронски микрограф типичне љуспице је 

приказан на слици 1.4а. Она се састоји од лонгитудиналних гребена, који се простиру целом 

дужином љуспице. Структура је отвореног типа, састоји се од слојева хитина између којих се 

налази празан простор испуњен ваздухом, просечна дебљина хитинских слојева је ~ 700 nm, а 

ваздушних шупљина ~ 1 μm. Дакле сваки лонгитудинални гребен представља вишеслојни 

рефлектор који се састоји од 5 слојева хитина и 5 ваздушних слојева (слика 1.4в). Захваљујући 

малом растојању између суседних гребенова, љуспица се може моделовати као вишеслојни 

рефлектор чији су компоненте хитин и ваздух (слика 1.5). Оваква љуспица представља природан 

оптички микро-систем чије су дебљине слојева оптимизоване за иридесценцију – интензивну 

рефлексију која показује угаону зависност. Код многих врста међутим, угаона зависност је 

значајно смањена услед „колективног ефекта“ (рефлексија је креирана од стране великог броја 

љуспица чије међусобне оријентације имају благе природне варијације што доводи до ширења 

резултујућег рефлексионог спектра крила инсекта и смањења његове угаоне зависности). Код 

појединих врста, изнад слоја иридесцентних љуспица, налази се слој транспарентних љуспица 

чија је оптичка функција дифракција светлости рефлектоване са иридесцентног слоја љуспица. 

Захваљујући дифракцији, може се значајно повећати просторни угао у коме се простире 

светлост рефлектована са иридесцентног слоја љуспица. Код оваквих сложених нано- 
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структурисаних система, сви природни оптички елементи (високо транспарентан горњи 
„дифракциони“ слој љуспица, нано-структурисан доњи иридесцентни слој љуспица, крилна 

мембрана испод љуспица богата пигментима који апсорбују радијацију која је прошла кроз 

горње слојеве љуспица...) синергијски утичу на рефлексиони спектар. 
 

 

 

Слика 1.4. а) електронски микрограф љуспице Morpho aega лептира; б) бочни снимак љуспице 

при већем микроскопском увећању. Уочава се слојевита структура лонгитудиналних гребена. 
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Слика 1.5. Растојање између лонгитудиналних гребена је код Morpho aega лептира довољно 

мало па се љуспица може моделовати као 1Д вишеслојни рефлектор применом теорије 

ефективне средине [56]. 

 
 

Иридесценција услед вишеслојних рефлектора је откривена и код појединих припадника 

реда вилинских коњица (лат. Odonata) [57], као и код других копнених организама (нпр. паукова 

(који нису инсекти и спадају у класу Arachnidae) [58]. 

 

1Д периодичне нано-структуре су откривене и код водених организама. На пример, 

истраживањем високо-рефлективних структура поједних риба и других водених организама 

откривено је да се оне састоје од наизменично поређаних слојева високог и ниског индекса 

преламања (код водених организама, то су гуанин и цитоплазма). Слојеви гуанина (један од 

четири главна састојка нуклеинских киселина ДНК и РНК) имају облик плочица,а између њих 

се налази течност – цитоплазма. Оптичка дебљина гуанинских плочица и цитоплазме је у опсегу 

100 – 200 nm. Многе од ових рефлектујућих структура су интензивно обојене и код њих је 

откривена добра корелација између спектралног опсега који се најинтензивније рефлектује и 

дебљине слојева - структура тежи да буде идеалан рефлектор. 

 
 

Широко-појасни 1Д рефлектори биолошког порекла 

 
 

Међутим, код водених организама су откривене комплексније структуре и оптички 

механизми, као што су неидеалан систем – вишеслојни рефлектор где дебљина слојева показује 

значајно одступање од ¼ таласне дужине максимума рефлексије, или вишеслојни рефлектор са 

широко-појасном рефлексијом [59]. 

Јордан и сарадници анлизирају поларизационо независну оптичку рефлексију откривену у 

широко-појасном „сребрном“ вишеслојном рефлектору код трију врста риба [60]. Овај природни 

механизам генерисања спектрално широко-појасне и неполаризоване рефлексије може имати 

примену у генерисању синтетичких оптичких компонената. Широко-појасни неполаризујући 

диелектрични вишеслојни рефлектори су важне оптичке компоненте и саставни су делови 
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оптичких фибера [61], диелектричних таласовода [62] и светлосно-емитујућих диода [63]. 

Високо двојно-преламајући полимери са индексима преламања сличним као код риба су већ 

коришћени у производњи вишеслојних огледала [64]. 

 

Ови рефлектори обезбеђују рибама камуфлажу тако што изједначавају сопствену 

рефлексију са зрачењем из спољашње средине [65]. Због адекватне камуфлаже, рефлектујуће 

структуре морају да генеришу спектрално широко-појасно, интензивно и неполаризовано (под 

овим се подразумева да рефлектор не мења поларизацију упадне светлости) зрачење за све 

упадне углове надолазеће радијације. На пример, неки водени предатори имају поларизационо 

осетљив вид, па овакве структуре не мењају поларизацију упадне светлости – дакле у великом 

интервалу упадних углова поларизација светлости је иста пре и после рефлексије. 

Неполаризујући рефлектори су значајни зато што код њих не долази до опадања 

рефлексивности са приближавањем упадног угла светлости Брустеровом углу. Начин на који 

вишеслојни рефлектори код риба производе спектрално широко-појасну рефлексију су добро 

познати [66, 67]. То су насумична варијација у дебљини слојева и систематска варијација у 

дебљини слојева. Ово прво је биолошки аналогон неуређених синтетичких диелектричних 

огледала [68]. 

 

 
Дводимензионе (2Д) природне фотонске нано-структуре 

 

 
За разлику од 1Д и 3Д периодичних фотонских система, биофотонски системи са 

периодичном варијацијом индекса преламања у две димензије су мање истраживани [69]. То су 

дифракционе решетке са периодичношћу у две просторне димензије. 

Дифракционе решетке су оптичке компоненте које се састоје од периодичног низа 

структура (то су најчешће удубљења или испупчења) при чему је растојање између свака два 

суседна елемента константно и назива се периодом решетке. Ако је период дифракционе 

решетке упоредив са таласном дужином надолазеће радијације, решетка има способност да 

упадни сноп радијације „подели“, дифрактује, на већи број снопова. Различите таласне дужине 

из упадног снопа се, после интеракције са решетком, простиру у различитим правцима. Угао 

под којим се, у односу на нормалу на решетку, простиру различите таласне дужине после 

рефлексије (или трансмисије) са решетке одређен је односом периода решетке и таласне дужине 

упадне радијације. Једначина која повезује ове параметре (упадни угао и таласну дужину 

надолазеће радијације, угао дифракције и период решетке) је једначина дифракционе решетке: 

(sin 𝜃𝑖 − sin 𝜃𝑚) = 𝑚𝜆 (1.3) 

где је 𝑑 период решетке, 𝜃𝑖 је упадни угао радијације у односу на нормалу на решетку, 𝜃𝑚 је 

угао под којим се радијација таласне дужине 𝜆 простире после дифракције (ова радијација се 

назива и дифракциони максимум на таласној дужини 𝜆), у односу на нормалу на решетку, а 𝑚 је 

целобројна вредност – дифракциони ред. Ова једначина, када радијација долази у правцу 

нормале на решетку (𝜃𝑖 = 0°), узима следећи облик: 

 
𝑑 sin 𝜃𝑚 = 𝑚𝜆 (1.4) 
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На основу једначине (1.3) може се израчунати угао под којим се, после дифракције, у односу на 

нормалу на решетку, простире дифракциони максимум таласне дужине 𝜆: 
 

𝜃𝑚 

 

= 𝑎𝑟𝑐 
sin(𝜃𝑖 

− 
𝑚𝜆

) (1.5) 
𝑑 

Пошто дифракциона решетка функционише као дисперзиони оптички елемент, она је саставни 

део појединих оптичких уређаја: спектрометара, монохроматора... 

Постоје и дифракционе решетке чији је период значајно (за један ред величине или више) 

мањи од таласне дужине надолазеће радијације (енгл. „subwavelength diffraction grating“) [70]. 

Када се на ову ситуацију примени једначина дифракционе решетке за упад радијације у правцу 

нормале на решетку (једначина 1.4), показује се да је дифракција сузбијена за 𝑚 < , јер је тада 

угао дифракције 𝜃𝑚 имагинаран број за сваки дифракциони ред 𝑚. Дакле, због малог периода, 

код оваквих решетки су немогући сви дифракциони редови осим основног, нултог реда који се 

односи на радијацију која се рефлектује и трансмитује у сладу са Снеловим законом. Овакве 

решетке се могу теоријски третирати теоријом ефективне средине [56] или скаларном теоријом 

површинског расејања [231, 232] (која је примењена у овој дисертацији, погледати 4.2.). У 

складу са тим, оваква решетка се теоријски приказује као локална хомогена ефективна средина 

кроз коју се радијација простире и чије су оптичке особине одређене геометријом решетке. 

Овакве решетке су присутне на површинским деловима тела многих инсеката и тада су то 

најчешће хитинске „subwavelength“ дифракционе решетке које имају оптичку улогу дифузног 

расејавача упадне светлости који у веома различитом степену расејава радијацију из различитих 

под-опсега оптичког дела спектра. 

Услед постојања виших дифракционих редова светлост се са дифракционих решетки 

рефлектује у знатно ширем просторном углу у односу на обичну огледалску рефлексију са 

равних површина. Дифракцију светлости у широком просторном углу инсекти су развили због 

међусобне комуникације или камуфлаже. На пример, лептир Saskia charonda поседује на својим 

крилима лонгитудиналне гребене који се простиру целом дужином крила и који се састоје од 

већег броја хитинских и ваздушних слојева (слика 1.6). За разлику од поменутог Morpho aega 

лептира, овде се гребени не налазе на блиском међусобном растојању па се структура не може 

моделовати као 1Д вишеслојни рефлектор, већ се поред слојевите структуре појединачних 

гребена (која формира периодичност у једној димензији) мора узети у обзир и дифракциона 

решетка коју формирају гребени (то је периодичност у другој просторној димензији). Оптичка 

функција овакве дифракционе решетке је ширење просторног угла рефлексије иридесценте 

светлости која се рефлектује са вишеслојних рефлектора. 

 

Код инсекта су откривене и дифракционе решетке изузетно велике моћи разлагања. На 

пример, паукови Maratus robinsoni и M. chrysomelas поседују нанодифракционе решетке (енгл. 

subwavelength) на конквексним испупчењима на површини свог тела. Спектрометар чији је 

саставни део оваква нанодифракциона решетка конвексног облика има 2 пута већу моћ 

разлагања од спектрометра са стандардном (планарном) дифракционом решетком истог 

периода. За разлику од иридесценције узроковане интеракцијом светлости са вишеслојним 

рефлекторима или 3Д фотонским кристалима, која обухвата узак регион оптичког дела спектра, 

у рефлексији са хитинских нанодифракционих решетки уочава се тзв. широкопојасна 

иридесценција: постепеном променом угла посматрања (или угла просветљавања) овакве 

структуре уочавају се све таласне дужине из оптичког дела спектра. Показано је да оваква 
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широкопојасна иридесценција има биолошку функцију сигнализирања. Комбинацијом 

одговарајућег периода решетке и текстуре на којој се она налази, што могу да буду микронска 

удубљења или испупчења адекватнoг облика, омогућена је велика моћ разлагања, велика 

спектрална чистоћа иридесценте светлости, па се разматра употреба оваквих дифракционих 

решетки у минијатурним супер-резолуционим спектрометрима следеће генерације. На слици 1.7 

су приказани електронски микрографи љуспица лептира Autographa bractea који такође има не- 

планарну дифракциону решетку. У правцу нормале на њу, може се приметити додатна 

дифракциона решетка са периодом мањим од таласне дужине светлости (период ове решетке је 

~ 200 nm), тзв. површинска дифракциона решетка. Површинске дифракционе решетке са 

периодом мањим од таласне дужине светлости су откривене на крилима појединих инсеката. 

Због малог периода, оне много интензивније расејавају краће таласне дужине („плави део“ 
спектра) из оптичког дела спектра и њихова оптичка функција је расејање тих таласних дужина 

у широком просторном углу. 
 

 

 



15  

 
 

Слика 1.6. Електронски микрографи: а) љуспице на крилима лептира Saskia charonda, 

електронски микрограф; б) лонгитудинални гребени који се налазе на површини љуспице 

образују дифракциону решетку; в) при већим увећањима уочава се слојевита структура 

гребена; г) сваки гребен представља вишеслојни 1Д рефлектор чији су слојеви хитин и ваздух. 
 

Слика 1.7. Електронски микрографи: љуспица лептира Autographa bractea је преломљена што 

омогућава осликавање њеног попречног пресека. Уочава се површинска дифракциона решетка 

периода ~ 1 μm, као и знатно ужа дифракциона решетка периода ~ 200 nm. 



16  

 
 
 

Слика 1.8. Електронски микрографи, љуспице мољца Cydalima perspectalis (у нашим крајевима 
познатог под називом шимширов мољац). Планарни 2Д систем са периодичношћу у правцу 𝑥 и 𝑦 
осе . 

 

Велики број откривених дифракционих решетки у природи је пронађен у перју птица. Ове 

наноструктуре су изграђене од цилиндричних гранула меланина распоређених у матрици од 

кератина. Дакле меланин и кератин су основне компоненте које овде обезбеђују периодичну 

варијацију индекса преламања. Меланин је назив групе пигмената браон или тамне боје који су 

(а) (б) 

(в) (г) 
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саставни део великог броја организама. Постоји 5 основних типова меланина [71]. Најчешћи је 

еумеланин који се јавља у два облика – браон и црни еумеланин. Меланин интензивно апсорбује 

УВ радијацију, а има значајну апсорпцију и у оптичком делу спектра. Он такође дисипира 99,9% 

апсорбоване УВ радијације [72]. Кератин је протеин и кључни састојак човекове косе и ноктију, 

перја птица, канџи различитих животиња итд. Меланинске грануле могу бити на правилан 

начин распоређене у кератинској матрици, формирајући тако дифракциону решеку. Дифракција 

светлости која се одиграва на оваквим структурама је одговорна за обојеност пауновог перја. 

Код појединих организама димензије меланинских гранула (најчешће нешто краће од 800 nm) 

омогућавају Тиндалово расејање светлости на њима [75]. 

Пауново перје је један од најпознатијих примера структурне обојености у живом свету. 

Прво научно запажање оптике пауновог перја вероватно потиче од Исака Њутна који је у 18.-ом 

веку закључио да рефлексија светлости са пауновог перја показује значајну сличност са 

рефлексијом светлости са танких филмова [5]. Почетком 20.-ог века, Мејсон [73, 74] је 

истраживао обојеност перја многих птица и закључио да је та обојеност веома слична 

иридесцентним бојама танких филмова. Касније, истраживања уз помоћ електронске 

микрскопије су открила овакве фотонске нано-структуре у перју појединих врста птица: 

колибрија [75], свраке [76] итд. 2Д периодична сунђераста нано-структура је такође откривена 

код многих других птица и анализирана 2Д Фуријеовим трансформом [77-80]. 

До сада су у природи откривене хексагоналне [81, 82], правоугаоне [84, 75] и квадратне 

дифракционе решетке [83]. Решетке хексагоналног уређења су, осим код инсеката, откривене и 
код појединих водених организама [81, 84], као и код копнених сисара [85]. 

 

 
Тродимензионе (3Д) природне фотонске наноструктуре 

 
 

Фотонски кристали су у различитим формама проучавани још од 1887. године [86], али 

термин фотонски кристал први пут је употребљен готово 100 година касније – када су 

објављена два пионирска рада на ту тему [87, 88]. Од тада, они су били предмет опсежних 

експерименталних и теоријских истраживања због својих погодних карактеристика [89-92]. 

Фотонски кристали су материјали који имају периодичну промену индекса преламања у 

три просторне димензије, и код којих је период промене индекса преламања упоредив са 

таласном дужином светлости [93, 94]. Периодична варијација индекса преламања утиче на 

простирање светлости кроз фотонски кристал на исти начин као што периодична варијација 

потенцијала утиче на пропагацију електрона кроз полупроводник. Кристална решетка 

полупроводника узокује постојање и одређује особине електронске забрањене зоне, док начин 

на који се индекс преламања мења у фотонским кристалу одређује особине фотонске забрањене 

зоне – оптичког еквивалента електронске забрањене зоне. 

Фотонска забрањена зона је скуп фреквенција на којима је забрањено простирање 

светлости кроз фотонски кристал и због тога светлост на овим фреквенцијама бива 

рефлектована са фотонског кристала [93]. Постоје потпуна и делимична забрањена зона. Када је 

пропагација радијације забрањена за било који правац и поларизацију упадне светлости, 

забрањена зона је потпуна. Код делимичне забрањене зоне светлост може да се простире кроз 

фотонски кристал у одређеним правцима и за поједина поларизациона стања. 
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Постојање 3Д фотонских забрањених зона у периодичним структурама је предложио 

Јаблонович 1987 [87], један век пошто је Рејлеј описао 1Д фотонску забрањену зону [96]. Oво је 

енергијски интервал у коме оптички модови, спонтана емисија, и флуктуације нулте - тачке 

нису присутни [103]. Поједине оптичке примене захтевају забрањену зону која је широка и 

потпуна у одређеном спектралном опсегу [93, 97], а понекад је потребно и да фотонски кристал 

буде релативно великих физичких димензија [98]. Потпуна фотонска 3Д забрањена зона је 

изузетно важна за контролу светлост – материја интеракције и за многобројне примене: оптички 

и опто-електронски уређаји који раде на радио и оптичким фреквенцијама [93], високо – 

ефикасне соларне ћелије [99], контролисање локалне густине фотонских стања са циљем 

сузбијања спонатне емисије флуорофора [100-102], интерференциони рефлектори [94]...Да би 

фотонски кристали имали потпуну фотонску забрањену зону они морају имати велики контраст 

у индексу преламања између периодично постављених материјала који их сачињавају [93]. Ова 

особина је најважнија за фотонске кристале али има велику цену: ограничена величина узорка, 

скупа техника производње, потреба за материјалима ултра - високог индекса преламања, 

нанометраска резолуција (у производњи). Потпуне фотонске забрањене зоне највеће ширине су 

предвиђене за све потпуно-диелектричне 3Д фотонске кристале са структуром дијаманта [93]. 

Из тог разлога, ово је једна од најатрактивнијих структура за истраживање. Састоји се од две 

адекватно преклапајуће површински – центриране кубне Бравеове решетке [104]. 

 

Структура дијманта има приближно сферичну прву Брилионову зону [105], слика 1.9. 

Генерално, површине прве Брилионове зоне задовољавају Брегов закон и због тога 

апроксимативно одређују таласну дужину максимума рефлектоване светлости или, прецизније, 

централну таласну дужину фотонске забрањене зоне [106]. Прва Брилионова зона представља 

примитивну ћелију 3Д фотонског кристала у инверзном простору и због тога је директно 

повезана са симетријом јединичне ћелије у основном простору [93]. Фотонски кристал са 

структуром дијаманта има површински центрирану кубну јединичну ћелију у реалном простору 

и због тога површине његове прве Брилионове зоне формирају окрњени октаедар који поседује 

осам хексагоналних и шест мањих квадратних површина са просторно – центрираном кубном 

симетријом. 

 

Производња 3Д фотонских кристала са структуром дијаманта је веома компликована и 

неусавршена, али алтернативе се могу пронаћи у природи. На пример, комплексни 3Д распоред 

ваздушних шупљина и хитина у спољашњем омотачу тврдокрилца Entimus imperialis формира 

3Д фотонски кристал са структуром дијаманта [107] и због тога представља идеалан модел за 

конструисање материјала са широком потпуном фотонском забрањеном зоном који рефлектује у 

видљивој области спектра. 

 

Галуша и сарадници [92] су предложили коришћење кутикуларних структура врста 

Papilionidae и Lycaenidae као модела за производњу фотонских кристала са потпуном 

фотонском забрањеном зоном у оптичком делу спектра. Предлаже се и наношење материјала 

који има већи индекс преламања од хитина на овај биолошки модел што би довело до ширења 

потпуне фотонске забрањене зоне. Постојање оваквих природних фотонских кристала који су 

оперативни у оптичком делу спектра је веома значајно јер отвара могућности и за производњу 

напредних оптичких материјала путем имитирања (биомиметике) природних материјала [108]. 
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Слика 1.9. а) елементарна ћелија дијаманта; б) прва Брилионова зона елементарне ћелије 
дијаманта 

 

 
Многе примене фотонских кристала су на таласним дужинама у видљивом и ИЦ (инфра- 

црвеном) делу спектра. Због тога је веома важно, са становишта примена, откривање природних 

фотонских кристала са широком потпуном фотонском забрањеном зоном у видљивом или ИЦ 

делу спектра, који су погодни за масовну производњу. 

У природним фотонским системима периодичност се може постићи специфичном 

запреминском структуром - такви системи се састоје од само једног материјала (нпр. хитин) који 

је испуњен одговарајућим шупљинама. Шупљине су испуњене ваздухом, па је он компонента 

која заједно са примарним материјалом омогућава периодичну модулацију индекса преламања и 

резултујуће оптичке ефекте. Међутим, постоје и структуре које комбинују два (или више) 

различита биолошка материјала (на пример, кератин и меланин код птица, гуанин и цитоплазма 

код риба) и на тај начин обезбеђују поменуту периодичност. Постоје структуре које поред два 

различита биолошка материјала имају и ваздушне шупљине обезбеђујући тако још сложеније 

оптичке ефекте (код птица – меланин, кератин и ваздушни канали). 

3Д фотонски кристали откривени у спољашњем омотачу инсеката су у потпуности 

изграђени од хитина испуњеног ваздушним шупљинама, и могу да имају различите структуре: 

структура минерала опала [109] и инверзна структура опала [110], жироидни хирални кристали 

[111-113], кристали са структуром дијаманта [114-117], фотонски кристали са тетраедарском 

структуром [93, 118]. Хитински фотонски кристали, откривени у спољашњем омотачу инсеката, 

у интеракцији са упадном светлошћу производе низ оптичких ефеката: иридесценција, угловно 

независна рефлексија, циркуларни дихроизам, поинтилистичко мешање таласних дужина [119]... 

Термин поинтилизам је преузет из истоименог правца у сликарству, где се од мноштва 

малих области велике спектралне чистоће формира слика [120]. Поинтилистичко мешање 

таласних дужина у оптици је појава карактеристична за материјале који се састоје од великог 

броја насумично оријентисаних области – домена, који имају веома уређену структуру. Због 

уређене периодичне структуре, у овим областима долази до интерференције упадне светлости 

па се материјал састоји од великог броја области са високим интензитетом спектрално уско- 

појасне рефлексије, тзв. „интерференционих центара“. Интензитет и спектрални опсег 

рефлексије се разликују за различите интерференционе центре, услед њихове различите 
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оријентације у односу на детектор. Када се овакав материјал посматра, у оку долази до мешања 

таласних дужина рефлектованих са различитих интерференционих центара, што материјалу даје 

загасит, мат изглед. На пример, љуспице тврдокрилца Pachyrrhynchus congestus pavonius (Heller 

1921) су по својој структури 3Д фотонски поликристали густо-пакованог хексагоналног 

уређења, веома слично структури минерала опала [121]. Овај природни фотонски кристал се 

састоји од великог броја различито и насумично оријентисаних кристалних домена - 

монокристала. Сваки монокристал има веома уређену, правилну кристалну решетку која 

приликом интеракције са упадном светлошћу показује иридесценцију - узак рефлексиони 

максимум високе амплитуде са јаком угаоном зависношћу од таласне дужине. Међутим, пошто 

се љуспица састоји од великог броја насумично оријентисаних монокристала, њихове 

појединачне рефлексије се сабирају што резултира значајним спектралним ширењем 

рефлексионог спектра уз задржавање његове високе амплитуде, и значајно смањење његове 

угаоне зависности. Овде дакле говоримо о феномену високе уређености на малом растојању и 

неуређености на великом растојању („short range order - long range disorder effect“). Донекле 

слично као код широко-појасних вишеслојних рефлектора, оптичка функција је елиминисање 

иридесценције уз задржавање високе амплитуде рефлексије. Код Pachyrrhynchus тврдокрилца 

монокристали у његовим љуспицама се састоје од правилно распоређених хитинских сфера (200 

- 250 nm полупречника). Структура инверзна овој, сферичне шупљине у хитинској матрици, 

производи исти оптички ефекат. Галуша и сарадници [92] су овакву структуру описали као 

„хексагонално распоређени ваздушни цилиндри“. Код појединих инсеката, да би се смањио 

интензитет рефлектованог сигнала, високо уређена поликристална структура се појављује у 

комбинацији са неуређеним расејавајућим структурама, које интензивну рефлексију са 

поликристала расејавају у ширем просторном углу и тако смањују интензитет рефлексије у 

појединачним правцима. Биолошка функција оваквих оптичких механизама је најчешће 

камуфлажа. 

 

 

1.2.2. Хиралне наноструктуре биолошког порекла 

 

 
У природи су откривени и оптички активни рефлектори који утичу на стање поларизације 

упадне светлости – ткз. хирални вишеслојни рефлектори. Хиралнoст је особина асиметричности 

материјала (или његове унутрашње структуре). Објекат је хиралан уколико не може бити 

мапиран на своју огледалску слику произвољним бројем ротација и транслација [122]. 

Хиралност се дакле, може схватити као одсуство огледалске симетрије. Хирални кристали 

различито реагују на различита поларизациона стања упадне светлости. За њих су 

карактеристичне појаве као што су: ротација равни поларизације линерано поларизоване 

светлости (појава позната под називом оптичка активност), линеарни и циркуларни дихроизам. 

Циркуларни дихроизам је појава која означава апсорпцију циркуларно поларизованог таласа 

једне оријентације и трансмисију (као и рефелексију) циркуларно поларизованог таласа 

супротне оријентације. Дакле, ако се лево циркуларно поларизован талас апсорбује, онда десно 

циркуларно поларизован талас може да се креће кроз материјал и да се рефлектује се њега. 

Узрок ове појаве је хирална микроструктура материјала. 
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Природни хитински хирални материјали, који су саставни делови тела појединих 

инсеката, су изложени упадној, неполаризованој Сунчевој светлости. Оваква, неполаризована 

светлост, може се приказати преко једнаких доприноса лево и десно кружно поларизоване 

светлости. Једна од ове две компоненте, чија је ротација електричног поља иста као 

оријентација хиралних структура, доводи до осциловања елекронског омотача молекула и бива 

мање или више (у зависности од односа фреквенције електро-магнетне радијације и природне 

фреквенције осциловања електронског омотача датог молекула) апсорбована у материјалу, док 

се друга компонента неометано креће кроз хирални кристал и бива апсорбована по изласку из 

њега у унутрашњим органима инсекта [155]. Међутим, један део ове компоненте се такође и 

рефлектује са спољашњег хиралног омотача па је једна од оптичких особина оваквих материјала 

рефлексија цикуларно поларизоване светлости. Показано је да ови инсекти имају вид осетљив 

на циркуларну поларизацију светлости па се сматра да је примарна биолошка функција оваквих 

рефлектора сигнализирање. У спољашњем хитинском омотачу појединих инсеката налазе се 

шупљине испуњене ваздухом. На свакој граничној површини хитин-ваздух долази до 

рефлексије и, ако су хитински и ваздушни слојеви адекватно распоређени и имају адекватне 

дебљине, долази до конструктивне интерференције парцијално рефлектованих таласа. Хитински 

слојеви могу да имају хиралну структуру услед чега се у рефлектованој светлости поред 

иридесценције уочавају и различити поларизациони ефекти (на пример, иридесцентна, угловно- 

зависна, циркуларно поларизована рефлексија) [123-126]. 

Хирални вишеслојни рефлектори су откривени код одређеног броја инсеката, углавном 

тврдокрилаца [127-140]. На пример, истраживање оптичких особина иридесцентног спољашњег 

омотача тврдокрилца Plusiotis boucardi показало је да спољашњи омотач има специфичну нано- 

структуру која одређује таласну дужину и поларизацију рефлектоване светлости [132]. 

Овај инсект се такође одликује и специфичном рефлексијом у широком просторном углу, 

која настаје због текстурисаности површине његовог спољашњег омотача. Ова особина је 

аналогна рефлексији светлости са низа сребрних сферних конкавних микро-огледала сличних 

димензија која су развијена за примене у фотоници [141]. Уколико се на овакав низ микро- 

огледала усмери сноп колимисане светлости, светлост се рефлектује у различитим правцима 

који зависе од тачке на закривљеној површини на коју светлост пада. Ово се такође дешава на 

конкавним удубљењима на елитри поменутог инсекта. Елитра је модификован предњи пар 

крила појединих редова инсеката (највећим делом тврдокрилаца), који представља својеврстан 

тврди оклоп. У овом случају дубинска микроструктура додатно доприноси комплексности 

рефлексије обезбеђујући зависност рефлексије од таласне дужине упадне светлости. 

Репликацијом овакве структуре могу се произвести хирална микро-огледала са ускопојасном 

рефлексијом која би омогућила контролу кружно-поларизоване светлости у различитим 

оптичким применама [132]. 
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1.2.3. Неуређене природне фотонске наноструктуре 

 

 
Оптичка широкопојасна рефлексивност 

 
 

Интензивна бела боја на деловима тела различитих организама и биљака је структурна. У 

питању је некохерентно, дифузно и у свим правцима истоветно расејање свих таласних дужина 

из оптичког дела спектра које човек перцепира као белу боју. Овакво расејање се може 

објаснити Миевом теоријом, а настаје приликом интеракције светлости са специфичним, веома 

неуређеним нано-структурама које се најчешће састоје од мреже влакана одговарајућих 

димензија, уз одсуство апсорбујућих пигмената. 

Вукушић и сарадници [142, 143] истраживали су изузетно интензивну широко-појасну 

рефлексију тврдокрилца Cyphochilus spp. Откривено је да је су узрок овакве рефлексије љуспице 

микрометарских димензија које се налазе на површини тела овог инсекта. Љуспице целом 

својом запремином имају аморфну структуру – састоје се од неуређене мреже хитинских 

влакана чије су димензије оптимизоване за ресејање свих таласних дужина из оптичког дела 

спектра. Са становишта оптике, ове љуспице су широко-појасни дифузни рефлектор за оптички 

део спектра. Оно што је посебно фасцинантно и занимљиво са становишта примена је веома 

мала дебљина ових оптичких елемената којима се постиже интензивно расејање. Наиме, 

љуспице су дебеле само око 5 μm. Упоређивањем са синтетичким белим или сребрним 

материјалима које је човек направио, долази се до закључка да ове љуспице представљају 

знатно ефикаснији широко-појасни дифузни рефлектор. Веома сличне структуре су откривене и 

код других инсеката, као што је на пример вилински коњиц Calopteryx splendens (Harris, 1780). 

Овај инсект на својим крилима поседује светле и тамне регионе који су структурно идентичне 

високо-расејавајуће структуре, при чему тамни региони имају велику концентацију 

апсорбујућег пигмента, слика 1.10. 

Квалитет широкопојасне рефлексије (у даљем тексту: белине) и сјаја (интензитет 

рефлектоване оптичке радијације) љуспица тврдокрилца Cyphochilus spp је квантификован у 

складу са Интернационалном организацијом за стандардизацију (ISO). Белина и сјај су основне 

колориметријске карактеристике објеката. Колориметрија је наука која описује и квантификује 

човекову перцепцију боје [144]. Квалитет белине је квантификован у складу са ISO 11475, а 

квалитет сјаја у складу са ISO 2470 стандардом, употребом D65 осветљавача у 

фотоспектрометру калибрисаном у складу са ISO/IR3 стандардом. Белина и сјај су дефинисани 

су на следећи начин: 

𝑊𝐶𝐼𝐸 = 𝑌 + 800(𝑥0 − 𝑥) + 1700(𝑦0 − 𝑦) (1.6) 

где је 𝑊𝐶𝐼𝐸 белина, тј. оптичка широкопојасна рефлексивност објекта, 𝑌 је његов сјај, а 𝑥, 𝑦 и 
𝑥0, 𝑦0 су координате хроматичности објекта и осветљавача, респективно, у CIE 1964 простору 
боја (у Материјалима и Методама је дат опис колориметрије и CIE простора боја) [145, 146]. 

Сјај 𝑌 дефинисан је на следећи начин: 
 

𝑌 = 100 
∫ 𝐸𝜆 𝑅𝜆𝑦̅𝜆𝑑𝜆 

∫ 𝐸𝜆 𝑦̅𝜆𝑑𝜆 
(1.7) 
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где је 𝐸𝜆 функција осветљивача (интензитет електричног поља радијације осветљивача-емитера, 

на  таласној  дужини 𝜆), 𝑅𝜆      је  рефлексивност  посматраног  објекта  на  таласној  дужини 𝜆, 𝑦̅𝜆     је 

луминозност на тал. дужини 𝜆 [147]. 

 

Широкопојасна рефлексивност и сјај просечне љуспице тврдокрилца Cyphochilus spp 

имају вредности 60 и 65, респективно [148] што указује на изузетан мулти-расејавајући 

(расејање се дешава у широком опсегу таласних дужина) систем чија је дебљина само 5 μm. 

Нпр. бели папир, који се састоји од насумичне мреже избељених влакана целулозе, је до 25 пута 

дебљи (дебљина му је око 100 μm [149]) од љуспица овог тврдокрилца а опет призводи белу боју 

која је само 8% квалитетнија (има за 8% већи сјај). У процесу проиводње папира, да би се 

повећао квалитет његове беле боје, на површину папира се, у форми танког премаза, додају 

кристали калцијум карбоната и материјали који повећавају одсјај. Међутим, појединачни 

изоловани слој калцијум карбоната дебљине 5 μm има веома слаб сјај (40 - 50) у поређењу са 

љуспицама бубе а транспарентност му је толико велика да рачунање белине нема смисла. Даље, 

белина човекових зуба настаје због мулти-расејања светлости на напакованим кристалима 

хидрокси-апатита који се простиру до дубине од 2 mm унутар зуба. Њихова максимална 

природна вредност белине и сјаја су релативно мале: белина просечног човековог зуба је око 40 

а ниво сјаја око 53 услед тога што материјали од којих се зуб састоји имају мали контраст у 

индексу преламања и велику апсорптивност у „плавом“ делу спектра [143]. 
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Слика 1.10. Електронски микрографи дорзалне стране љуспица Calopteryx splendens m 

(Odonata) инсекта, при великом микроскопском увећању (увећање на сликама а) и в) је 90 000 X, 

а на сликама б) и г) 216 000 X). Микрографи а) и б) су са светлог дела крила а микрографи в) и г) 

су са тамног дела крила. У оба случаја је уочљива високо-неуређена структура хитинских 

влакана чије су димензије оптималне за расејање светлости. Таман регион крила поседује 

велику концентрацију апсорбујућег пигмента меланина. 

 
 

У многим оптичким системима, где је квалитет широкопојасне оптичке рефлексије важан, 

додавање фотонске нано-структуре   коју поседују љуспице бубе Cyphochilus би довело до тога 

да бисмо имали незнатно, готово занемарљиво мало повећање у дебљини материјала а значајан 

пораст у квалитету широкопојасне рефлексије. Овај природни нано-фотонски систем се 

одликује и значајном хемијском пермеабилношћу и могао би да има примену у белим светлосно 

емитујућим диодама (ОЛЕД) велике површине и у контроли правца њихове емисије, као и 

различите друге технолошке примене [150-152]. 

 

Високо-ефикасни широко-појасни дифузни рефлектори откривени су и код других врста 

инсеката [153-155], као и код биљака [29], и за све њих је карактеристича неуређена структура. 

На пример, код лептира Pieridae (фамилија лептира која садржи 1100 врста, домаћи назив: 

белци) постоје насумично распоређене шупље честице елипсоидног облика, ткз. птеринозоме, 

чија је величина (неколико стотина нанометара) оптимизована за дифузно расејање светлости 

[153]. Оне дају највећи допринос широкопојасној оптичкој рефлексији крила овог лептира 

(слика 1.11). 
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Слика 1.11. Електронски микрограф љуспице белог лептира Pieris rapae. У простору између 

лонгитудиналних гребена уочава се велики број насумично распоређених шупљих гранула – 

птеринозома (пречника неколико стотина нанометара) које омогућавају интензивно расејање 

радијације из оптичког дела спектра и омогућавају лептировим крилима његову белу обојеност. 
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Оптичка широкопојасна апсорптивност 

 
 

Широкопојасна апсорптивност, карактеристична за поједине природне материјале, је 

углавном објашњавана великом концентрацијом апсорбујућих пигмената. Међутим, у новије 

време је показано да поред апсорбујућих пигмената, и сложене нано-структуре значајно 

доприносе великој апсорптивности. Постоје природни оптички системи чија нано- 

структурисаност значајно повећава њихову апсорпцију. Њихова основна карактеристика је 

високо неуређена структура у којој су густо распоређени апсорбујући пигменти. Оптичка 

функција нано-структуре је расејање светлости и повећање времена боравка фотона у нано- 

структури услед чега се повећава вероватноћа да ће фотон наићи на пигмент и бити апсорбован. 

Поред оваквих, запреминских неуређених структура, постоје и површинске неуређене 

структуре. То су храпаве граничне површине између ваздуха и биолошког материјала (а то је 

хитин, код инсеката). На оваквој граничној површини хитин-ваздух долази до расејања упадне 

светлости чији један део пролази кроз овакву храпаву граничну површину, доспева у хитински 

слој и проводи унутар овог слоја више времена (средње време живота фотона је дуже) него у 

случају равне граничне површине, јер се фотони у просеку крећу дужом путањом (унутар 

хитинског слоја). Дакле, светлост има тенденцију да буде заробљена унутар хитинског слоја, 

слично као код текстурисаних соларних ћелија [157]. Јаблонович је показао да када радијација 

пада на оптичке, транспарентне танке филмове са неравним површинама, као поседица 

дифузног расејања радијације са овакве површине у материјал, долази од пораста интензитета 

радијације унутар материјала за фактор 2n2, где је n индекс преламања материјала, и као 

последица повећања овог „локалног“ интензитета електро-магнетне радијације долази до 

повећања апсорпције за фактор 4n2 [158]. При томе, геометријске карактеристике храпаве 

површине нису важне, докле год површина има довољан ниво храпавости. До ових резултата 

дошао је статистичким приступом али је показао и да се исти резултат може добити и применом 

геометријске оптике уколико се поштују њена поједина ограничења. Ова теорија је превасходно 

развијена са циљем повећања ефикасности соларних ћелија заменом равних граничних 

површина силиконских танких слојева унутар ћелија храпавим површинама [158]. Међутим, 

теорија објашњава читав низ појава и у биофотоници [95]. 

 

Један од примера запреминске неуређене биофотонске структуре је густа, неуређена 

мрежа апсорбујућих влакана. Поједини инсекти на површинским деловима тела (крила, 

елитра...) имају, из биолошких разлога, високо-специјализоване нано-структуре чија је оптичка 

функција иридесценција – генерисање високо амплитудске и спектрално уско-појасне 

рефлексије која, у зависности од осталих карактеристика нано-структуре, може али и не мора да 

показује угаону зависност. Апсопција у површинским структурама је занемарљива и таласне 

дужине које се не рефлектују су трансмитоване дубље у тело инсекта. Испод слоја високо- 

рефлективних нано-структура – љуспица, налази се слој тзв. тамних љуспица. Тамне љуспице су 

оптички елементи специјализовани за максималну апсорпцију одређених таласних дужина – 

апсорпција се максимизира њиховом нано-структуром (запреминска неуређена мрежа 

хитинских влакана нанометарског пречника, на којој се светлост интензивно расејава), унутар 

које се налазе апсорбујући пигменти (најчешће меланин). Дакле у питању су веома ефикасни 

широко-појасни апсорбери. Када слој тамних љуспица не би постојао, овај оптички систем би 

давао веома другачији одзив – таласне дужине које се апсорбују унутар тамних љуспица биле би 

расејане на унутрашњим деловима тела инсекта па би један део те радијације био враћен у 

спољашњу средину кроз горњи слој високо-рефлективних љуспица. Рефлексиони спектар би 

био значајно проширен и овај оптички систем више не би представљао уско-појасни 



27  

рефлексиони филтер. На пример, Вукушић и сарадници су показали да веома тамним зонама на 

крилима Papilio ulysses лептира значајно доприносе љуспице високо специјализоване за 

апсорпцију светлости (слика 1.12) [156]. Ово истраживање је показало повезаност између 

структуре љуспица и високе оптичке апсорптивности, и како се адекватном нано-структуром 

љуспица значајно повећава ефикасност апсорпције. 

 

Материјали велике апсорптивности су свеприсутни у живом свету. Могу имати различите 

биолошке функције. Нпр. контролисана апсорпција Сунчеве радијације је главни метод за 

терморегулацију код многих инсеката [159]. С обзиром да терморегулацију одређују закони 

апсорпције и емисије црног тела [24], квалитет апсорпције одређује температуру крила и тела 

инсекта. Поред утицаја на терморегулацију, апсорпција је веома важна и за изглед. На изглед 

многих интензивно обојених инсеката веома утичу тамне регије које се налазе око обојених. 

Нејасан прелаз између црних и обојених делова чини инсекта мање уочљивим за предаторе 

[160]. 

 

Оваква ултра-црна боја је технолошки јако значајна за оптичке инструменте 

(минимизација нежељене, паразитске рефлексије) а има и многе друге технолошке примене. У 

скорије време, имитирањем биофотонских система, произведене су нетранспарентне синтетичке 

површине које апсорбују 99,6 % упадне светлости [161]. 
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Слика 1.12. Електронски микрографи: „Структурно црно“, лептир Papilio ulysses, а) и в) – 

електронски микрографи љуспица са црног и сивог региона крила, респективно. Између 

лонгитудиналних гребена, уочава се неуређен распоред зидова чија је оптичка функција 

расејање надолазеће радијације, и по том основу повећање времена боравка фотона унутар 

љуспице чиме се повећава вероватноћа за апсорпцију фотона од стране пигмената. „Црне“ 

љуспице имају мрежу веће густине што резултира интензивнијом апсорпцијом светлости. На 

микрографима б) и г) су приказане увећане зоне са микрографа а) и в), респективно. 

 

1.3. Флуоресценција и природне наноструктуре 

 

Флуоресценција означава ексцитацију атома или молекула апсорпцијом фотона одређене 

таласне дужине, а затим деексцитацију на другој таласној дужини. Апсорпцијом фотона 

молекул прелази у побуђено стање и флуоресценција настаје уколико се повратак молекула у 

основно стање одиграва синглет – синглет електронском релаксацијом. Типично време живота 

побуђеног стања молекула (што одговара флуоресцентном одговору молекула у функцији 

времена) је реда величине наносекунди. Уколико се прелазак молекула из побуђеног у основно 

стање одиграва триплет – триплет електронском релаксацијом, та појава се назива 

фосфоресценција и типично време живота побуђеног триплетног стања молекула је реда 

величине микросекунди или дуже.У природи постоје молекули, флуоресцентни пигменти, који 

апсорбују радијацију из одређеног спектралног опсега и приликом релаксације емитују 

радијацију из неког другог дела спектра. Човек перцепира материјале богате оваквим 

пигментима као обојене, при чему боја зависи од емисионог флуоресцентног спектра пигмента. 

Флуоресценција је веома присутна у живом свету. Досадашња истраживања показују да је 

код неких организама она само нуспроизвод структуре пигмената, а код неких има одређену 

биолошку функцију. На пример, папагај Melopsittacus undulatus има флуоресцентно перје. 

Показано је да ова флуоресценција има јасну биолошку функцију тј. да служи као сигнал у доба 

парења [162]. Биохемијски процес у коме настају флуоресцентни пигменти је веома комплексан 

и биолошки захтеван (што значи да у процесу формирања флуоресецнтних пигмента организам 
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троши доста енергије и осталих ресурса). Из тог разлога, немају све јединке ове врсте пигменте 

а и оне које их поседују, не поседују их у једнаким количинама, па је присуство овог пигмента 

(које се детектује његовом флуоресценцијом) показатељ индивидуалног квалитета јединке. 

Флуоресцентно перје је откривено и код других врста птица [163-166], а флуоресценција је 

откривена и код инсеката [167], зглавкара [168]... 

Ако се молекул пигмента налази у нано-структурисаном материјалу (при чему материјал 

има периодичну промену индекса преламања у једној или више просторних димензија), 

флуоресцентне особине пигмента могу бити веома измењене. Материјал – фотонски кристал 

може да утиче на време флуоресценције и на правац емитовања флуоресцентне светлости. Ако 

се таласна дужина максимума флуоресценције налази у забрањеној зони фотонског кристала 

онда долази до значајног повећања времена флуоресценције. Пошто фотонски кристал мења 

локалну густину оптичких стања, флуоресценција је сузбијена у једном правцу али је зато 

поспешена у другим правцима па се на овакав начин постиже и контрола правца 

флуоресценције – просторног угла флуоресценције. Овакве појаве су откривене у природи, код 

појединих организама, код којих се флуоресцентни пигменти налазе распоређени у нано- 

структурисаним биофотонским материјалима. На пример Вукушић и сарадници су описали 

природан фотонски систем у коме се налазе и пигменти чије су флуоресцентне особине веома 

измењене услед фотонске нано-структуре [167]. У питању су љуспице лептира Swallowtail 

(Papilio) које су по својој структури квази-периодични 2Д фотонски кристали. 

Истраживања флуоресценције у биофотоници, а поготову модификоване и контролисане 

флуоресценције (у смислу контроле времена и правца-просторног угла флуоресценције) имају 

значајне технолошке примене. На пример, код појединих оптичких емитера као што су 

флуоресцентне светлосно-емитујуће диоде, велика количина светлости остаје заробљена у 

њиховој унутрашњости што значајно смањује њихову ефикасност. У скоријој прошлости 

развијени су ефикаснији уређаји који су нано-структурисани - користе 2Д фотонске кристале у 

сврху ефикасније екстракције светлости из уређаја а такође користе и Брегове рефлекторе за 

контролу правца емитовања флуоресцентне светлости, по узору на природне биофотонске 

системе [167]. 
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2. Материјали и методе 

 

 
2.1. Експерименталне методи и уређаји 

 

2.1.1. Оптичка микроанализа 

За оптичку микроскопску анализу хитинских објеката природног порекла коришћени су следећи 

оптички микроскопи: 

Стерео микроскоп (STEBA600, Colo Lab Experts, Словенија) са максималним увећањем 180X, 

објективом 20X, 0.35 NA, помоћним објективом 2X, радним растојањем 100 mm. Микроскоп 

може да ради у рефлексионом и трансмисионом моду. 

Тринокуларни микроскоп (MET104, Colo Lab Experts, Словенија), максимално увећање 400X. 

Микроскоп поседује поларизациони мод. Објективи: Plan Achromatic POL Polarizing 10X, 0.25 

NA, 20X, 0.4 NA, 40X, 0.65 NA. 

Рефлексиони и трансмисиони спектри хитинских наноструктура и макроскопских хитинских 

објеката измерени су оптичким фибер спектрометром (Ocean Optics, HR2000CG-UV-NIR) са 

пречником фибера од 400 μm. Као извор светлости је коришћена халогена лампа. Спектри су 

калибрисани помоћу стандардне беле површине. 

 

 
2.1.2. Сканирајућа електронска микроскопија 

 
 

Сканирајући електронски микроскоп (СЕМ) се користи за микроскопско снимање и 

карактеризацију површине узорака на великом увећању. Када се електронски сноп усмери на 

узорак, услед сударних процеса долази до емисије валентних електрона из електронског 

омотача атома који се налазе унутар узорка (ови електрони се у електронској микроскопији 

називају секундарни електрони). Поред секундарних електрона, приликом интеракције 

електронског снопа и узорка долази до емисије и Auger-ових електрона, X-зрака, катодо- 

луминисценције. Ови процеси се такође могу користити за карактеризацију узорака, али у 

истраживањима у оквиру ове дисертације су претежно коришћени секундарни електрони. 

Топографија површине узорка се снима сканирањем површине узорка електронским снопом и 

аквизицијом слике добијене детектовањем секундарних електрона. 

Основне компоненте стандардног СЕМ-а су електронско-оптички систем који управља 

електронским снопом, веома прецизан xyz координатни сто на који се монтира узорак, детектор 

секундарних електрона, јединица за приказ слике, операциони систем за извођење различитих 

операција и систем за обезбеђивање високог вакуума. Електронско-оптички систем се састоји од 

извора електрона, кондензаторског електронског сочива и објектива који производе електронски 

сноп и сканирајућих система који контролишу позицију електронског снопа на површини 

узорка [214]. Електронско-оптички систем и узорак се налазе у вакуму (10-3 – 10-4 Pa). Извор 
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електрона је танко волфрамско влакно (пречника ~ 0.1 mm). Загревањем овог влакна (до 

температуре од 2800 К) долази до емисије електрона (термо-електронска емисија). За 

формирање и контролу електронског снопа СЕМ користи магнетна сочива – пропуштањем 

електричне струје кроз (металне) калемове долази до формирања ротационо-симетричног 

електричног поља које функционише као сочиво за електронски сноп. 

У оквиру ове дисертације, коришћен је „field emission“ СЕМ (FE – SEM, MIRA 3, 

TESCAN), са максималном резолуцијом од 1 nm. Пошто је пречник електронског снопа ~ 1000 

пута мањи у односу на стандардан електронски микроскоп, квалитет слике је значајно бољи. 

Због овако уског електронског снопа „field emission“ микроскоп захтева високу вредност вакума 

у колони (10-5 – 10-6 Pa). Напон између катоде и аноде се може подешавати у опсегу 0.5 – 30 kV. 

 

 
„Double tranfer“ метод 

 
 

Овај метод је развијен у оквиру експерименталног дела ове тезе, за припрему узорака за 

електронску микроскопију. Припрема узорака игра важну улогу у сканирајућој електронској 

микроскопији и од квалитета припреме узорака зависи квалитет осликавања узорка и 

максимално увећање. Метод је такође коришћен и у реализацији варијабилног оптичког 

елемента описаног у трећем делу ове дисертације. 

Биофотонски објекти истраживани у оквиру ове дисертације су хитинске љуспице 

инсеката које су у природном стању кумулативно распоређене на деловима тела инсеката. Да би 

се испитале њихове оптичке и термалне особине и креирали одговарајући теоријски модели, 

потребно је имати детаљне податке о наноструктури објеката, и у ову сврху се користи 

сканирајућа електронска микроскопија. За анализу на СЕМ-у, објекте је потребно изоловати и 

при том не нарушити њихову нано-структуру, што није једноставно, имајући у виду да су ови 

објекти веома осетљиви. 

„Double tranfer“ метод омогућава да објекти у неизмењом стању и оријентацији (онако 

како су оријентисани на деловима тела инсеката) буду припремљени за анализу сканирајућом 

електронском микроскопијом. 

Метод се састоји од одвајања љуспице са крила инсекта применом лепљиве траке мале 

површинске енергије после чега се љуспица пребацује директним контактом на лепљиву траку 

веће површинске енергије (нпр. то може бити лепљива карбонска трака која се у електронској 

микроскопији стандардно користи за фиксацију узорака). На овај начин, задржава се оригинална 

оријентација љуспице (иста оријентација као на крилу инсекта) а, ако се процедура обави 

пажљиво, очувана је наноструктура љуспице. 
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2.1.3. Нелинеарни ласерски микроскоп 

 
 

Ласер креира високо-кохерентно зрачење које по изласку из ласера улази у оптички 

систем у коме се могу додатно подешавати поједини параметри ласерског зрачења (снага, 

поларизација...). Ласерски сноп затим доспева у микроскоп где је усмерен на узорак. Услед 

интеракције ласерског снопа и узорка долази до мулти-фотонских процеса (у оквиру ове 

дисертације истраживани су дво-фотонски побуђена флуоресценција и други хармоник хитина). 

Радијација која настаје као резултат ових процеса долази на детектор (фотомултипликатор) и 

рачунар затим обрађује сигнал и приказује слику узорка на екрану. Основне компоненте 

нелинеарног ласерског микроскопа су: побудни ласер, микроскоп, и детекторско – рачунарски 

систем. Истраживања у оквиру ове дисертације су урађена на нелинеарном ласерском 

микроскопу који је конструисан у Центру за Фотонику, у Институту за Физику у Београду.  

Шематски приказ је дат на слици 2.1. 

Два фемто-секундна ласера су коришћена за генерисање дво-фотонски побуђене 

флуоресценције и другог хармоника на узорку. Један од њих је титанијум-сафир ласер Coherent 

Mira 900-F који је побуђиван Coherent Verdi V10 ласером који производи зрачење на 532 nm, 

снаге 10 W. Овај титанијум-сафирни ласер производи фемто-секундне импулсе (време трајања 

импулса је 160 fs) при репетицији од 76 MHz, у спектралном опсегу од 700-1000 nm. Други 

ласер који је коришћен за нелинеарну побуду узорака је Yb KGW фемто-секундни ласер (Time- 

Bandwidth Products AG, Yb GLX) који генерише зрачење на 1040 nm. Галванометарска 

сканирајућа огледала (Cambridge Technologies, 6215H) се користе за рестерско сканирање 

узорака ласерским снопом. Сноп је адекватно проширен да би попунио улазну пупилу 

микроскопског објектива. Дихроично огледало (Thorlabs, DMSP805) које пропушта таласне 

дужине < 805 nm а рефлектује таласне дужине > 805 nm усмерава ласерски сноп ка 

микроскопском објективу. Део операционог опсега побудног Титанијум - сафир ласера није 

могао да буде искоришћен због граничне таласне дужине дихроичног огледала. За детекцију 

флуоресценције и другог хармоника са узорка користи се фотомултипликатор (RCA, PF1006) у 

комбинацији са одговарајућим блокирајућим филтером. За детекцију дво-фотонски побуђене 

флуоресценције са узорка користи се и додатни филтер да би се редуковала паразитска ласерска 

светлост која пролази кроз дихроично огледало. Са фотомултипликатора сигнал се уводи у 

аквизициону карту (NI USB-6351, 1 Msample/s, National Instruments). Оптички део микросопа је 

базиран на модификованом JENAVAL микроскопу (произвођач Carl Zeiss). Узорак се поставља 

на механичко постоље чије се померање контролише степер - мотором. Степер - мотор 

омогућава вертикално померање постоља (z-оса на слици) са кораком од 2 μm. Покретна призма 

омогућава скретање ласерског снопа и осликавање узорка у светлом пољу помоћу Canon EOS 

50D дигиталне камере. Рачунар контролише цео инструмент и обраду слике. Vol View 3.4 

слободан софтвер (Kitware, Inc.) омогућава формирање 3Д модела узорака на основу низа 2Д 

попречних пресека (тзв. „слајсова“), употребом алгоритма пројекције максималног интензитета 

или запреминским изоштравањем („volume rendering“). 

За микроскоп су коришћени Carl Zeiss објективи: Planachromat, 40X, 0.65 NA (са видним 

пољем од 815 μm) и LD LCI Planapochromat 25X, 0.8 NA вода/глицерин имерзиони објектив. За 

узорке већих димензија коришћен је Carl Zeiss Planachromat, 25X, 0.5 NA, са видним пољем од 

1200 μm. Попречна и осна резолуција нелинеарног микроскопа су одређене употребом 

флуоресцентих нанометаских гранула (Life Technologies, TetraSpeckTM флуоресцентне 

микросфере). За микроскопски објектив са увеличањем 40X, измерена је латерална резолуција 
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од 630 nm X 915 nm (услед елиптичности побудног ласерског снопа), док је вертикална 
резолуција 2100 nm. 

 

 

Слика 2.1. Шема нелинеарног сканирајућег ласерског микроскопа. ПМТ- фотомултипликатор 

који се користи за детекцију дво-фотонски побуђене флуоресценције и другог хармоника, 

ВНДФ – варијабилни неутрални филтер за подешавање снаге ласерске радијације, АД/ДА – 

дигитална аквизициона карта, М – огледало које се уноси у систем због коришћења побудног 

ласерског снопа на 1040 nm из Yb KGW ласера. Путања ласерског снопа је приказана 

подебљаном линијом, електрични каблови су приказани танком линијом. 

 

 
2.1.4. Streak камера 

 
 

Streak камера је уређај који служи за временску и спектралну карактеризацију ултра брзих 

светлосних импулса. Ова врста камере има најбољу резолуцију у поређењу са осталим 

уређајима који мере ултра брзе импулсе. 

Светлост пролази кроз процеп на улазу у камеру и затим бива фокусирана на фото-катоду. 

Светлост се на фото-катоди конвертује у одрђени број електрона који је пропорционалан 

интензитету упадне светлости. Затим, електрони пролазе кроз пар убрзавајућих електрода, где 

долази до повећања њихове брзине и после тога доспевају на фосфоресцентни екран. Док 

електрони, који су првобитно „настали“ интеракцијом светлосних импулса и фото-катоде, 

пролазе кроз пар убрзавајућих електрода, на електроде се примењује висок напон који је 

временски синхронизован са упадним светлосним импулсима. Ово узрокује просторно 

размештање електрона. Током овог процеса, електрони, који доспевају у простор између 

убрзавајућих електрода у различитим временским тренуцима, излазе одатле под различитим 

угловима у вертикалном правцу и доспевају на мултипликатор електрона. Овде бивају 
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умножени неколико хиљада пута и затим доспевају на фосфорни екран, где се поново 

конвертују у светлост. На фосфоресцентном екрану, слике које одговарају различитим упадним 

светлосним импулсима се налазе на различитим вертикалним позицијама. Дакле, вертикална оса 

фосфоресцентног екрана служи као временска оса за разликовање оптичких импулса у времену. 

Сјај (brightness) различитих слика на фосфоресцентном екрану је пропорционалан интензитету 

одговарајућих улазних оптичких импулса. 

На овај начин, Streak камера конвертује временску и просторну варијацију интензитета 

светлости у одговарајућу расподелу тачака различитог сјаја на фосфорном екрану. Информација 

о интензитету упадне светлости је корелисана са сјајем слике на фосфорном екрану, а време 

доласка (на Streak камеру) и позиција упадне светлости је корелисана са локацијом слике на 

фосфорном екрану. 

 

У комбинацији са спектроскопом Streak камера може да мери временску промену 

интензитета светлосног импулса на одређеним таласним дужинама (time resolved spectroscopy). 

На овај начин је, у оквиру ове дисертације, показано постојање другог хармоника хитина 

(поглавље 3.3). У комбинацији са одговарајућим оптичким системом могуће је мерити и 

временску зависност упадне светлости у зависности од позиције (time and space-resolved 

measurement). 

 

 

 
2.1.5. Компјутеризована микро – томографија 

 
 

Компјутеризована микро-томографија је 3Д осликавајућа техника у којој се користе X- 

зраци за осликавање унутрашњости узорка [335]. Уз специфичне уређаје може се постићи 

резолуција од ~ 100 nm. Микро-томографијом се може направити серија 2Д планарних снимака 

унутрашњости објекта, и обрадом ових снимака добијају се 3Д модели ових објеката. У питању 

је неинванзивна техника која пружа информацију о унутрашњости објекта. 

X-зраци пролазе кроз посматрани објекат и доспевају на детектор X-зрака, где бивају 

детектовани као 2Д пројекција („радиограф“). Узорак се тада заротира за веома мали угао (< 
10) и у тој позицији се такође детектује 2Д пројекција X-зрака. Овај процес се понавља до 

укупног угла ротације од 1800 или 3600, у зависности од врсте узорка. Применом Радонове 

трансформације добијају се фотографије различитих попречних пресека објекта. Од овог низа 

фотографија се може формирати 3Д модел узорка, а од њега се може направити физички модел 

узорка методом штампања. 

Ова техника се може користити за проучавање унутрашње структуре узорака, без потребе 

за сечењем. Ово омогућава проучавање порозности, физичке дебљине, запремине, густине, 

анализу дефеката, одређивање величине честица унутар узорка, оријентацију влакана... 



35  

 
 

Слика 5.4. Скица експерименталне поставке за компјутерску микро-томографију 

 

 
2.1.6. Радијативна термографија 

 
 

За експерименталну карактеризацију термалних особина биофотонских структура користе 

се термометријске методе. Једна од тих метода је термално осликавање, које омогућавају 

савремене ИЦ камере [291]. Ово је неинванзивна и бесконтактна техника са применама у 

различитим областима науке [321]. ИЦ камере могу да детектују различите делове ИЦ спектра. 

Термалне камере су оне које могу да детектују радијацију у опсегу 8 – 10 μm, а неке су 

оперативне у опсегу 3 – 5 μm. Ови спектрални опсези одговарају, апроксимативно, термалним 

атмосферским прозорима (то су спектрални опсези у којима атмосферски гасови показују веома 

малу апсорпцију инфрацрвене радијације [322]). 

Теоријска основа радијационе термографије је Планков закон зрачења црног тела који 

показује колики је интензитет електро-магнетног зрачења које емитује црно тело, у зависности 

од температуре црног тела и таласне дужине радијације (формула 2.1). 

𝐼 (𝜆, 𝑇) = 
2ℎ𝑐2

 

𝜆5 

 
1 

 ℎ𝑐 

𝑒𝜆𝑘Т−1 

 
(2.1) 
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где је 𝐼 – интензитет електро-магнетне радијације таласне дужине 𝜆 коју црно тело на 

температури 𝑇, по јединици површине и у јединичном просторном углу, 𝜆 - таласна дужина 

емитоване радијације, 𝑇 - температура црног тела, ℎ - Планкова константа, 𝑐 - брзина светлости, 

𝑘 - Болцманова константа. 

Реални материјали емитују само део енергије коју зрачи црно тело, што је описано 

емисивношћу материјала 𝜀. Емисивност је коефицијент којим се мери способност материјала да 

емитује енергију у форми термалне радијације. По дефиницији, за црно тело у термалној 

равнотежи важи 𝜀 = 1. Извор који има нижу емисивност се назива сиво тело [323]. Укупна 

енергија коју емитује сиво тело је једнака производу његове емисивности и енергије коју 

емитује црно тело на истој температури. 

Сви објекти међусобно размењују топлотну енергију помоћу три механизма: конвекција,  

кондукција и радијација. ИЦ камера (позната и под називом термална камера) детектује и мери 

ИЦ радијацију коју посматрани објекат емитује, и конвертује ову радијацију у „термалну“ 

фотографију објекта на којој је приказана температура на површини објекта. ИЦ камера се 

састоји од оптичког система који фокусира ИЦ радијацију на детекторски чип (низ сензора) који 

се састоји од хиљада детекторских пиксела распоређених у растер. Сваки пиксел реагује на 

фокусирану ИЦ радијацију и производи електрични сигнал. Процесор ИЦ камере преузима 

сигнале од свих пиксела и математичким прорачуном креира термалну фотографију објекта. На 

термалној фотографији, различите температуре су приказане различитим бојама. За разлику од 

оптичких камера, сочива код ИЦ камере не могу да буду направљена од стакла зато што стакло 

има веома малу трансмисију у области 𝜆 ~ > 4 μm. Зато се користе други материјали: 

германијум, калцијум флуорид, кристални силицијум...Изузев калцијум флуорида, ови 

материјали имају висок индекс преламања (нпр, за германијум n = 4) што доводи до интензивне 

рефлексије (> 30% упадне радијације се рефлектује). Из овог разлога већина сочива за ИЦ 

камере има антирефлексионе слојеве. 

У оквиру ове дисертације, емисија термалне радијације је анализирана следећим ИЦ 

камерама чији операциони опсези одговарају блиском (𝜆 = 3-5 μm) и далеком (𝜆 = 8-14 μm) 

атмосферском прозору: 

1) FLIR A65, USA, 640 x 512 пиксела, термална резолуција 50 mK, спектрални опсег 7.5-13 

μm 

2) FLIR SC7200, 320 x 256 пиксела, термална резолуција 20 mK, спектрални опсег 1.5 – 5.1 

μm 

3) FLIR SC620, 640 x 480 пиксела, термална резолуција 40 mK, спектрални опсег 7.5 – 13 

μm 

Због малих димензија инсекта, камера је позиционирана што је могуће ближе инсекту (на 

растојање 10-20 cm), а повремено је коришћено и додатно сочиво за додатно увећање. У 

оваквим условима постаје изражен „Narcissus“ ефекат (радијација коју емитује сама камера). 

Због тога су анализиране биофотонске структуре постављене изван термалног снопа који излази 

из објектива камере. Остатак камере је био прекривен алуминијумском фолијом. 

Као референца за мерење термалне емисивности коришћена је алуминијумска шупљина на 

коју је нанесен апсорбујући материјал. Његова апсорптивност је теоријски израчуната и 

добијена је вредност од 0.996 [292]. 
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2.1.7. Фурије трансформ инфра-црвена спектроскопија („FTIR“) 

 
 

Када се инфрацрвена радијација усмери на узорак, један део те радијације се апсорбује у 

узорку, а други део пролази кроз узорак. FTIR је техника која захваљујући интеракцији ИЦ 

радијације са узорком омогућава мерење ИЦ спектра узорка [293]. FTIR спектрометар се састоји 

од извора ИЦ радијације, интерферометра, детектора ИЦ радијације, појачавача сигнала и 

рачунара (слика 2.2). Извор генерише ИЦ радијацију која пада на узорак претходно пролазећи 

кроз интерферометар са једним помичним огледалом и затим доспева на детектор. У детектору 

се сигнал појачава и конвертује у дигитални сигнал (интерферограм) аналогно-дигиталним 

конвертором. ИЦ спектар се добија применом брзог Фуријеовог трансформа на интерферограм 

[293]. 

 

 

Слика 2.2. Шематски приказ експерименталне поставке за Фурије трансформ инфра-црвену 

спектроскопију („FTIR“). 

FTIR спектроскопија има многобројне примене: користи се у анализи различитих 

материјала са комплексним хемијским саставом [294-297]. FTIR је универзална алатка за 

карактеризацију материјала [298, 299] а посебно у идентификацији непознатих материјала [300]. 

FTIR техника је коришћена у идентификацији супстанци [301] и њихових мешавина [302], и 
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нечистоћа [303, 304]. Такође и у анализи структурних промена и у контроли процеса 

производње [304-306, 315], у анализи заразних болести [307-310], за карактеризацију структуре 

протеина [309]. Затим, у анализи полимера и биополимера: анализа процеса полимеризације, 

карактеризација структуре полимера, површине полимера, деградације и модификације 

полимера [309-311], анализа танких филмова [312], контрола квалитета прехрамбених производа 

[313, 314]. 

FTIR спектар носи информацију о врсти хемијских веза, и о ротационим и вибрационим 

нивоима у комплексним молекулима [316-318]. 

FTIR спектроскопија је коришћена у анализи апсорпције инфрацрвеног зрачења сложених 

хитинских микроструктура инсекта Rosalia Alpina. Коришћен је систем Nicolet 6700 FT-IR, 

Thermo Scientific, USA. 

 

 
2.1.8. Усаглашавање индекса преламања 

 
 

У оптици, материјал који се користи у техници усаглашавања индекса преламања је 

супстанца (најчешће течност или гел) чији се индекс преламања веома мало разликује од 

индекса преламања неког другог објекта (сочиво, призма...). 

У биофотоници, ова техника се користи да би се смањиле Френелове рефлексије на 

граници два материјала. Ови материјали могу имати сложену микро и нано-структуру која 

значајно утиче на њихове оптичке особине. Међутим, на оптичке особине материјала такође 

утичу и концентрација, просторни распоред и врста пигмената, уколико су пигменти присутни у 

материјалу. У том случају, оптичке особине су последица комбинованог утицаја пигмената 

присутних у материјалу и нано-структуре материјала. Сузбијањем Френелове рефлексије на 

граници различитих материјала техника усаглашавања индекса преламања смањује утицај 

наноструктуре и на тај начин омогућава раздвајање оптичких утицаја наноструктуре и 

пигмената. 

Нано-структурисани биофотонски материјали чије су оптичке и термалне особине 

истраживане у оквиру ове дисертације се састоје од хитина и шупљина испуњених ваздухом. 

Пошто су ово структуре отвореног типа, техником усаглашавања индекса преламања се 

шупљине унутар материјала испуњавају течношћу чији је индекс преламања једнак индексу 

преламања хитина. Овај поступак елиминише преламање и рефлексију светлости на граничним 

површинама хитин-ваздух и на тај начин омогућава да се елиминише утицај нано-структуре на 

оптичке особине материјала. На овакав начин се може истражити да ли су у материјалу 

присутни пигменти и, ако јесу, који је њихов допринос резултујућим оптичким особинама 

материјала. Процедура се састоји од мерења оптичког рефлексионог спектра истраживаног 

биофотонског материјала а затим се он урања у течност за усаглашавање индекса преламања и 

поново се мери рефлексиони спектар. У првом случају, ако су у материјалу присутни пигменти, 

рефлексија настаје комбинованим утицајем пигмената и микроструктуре материјала. У другом 

случају, поменута течност минимизира утицај микроструктуре (сузбијањем Френелових 

рефлексија на граничним површинама) па измерени рефлескиони спектар потиче од пигмената. 

Одузимањем „пигментног“ рефлексионог спектра од укупне рефлексије добија се „структурни“ 
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рефлексиони спектар који је последица интеракције упадне светлости са микро и 
наноструктуром биофотонског материјала. 

 

 
2.2. Математичко моделовање 

 
 

2.2.1. Метод коначних елемената 

 
 

Метод коначних елемената је нумерички метод за решавање проблема који се могу 

описати скупом парцијалних диференцијалних једначина. Заснива се на подели моделованог 

система на већи број мањих, једноставнијих делова, дискретизацијом простора. Ово се постиже 

креирањем тзв. „мреже“ објекта. Дискретизацијом диференцијалних једначина на целокупну 

„мрежу“ објекта добија се систем алгебарских једначина. На овај начин, метод апроксимира 

непознату функцију која описује проблем [319]. Процедура примене овог нумеричког метода се 

састоји од следећих корака: 

1) Дискретизација континуума. У овој фази, посматрани проблем се дели на већи број 

елемената. Ови елементи су, због погодности, једноставни геометријски облици (као што 

су нпр. четвороугао или троугао у случају 2Д моделирања. У 3Д случају, то су призме, 

тетраедри... ). На овај начин, посматрани објекат се трансформише у „мрежу“ (енгл. 

„mesh“). 
2) Избор интерполационих функција. Интерполационе функције се користе за 

интерполацију варијабли физичког поља по површини коначних елемената. Најчешће се 

користе полиноми, где степен полинома зависи од броја чворова додељених елементу. 

3) Одређивање особина коначних елемената. У овој фази се формира матрична једначина за 

коначни елемент и она повезује нодалне вредности непознате функције (вредности 

функције у чворовима локалног коначног елемента) са осталим параметрима. 

4) Форимрање скупа једначина коначних елемената. Од свих једначина којима се описују 

сви коначни елементи формира се глобални систем једначина који описује цео проблем. 

Другим речима, комбинују се једначине свих локалних елемената којима је проблем 

дискретизован. У овој фази се задају и гранични услови (који се не налазе у једначинама 

локалних коначних елемената). 

5) Решавање глобалног система једначина. Примењују се директне или итеративне методе. 

Решења глобалног система једначина су нодалне вредности непознате функције која 

описује цео проблем. 

6) Прорачун додатних резултата. У многим случајевима потребно је израчунати додатне 

параметре. На пример, код решавања механичких проблема, поред прорачуна помераја, 

често је важно израчунати и механичка напрезања. 

У оквиру ове дисертације метод коначних елемената је коришћен за анализу простирања 

упадне термалне ИЦ радијације (у спектралним опсезима који одговарају атмосферским 

прозорима 3-5 μm и 8-12 μm) кроз хитински, микро-структурисани омотач Morimus asper 

funereus инсекта. 
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2.2.2. Метод преносне матрице („Transfer matrix method“) 

 
 

Овај метод се користи у оптици и акустици за анализу простирања електро-магнетних и 

акустичних таласа у вишеслојним срединама [320]. На пример, овај метод се користи у дизајну 

анти-рефлексионих слојева и диелектричних огледала. 

Рефлексија и трансмисија електро-магнетне радијације на граничној површини између две 

материјалне средине је описана Френеловим једначинама. Када се материјал састоји од већег 

броја слојева, онда постоји већи број граничних површина на које радијација наилази (под 

условом да радијација може да се простире кроз дати материјал). На свакој граничној површини 

између слојева долази до рефлексије и трансмисије радијације. У зависности од односа између 

таласне дужине радијације и дужине путање радијације између две узастопне рефлексије, 

рефлектована радијација (тзв. парцијални рефлектовани таласи) може да интерферира. Укупна, 

резултујућа рефлексија вишеслојног објекта је збир коначног броја парцијалних рефлексија са 

свих граничних површина на које је радијација наишла приликом простирања кроз објекат. 

Метод преносне матрице се базира на чињеници да, у складу са Максвеловим 

једначинама, постоје гранични услови за понашање електричног поља на граничној површини 

између две материјалне средине. Приликом пропагације електро-магнетне радијације кроз 

вишеслојни материјал, ако је електрично поље познато на улазу у слој, онда поље на излазу из 

датог слоја, може да буде израчунато једноставном матричном операцијом. Вишеслојни 

материјал се може приказати преко система матрица, где сваком слоју одговара по једна 

матрица, и резултујућа рефлексија и трансмисија материјала се одређују множењем матрица 

појединачних слојева. Ово омогућава да се одреде коефицијенти рефлексије и трансмисије 

вишеслојног материјала. 

У оквиру ове дисертације, метод преносне матрице је коришћен за анализу иридесцентне 

рефлексије светлости са љуспица лептира Issoria lathonia, која је описана у трећем делу 

дисертације. Метод је претходно модификован применом скаларне теорије површинског 

расејања, да би се узео у обзир ефекат расејања светлости на неравним површинама. 

 

 
2.2.3. Ray tracing метод 

 
 

Ray tracing метод се користи за прорачун путање простирања електро-магнетне радијације 

и базира се на апроксимацији решења Максвелових једначина која је исправна докле год је 

таласна дужина радијације много мања од физичких димензија објеката кроз које се радијација 

простире па се могу занемарити дифракциони ефекти [323]. Дакле, овај метод се заснива на 

геометријској оптици и Снеловом закону преламања и не може се примењивати на таласне 

феномене као што су на пример интерференција и дифракција (где фаза електро-магнетне 

радијације постаје важан парметар). С тим у вези, Ray tracing метод представља добру прву 

апроксимацију путање простирања електро-магнетне радијације кроз материјалну средину која 

има градијент индекса преламања, различитих апсорпционих особина и која такође садржи и 

дисконтинуитете у индексу преламања на којима долази до рефлексије. У оваквим условима, 



41  

−∞ 

радијација се рефлектује на дисконтинуитетима индекса преламања унутар материјала, или 
може континуално да мења правац свог простирања (одступање од праволинијске путање). 

У оквиру ове дисертације, Ray tracing метод је коришћен као прва апроксимација 

простирања ИЦ радијације (у атмосферским прозорима 3-5 μm и 8-12 μm) кроз спољашњи, 

микро-структурисани омотач Morimus asper funereus инсекта. 

 

 
2.2.4. Фурије-Мелинова трансформација 

 
 

Ова трансформација представља комбинацију Фуријеове и Мелинове трансформације, и 

инваријантна је на транслацију и ротацију. Фуријеов трансформ функције (𝑥), 𝑥 ∈ 𝑅, дат је 

следећом једначином: 
 

𝑧(𝑤) = ∫
∞ 

(𝑥)−2𝜋𝑖𝑤𝑥𝑑𝑥 (2.2) 
 

Модуо Фуријеове трансформације (𝑤) у било којој тачки 𝑤 је инваријантан на транслацију 

функције (𝑥). Такође, постоји и циркуларна Фуријеова трансформација [241], дефинисана за 

периодичну функцију (𝑟, 𝜃), изражена у поларним координатама 𝑟 и 𝜃 са периодом 2𝜋: 
𝑓 (𝑟) = 

1 2𝜋 
(𝑟, 𝜃)−𝑖𝑙𝜃𝑑𝜃 

   ∫ 
𝑙 2 0 

(2.3) 

Модуо циркуларне трансформације је инваријантан на транслацију функције (𝑟, 𝜃), што је у 

овом случају заправо ротација функције за угао 𝜃. 

Мелинова трансформација [243-245] функције (𝑥), 𝑥 ∈ 𝑅, је дата следећом једначином: 
 (𝑢) = ∞ (𝑥)𝑥𝑢−1𝑑𝑥 (2.4) 

∫ 0 

где је 𝑢 комплексан број (𝑢 ∈ 𝐶). Када је 𝑢 имагинаран број (𝑢 = 𝑖𝑤), једначина 2.4 постаје 

[69,73]: 
 (𝑤) = ∞ (𝑥)𝑥𝑖𝑤−1𝑑𝑥 (2.5) 

∫ 0 

где је 𝑤 ∈ 𝑅. Уколико се у једначини 2.5 изврши замена променљиве 𝑥 променљивом 𝑎 тако да 

важи: 𝑥 = 𝑒−2𝜋𝑎, ова једначина добија следећи облик: 

(𝑤) = ∫
∞ 

𝑓 (𝑎)−2𝜋𝑖𝑎𝑤𝑑𝑎 (2.6) 
0 1 

где је 𝑓1(𝑎) = −2𝜋𝑓(𝑒−2𝜋𝑎) . Дакле, овакво мапирање координата трансформише Мелинову 
трансформацију у Фуријеову трансформацију и у овом случају може се рећи да Мелинова 

трансформација представља Фуријеову трансформацију примењену на експоненцијалној скали 

[249]. Примена скалирајућег фактора 𝐾 на функцију , у случају описаног мапирања координата, 

резултира транслацијом функције 𝑓1 за вредност пропорционалну 𝑙𝑛𝐾 . Ово за последицу има 
инваријантност на транслацију овог облика Мелинове трансформације у тачки 

𝑤, на основу инваријантности Фуријеове трансформације на транслацију функције 𝑓 [250, 251]. 

Мелинова трансформација функције двају променљивих (𝑥1, 𝑥2) [233] дат је једначином: 
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(𝑤 , 𝑤 ) = ∞    ∞ 𝑓(𝑥 , 𝑥 )𝑖𝑤1−1 𝑥𝑖𝑤2−1𝑑𝑥 𝑑𝑥 (2.7) 
1 2 ∫0 ∫0 1 2 1 2 1 2 

где је 𝑤1 ∈ 𝑅 и 𝑤2 ∈ 𝑅 . Мапирањем координата 𝑥1 = 𝑒−2𝜋𝑎1 , 𝑥2 = 𝑒−2𝜋𝑎2 поново се добија 
Фуријеова трансформација. Магнитуда 2Д Мелинове трансформације је дакле инваријантна на 
скалирање функције 𝑓 по једној оси. 

Нека је (𝑟, 𝜃) функција у 2Д равни, изражена у поларним координатама. Ако на њену 

циркуларну Фуријеову трансформацију применимо Мелинову трансформацију у облику који је 
дат једначином 2.7, добијамо Фурије-Мелинову трансформацију: 

(𝑙, 𝑤) = 
1 ∞ 2𝜋 

(𝑟, 𝜃)𝑒−𝑖𝑙𝜃𝑟𝑖𝑤−1𝑑𝜃𝑑𝑟 (2.8) 

2𝜋 
∫0 ∫0 

Логаритамско-поларним мапирањем координата (𝑟, 𝜃) → (𝑙𝑛𝑟, 𝜃) ова трансформација добија 

облик 2Д Фуријеове трансформације. Модуо Фурије-Мелинове трансформације је дакле 

инваријантан и на ротацију и на транслацију функције [248, 252-255]. 

У оквиру ове дисертације, Фурије-Мелинова трансформација је коришћена у реализацији 

технолошке примене оптичких особина љуспица Issoria lathonia лептира (поглавље 4, 

подпоглавље 4.4). 

 

 

2.3. Алгоритми и софтверски пакети 

 
 

Алгоритам пројекције максималног интензитета 

 
 

Алгоритам пројекције максималног интензитета се заснива на пројекцији воксела са 

највећом вредношћу сигнала, по свакој праволинијској путањи дубинског (вертикалног) 

сканирања узорка, на 2Д слику [337]. Назив воксел (енгл. voxel) је настао комбиновањем две 

енглеске речи: „volume“ и „element“ и означава 3Д еквивалент пиксела. Он представља 

појединачни елемент 3Д матрице која представља дискретизацију простора. Применом 

алгоритма пројекције максималног интензитета, свака XY координата 2Д слике представља 

пиксел који показује највећу вредност сигнала по Z оси (која одговара датој XY координати, тј. 

у геометријском смислу, пролази кроз тачку са датом XY координатом). Овај алгоритам 

омогућава да се на основу низа 2Д слика (хоризонтални пресеци објекта са константним 

растојањем између свака 2 узастопна пресека) формира 3Д модел објекта. 

У оквиру ове дисертације, алгоритам пројекције максималног интензитета је коришћен у 

склопу VolView 3.4 софтверског пакета за 3Д визуализацију објеката осликаних на нелинеарном 

ласерском микроскопу. На тај начин је показана примена нелинеарних оптичких особина хитина 

(поглавље 3) у високо-квалитетном осликавању објеката биолошког порекла чији је доминантан 

састојак хитин. 
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Запремински приказ 

 
 

Запремински приказ (енгл. volume rendering) је назив за методе које се користе у 

визуализацији и компјутерској графици за приказ 2Д пројекције 3Д објекта (један од тих метода 

је алгоритам пројекције максималног интензитета, описан на претходној страни). 3Д објекат се 

осликава употребом скупа 2Д хоризонталних пресека објекта (ткз. „слајсова“, енгл. slice). Ово 

може бити урађено техникама попут компјутеризоване томографије, магнетне резонанце, 

микротомогарфије X зрацима. У оквиру ове дисертације су коришћене технике нелинеарне 

ласерске микроскопије које се заснивају на двофотонски побуђеној флуоресценцији хитина и 

генерисању другог хармоника. Формирани су 2Д пресеци објекта (нпр. један 2Д пресек за сваки 

милиметар дуж вертикалне осе објекта) и број пиксела свих осликаних 2Д пресека је 

константан. Овакав скуп 2Д пресека представља регуларну запреминску решетку где је сваки 

запремински елемент представљен бројном вредношћу која се добија узорковањем запремине 

коју дати елемент обухвата. 

Да би се реализовала 2Д пројекција 3Д објекта, прво је потребно дефинисати позицију 

камере (детектора сигнала) у односу на објекат који се осликава. Затим се дефинише 

непрозирност (величина којом се мери немогућност простирања електро-магнетне радијације 

кроз елемент запремине, ова величине описује апсорпцију и расејање радијације) и боја сваког 

воксела употребом RGBA трансфер функције (RGBA је назив модела који се у компујетрској 

графици користи за приказ боје и састоји се од 4 канала: red (R), green (G), blue (B) и alpha (A), 

где R G и B канали означавају количину радијације из „црвеног“ (𝜆 ~ 600-700 nm), „зеленог“ 

( 𝜆 ~ 500-600 nm) и „плавог“ појаса ( 𝜆 ~ 400-500 nm оптичког дела спектра, а alpha канал 

означава непрозирност пиксела). Ова трансфер функција придружује RGBA бројну вредност 

сваком вокселу. Када је сваком вокселу у 3Д репрезентацији осликаног објекта придружена 

RGBA вредност, употребљава се један од неколико нумеричких метода којима се од овакве 3Д 

репрезентације објекта креира његова 2Д пројекција. 

У оквиру ове дисертације, запреминским приказом су формирани 3Д модели хитинских објеката 

осликаних на нелинеарном ласерском микроскопу. 

 

 
„Focus stacking“ алгоритам 

 
 

„Focus stacking“ алгоритам, познат и под називима „focal plane merging“ и „z-stacking“ 
[210] алгоритам, се користи у дигиталној обради слике. Заснива се на комбиновању неколико 

фотографија које су снимљене при различитим фокалним растојањима у једну фотографију. На 

различитим фокалним растојањима различити делови фотографисаног објекта се налазе у 

фокусу. Овим алгоритмом се најбоље изфокусирани делови фотографија спајају у једну 

фотографију која онда има већу дубину фокуса од појединачних фотографија од којих је 

формирана [206, 207]. 
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Алгоритам је коришћен у оквиру Picolay слободног софтвера, у четвртом поглављу ове 

дисератције (под-поглавље 4.4) за квалитетно осликавање хитинских љуспица. Алгоритам је 

било потербно користити јер су хитинске љуспице у природном стању неравног облика и имају 

запреминску структуру. 

 

 
Софтверски пакети 

 
 

Софтверски пакети који су коришћени у изради ове дисертације: COMSOL, VolView 3.4, 

Picolay, Blender. 

 

 

2.4. Колориметрија 

 

Колориметрија описује квантитавну и квалитативну повезаност између расподеле 

таласних дужина радијације у оптичком делу спектра и човекове физиолошке перцепције боје 

[219,220]. CIE дијаграм приказује човекову перцепцију спектра светлости на релативно 

једноставан и визуелно схватљив начин. Њиме се читав комплексни спектар приказује једном 

тачком. Ово је у већој мери метод упоређивања спектара и доношења квалитативних закључака 

о њиховој међусобној различитости, него што је егзактан приказ. Овакав приступ, помоћу CIE 

дијаграма, се користи и за спектралне прорачуне и приказ свих боја на екранима рачунара, 

мобилних телефона као и код камера и мерних уређаја. 

У основи колориметрије су човекови рецептори за вид који могу бити три врсте ћелија 

које се налазе у очима и свака од ових врста ћелија има максималну осетљивост у одређеном 

спектралном опсегу из оптичког дела спектра (ти опсези су: 420-440 nm, 530-540 nm, 560-580 

nm). Човекова перцепција боје се заснива на комбинованом одговору ових трију врста рецептора 

на спољашњи надражај (светлост која је емитована из извора или рефлектована са објекта). У 

математичком смислу, свакој од трију врста ћелија се придружује функција осетљивости која 

показује колика је осетљивост ћелије за сваку таласну дужину из оптичког дела спектра и 

одговор човековог видног апарата на спољашњу побуду (тј. боја коју човек региструје 

посматрајући спољашњи објекат) је дат комбинованим дејством ових трију функција, при чему, 

ако је позната вредност двају функција осетљивости, онда вредност коју има трећа функција 

може да буде једнозначно одређена. Из тог разлога, у CIE дијаграму се користе три координате 

за квантитавно и квалитативно одређивање боје коју просечно људско око детектује: две 

координате боје x и y које дефинишу спектрални одзив човекових трију рецептора за вид и 

луминанса Y која се односи на интензитет радијације која доспева у човеков апарат за вид. Ове 

три координате једнозначно дефинишу тачку на CIE дијаграму и на тај начин се читав 

комплексни оптички спектар може приказати једном тачком. CIE дијаграм је у истраживањима 

у оквиру ове дисертације коришћен у приказу и моделовању рефлексионих спектара сложених 

биофотонских наноструктура – љуспица лептира Issoria lathonia. 

У наредна три поглавља су представљени научни резултати у оквиру ове дисертације. 
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3. Нелинеарне оптичке особине хитина 

 

У овом делу истраживања су испитане нелинеарне оптичке особине хемијски 

пречишћеног хитина и хитинских структура два пећинска инсекта. За хемијски чист хитин, 

истражене су ефикасност дво-фотонске побуде, флуоресцентни спектар за дво-фотонску побуду, 

степен фото-избељивања и поларизациона осетљивост дво-фотонске побуде. Потврђено је 

генерисање другог хароника. Мерења су извршена на нелинеарном ласерском микроскопу 

конструисаном у Инстититу за физику у Београду, Центар за фотонику. Коришћен је 

комерцијално доступан хитин (поли – N – ацетил – 1,4-β-D-глукопираносамин) добијен из 

одбачених шкољки ракова (Sigma Aldrich, practical grade powder), без додатног пречишћавања. 

Резултати су омогућили да се у наредном делу дисертације изврши карактеризација и 

контролисана модификација оптичких и флуоресцентних особина фотонских структура 

биолошког порекла. 

 

 

3.1. Двофотонски побуђена флуоресценција 

 

Двофотонски побуђена флуоресценција означава побуду атома или молекула приближно 

симултаном (10-16 s) апсорпцијом два фотона, а затим релаксацију атома или молекула емисијом 

фотона на другој таласној дужини [169]. Први фотон побуђује молекул на виртуелно стање док 

други фотон доводи до прелаза са виртуелног стања на побуђено стање. Било која комбинација 

два фотона чији је збир енергија једнак разлици енергија основног и побуђеног стања молекула 

може да изврши двофотонску побуду молекула. Из практичних разлога најчешће се користе 

фотони једнаких енергија при чему сваки од два фотона има приближно половину енергије и 

двоструко већу таласну дужину од фотона потребног за једнофотонску побуду датог молекула. 

На пример, два фотона у црвеном делу спектра (≈700 nm) могу да се удруже и да побуде 

молекул који их апсорбује као да је у питању један фотон у ултраљубичастом делу спектра 

(≈350 nm). 

Оптималне таласне дужине за двофотонску побуду не могу се одредити простим 

скалирањем таласних дужина на којима су максимуми за једнофотонску апсорпцију, јер се 

квантно механичка селекциона правила разликују за једнофотонску и двофотонску апсорпцију 

[169-171]. 

Једначина која описује слабљење интензитета светлосног снопа услед апсорпције, 

приликом простирања светлости кроз материјал, је: 

𝜕𝐼 = − 𝛼 𝐼 − 𝛼 𝐼2 − … − 𝛼 𝐼𝑛 (3.1) 
𝜕𝑧 1 2 𝑛 

где је 𝐼 интензитет светлости, 𝑧 је дужина пређеног пута који је светлост прешла у материјалу, 

𝛼𝑛 је апсорпциони коефицијент за симултану апсорпцију 𝑛 фотона. У класичним условима 

осветљења, као што су Сунчева светлост или сватлост лампе, само 𝛼1, коефцијент за апсорпцију 

једног фотона је незанемарљив, и доминантан процес је једнофотонска апсорпција. Међутим, 

при већим густинама фотонског флукса, које су могуће са ласерском радијацијом, и остали 
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коефицијенти постају незанемарљиви и тада до изражаја долазе мултифотонски процеси 
апсорпције. Апсорпциони коефицијент за симултану апсорпцију 2 фотона је 

𝛼2 = 𝜎2𝑁0 (3.2) 

где је 𝜎2 ефикасни пресек за двофотонску апсорпцију, а 𝑁0 је густина популације молекула у 

основном стању. Уколико побуђени молекул може само радијативним прелазом 

(флуоресценцијом) да се врати у основно стање, онда је интензитет двофотонски побуђене 

флуоресценције једнак: 
 

𝐼2𝑃𝐸  =  2𝐼2 =  𝜎2𝑁0𝐼2 (3.3) 

Дакле, интензитет двофотонски побуђене флуоресценције се карактерише квадратном 

зависношћу од интензитета побудне ласерске радијације. У процесу двофотонске побуде 

флуорофора апсорбује два фотона и прелази из основног у побуђено стање. Пошто су два 

фотона потребна за сваку двофотонску побуду, вероватноћа да флуорофора апсорбује фотонски 

пар је пропорционална квадрату интезитета светлости. Из тог разлога, уколико локални 

фотонски флукс није веома велики, вероватноћа за двофотонску апсорпцију је веома мала. 

Адекватан фотонски флукс се постиже конценрисањем фотона временски користећи 

фемтосекундне импулсе и просторно фокусирајући светлост кроз објектив микроскопа. На тај 

начин се у фокалној запремини постиже довољан број фотона који могу симултано да 

интерагују са флуорофором и добије се значајна количина двофотонске побуде. Изван фокалне 

запремине, густина фотона није довољно велика да омогући симултану апсорпцију фотонског 

пара и не долази до побуде, што је значајна разлика у односу на стандардну конфокалну 

флуоресцентну микроскопију (која се заснива на једнофотонској побуди узорка). 

Вероватноћа за двофотонску апсорпцију од стране молекула је изузетно мала, о томе 

сведочи следећи пример. При Сунчевој светлости флуоресцентни молекул Родамин Б апсорбује 

просечно један фотон за једну секунду једнофотонским процесом апсорпције. Међутим, исти 

молекул апсорбује фотонски пар (процесом двофотонске апсорпције) једном у десет милиона 

година [169]. Из тог разлога, иако је двофотонску апсорпцију предвидела Maria Göppert - Mayer 

у својој докторској дисертацији још 1931.-е године [170], први експериментални рад на овом 

феномену је омогућен тек појавом ласера као извора довољно светлости велике снаге. Данас се 

углавном импулсни ласери користе за ефикасну двофотонску побуду. Титанијум-сафирни ласер 

је стандардан избор [171]. 

Нелинеарна ласерска микроскопија која се заснива на двофотонски побуђеној 

флуоресценцији има значајне предности у односу на више коришћену конфокалну 

флуоресцентну микроскопију (која се заснива на једнофотонској побуди молекула): 

 већа дубина продирања побудне ласерске радијације због веће таласне дужине и мањег 

расејања [172, 173] 

 ефикаснија детекција флуоресцентног сигнала јер се таласне дужине побуде и сигнала 

значајно разликују [173-175] 

 мање оштећење узорка због ниже енергије побудне радијације [176] 

 одсуство паразитске (изван-фокусне) флуоресценције, јер се двофотонска побуда 

одиграва само у фокалној запремини унутар узорка [174, 177] 

 бољи контраст услед смањеног расејања побудне радијације [178] 
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 нема потребе за употребом више од једног ласера када се ради мулти-модално 
флуоресцентно осликавање (симултана побуда већег броја флуорофора које имају 

различит апсорпциони спектар) [179,180] 

Због ових предности, ова метода има многобројне примене у: медицини (за снимање попречног 

пресека ћелија) [181, 182], биологији [183, 184], фармацији [185-188], хемији (за одређивање 

оријентације молекула) [189]... У наставку ове дисертације, биће показане примене у 

биофотоници, за карактеризацију и контролисану модификацију хитинских структура. 

 

 

3.2. Двофотонски побуђена флуоресценција хитина 

 

У почетном делу истраживања, измерен је интензитет двофотонски побуђене 

флуоресценције хитина у функцији таласне дужине (у опсегу 830 – 930 nm) и средње снаге 

побудног фемтосекундног ласерског зрачења (у опсегу 3,4 – 13,6 mW), добијеног из Ti-Sapphire 

ласера (Coherent Mira 900-F). Мале вредности снаге су изабране да би се минимизирало фото- 

оштећење узорка. Резултати показују да интензитет двофотонски побуђене флуоресецнције 

опада са порастом таласне дужине побудне ласерске радијације у поменутом опсегу и да 

флуоресценција има максималан интензитет када је побудна таласна дужина ~ 830 nm (слика 

3.1а). 
 

Зависност интензитета дво-фотонски побуђене флуоресцeнције од снаге побудног 

ласерског зрачења је приказана на слици 3.1б. Да би се нагласила квадратна зависност, обе осе 

су приказане у логаритамској скали. Коефицијент зависности дво-фотонски побуђене 

флуоресценције од интензитета побудне радијације је 1.88 ± 0.05. Мало одступање сигнала од 

строге квадратне зависности објашњава се релативно слабим сигналом и усредњавањем сигнала 

преко велике површине узорка. При већим интензитетима побуде долази и до већег 

фотоизбељивања (фотохемијска реакција услед које молекул флуорофоре трајно губи 

способност флуоресцирања. Ово је изазвано цепањем ковалентних веза и хемијским реакцијама 

између флуорофоре и околних молекула [324, 325]) што такође доприноси одступању сигнала 

од строге квадратне зависности. 

За мерење једно-фотонски побуђеног флуоресцентног спектра и средњег времена 

флуоресценције коришћена је једно-фотонска побуда са OПO („optical parametric oscillator“) - 

ласера и “streak“ камера (уређај који мери временску и спектралну зависност интензитета ултра 

– брзих светлосних импулса [190, 336], у Материјалима и Mетодама дат је детаљан опис уређаја) 

са спектрографом. Измерен је флуоресцентни одговор чистог хитина у функцији времена (што 

представља средње време побуђеног стања молекула) и добијена вредност од 5,2 ns (слика 3.2а). 

Флуоресцентни спектар показује максимум на 440 nm и спектралну ширину од 120 nm (слика 

3.2б). 
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Таласна дужина (nm) 

(а) 

Снага побуде (mW) 

(б) 
 

Слика 3.1. Интензитет двофотонски побуђене флуоресценције хемијски чистог хитина у 

функцији (а) таласне дужине побудног зрачења и снаге побудног зрачења као параметра; и (б) 

снаге побудног зрачења (приказане у log-log скали) и таласне дужине побудног зрачења као 

параметра. 
 

 

 

  

Време (s) 

(a) 
Таласна дужина (nm) 

(б) 
 
 

Слика 3.2. а) Флуоресцентни одговор хемијски чистог хитина у функцији времена; б) 

флуоресцентни спектар хемијски чистог хитина. 

 

 
Због истраживања описаних у наставку ове дисертације, анализирани су и ефекти фото- 

избељивања који настају услед продуженог озрачивања хитина ласерским зрачењем. Опадање 

интензитета сигнала је приказано на слици 3.3a. Ови ефекти су истражени на хемијски чистом 

хитину и на хитину из кутикуле (спољашњи тврд омотач) пећинских инсеката. Фокусирани 

ласерски сноп озрачава место на узорку и мери се повратни сигнал. Средња снага ласера је 70 

mW, а одговарајућа густина снаге 5,3 mW/cm2. 
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Слика 3.3. а) опадање дво-фотонски побуђене флуоресценције хемијски чистог хитина услед 

фото-избељивања (густина снаге ласерског зрачења од 5,3 mW/cm2, λ = 840 nm); б) 2PEF слика 

једне грануле од хитина – продужено ласерско озрачивање хитина производи квадратни регион 

са смањеним интензитетом флуоресцeнције (означен црвеном стрелицом); в) “избељени“ 

регион није уочљив приликом осликавања узорка помоћу другог хармоника. За обе слике је 

коришћен 40X / 0.65 микроскопски објектив. Слике су добијене при једнакој побудној снази 

ласера (70 mW), на слици в) се уочава слабији интензитет другог хармоника хитина у односу на 

двофотонски побуђену флуоресценцију (слика 3.3 б). 
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Eфекат фото-избељивања је веома уочљив. На слици 3.3б, прво је ласерском радијацијом 

озрачен цео узорак хитина (који се види на слици, у зеленој боји) а затим је при непромењеном 

интензитету ласерске радијације озрачен само део првобитног узорка. Густина радијације је већа 

на том делу узорка, и довољна да изазове процес фото-избељивања. Услед тога, када се цео 

узорак поново третира ласерском радијацијом (њена снага је током целог експеримента 

константна) део узорка на коме је изазвано делимично фото-избељивање слабије флуоресцира, 

што се може приметити као потамнели квадрат на слици 3.3б. Када се исти узорак снима 

користећи други хармоник као сигнал (уз помоћ ускопојасног пропусног филтера који се 

поставља у детекциону грану микроскопа, и који пропушта зречење на 420 nm, јер је побудна 

таласна дужина у овом експерименту 840 nm), тамни квадрат је неуочљив. С обзиром да други 

хармоник постоји само код материјала са нецентросиметричном симетријом, ово је доказ да 

хитин није оштећен ласерским зрачењем, само је његова унутрашња структура перманентно 

промењена тако да умањује интензитет флуоресценције. Пажљивом контролом интензитета 

побуде ефекти фото-избељивања су мали и не утичу на висок квалитет слике. Узорак се 

осликава контролисаним померањем ласерског снопа по површини узорка (сканирање узорка 

ласерским снопом), или унутар узорка (када се осликавају дубинске структуре материајла или 

биолошких организама). Контрола померања ласерског снопа на узорку обавља се 

галванометарским огледалима у склопу нелинеарног ласерског микроскопа (погледати 

Матријале и Методе за детаљно објашњење принципа функционисања нелинеарног ласерског 

микроскопа). Изнад одређеног нивоа снаге побудног зрачења долази до уништавања узорка, и 

формирања плазме. Уништавање узорка је веома локализовано и може се користити као 

алтернативни модалитет осликавања, што је један од праваца будућих истраживања. 

На свим побудним таласним дужинама, у свим експериментима који су у вези са 

нелинеарним оптичким особинама хитина, спектрална ширина ласерског импулса је 

максимизирана, чиме је обезбеђена минимална временска ширина импулса за све побудне 

таласне дужине. Дисперзионо ширење унутар оптичког система је константно и занемраљиво у 

датом спектралном опсегу, у поређењу са почетном ширином импулса [191]. 

У овом делу истраживања одређени су, дакле, оптимални параметри за употребу 

нелинеарне ласерске микроскопије у истраживању хитинских структура, које су веома присутне 

код великог броја организама. У наставку ове дисератције је истражена, између осталог, и 

двофотонски побуђена флуоресценција нано-структурисаних хитинских микро-објеката 

биолошког порекла. Ови микро-објекти, због своје нано-структуре, имају сложене оптичке 

особине. У интеракцији са упадном светлошћу, они испољавају низ оптичких механизама који 

синергијски формирају сложен оптички одзив. Нелинеарна ласерска микроскопија омогућава 

осликавање оваквих структура коришћењем двофотонски побуђене флуоресценције хитина и 

затим модификацију њихових оптичких особина ласерском модификацијом структуре 

(контролисано ласерско сечење и бушење структуре). Такође, може се контролисано мењати и 

њихова флуоресценција. Као што ће бити показано, ово има значајне примене. На тај начин 

демонстрирана је примена нелинеарне ласерске микроскопије и анализираних нелинеарних 

оптичких особина хитина у биофотоници. 
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3.3. Други хармоник хитина 

 

Минималном модификацијом нелинеарног ласерског микроскопа омогућено је и 

истраживање другог хармоника хитина. Приликом истраживања способности хитина да 

генерише други хармоник, хитин је озрачиван ултра кратким ласерским импулсима таласне 

дужине 1040 nm и репетиције 83 МHz који су добијени из Yb-KGW ласера. Ова таласна дужина 

је коришћена да би се минимизирала дво-фотонски побуђена флуоресценција хитина. 

Детекциони систем се састоји од „streak“ камере и спектрографа (као што је описано у 

Материјалима и Методама). 

Спектар другог хармоника хемијски чистог хитина показује оштар максимум на 520 nm, 

што је тачно једна половина од побудне таласне дужине (слика 3.4а). Измерен је и временски 

одзив сигнала на 520 nm (слика 3.4б) и показало се да је знатно краћи у односу на време 

флуоресценције хитина (5.2 ns, слика 3.2а) и близак је времену одзива детектора (приближно 

260 ps). Ово је додатан доказ постојања другог хармоника за хемијски чист хитин. Два узастопна 

импулса другог хармоника су приказана на слици 3.4б, време између побудних ласерских 

импулса је 12 ns. Други хармоник хемијски чистог хитина има знатно мањи интензитет у односу 

на двофотонски побуђену флуоресценцију. 
 

 
 

Слика 3.4. (а) спектралне и (б) временске карактеристике другог хармоника хитина. Таласна 

дужина побудне ласерске радијације је 1040 nm, а репетиција 83 MHz. 

Други хармоник настаје услед површинске или запреминске нелинеарности другог реда, 

мада ова два фактора могу и симулатано да делују ако су оба присутна у материјалу. 

Запреминска нелинеарност је повезана са симетричношћу материјала и посебно је изражена у 

нецентросиметричним материјалима који показују одсуство инверзионе симетрије. У 

центросиметричним материјалима, запреминска нелинеарност другог реда није присутна у 

дипол апроксимацији, и само чланови виших редова мултипол апроксимације доприносе 

настанку другог хармоника. 
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Површинска нелинеарност другог реда настаје на граничној површини материјала услед 

дисконтинуитета у структури и у нормалној компоненти електричног поља упадне електро- 

магнетне радијације, што доводи до великог градијента електричног поља по површини 

материјала. Чак и у центросиметричним материјалима, инверзиона симетрија је нарушена на 

граничној површини материјал – спољашња средина, што доводи до изражене дипол 

нелинеарности другог реда. Због овога, површинско генерисање другог хармоника је 

доминантно у нелинерном одзиву центросиметричних материјала, што се може употребиит за 

осликавање и наализу површине оваквих материјала. 

Детекцијом другог хармоника су у овом делу истраживања добијени резултати који 

одговарају полимерној структури хитина која није центросиметрична. Такође, у наредном делу 

истраживања је показана примена нелинерне ласерске микроскопије у осликавању хитинских 

структура природног порекла. За ову примену су кључне нелинеарне оптичке особине хитина. 

Експериментално је утврђено да употреба двофотонски побуђене флуоресценције и употреба 

другог хармоника хитина представљају комплементарне технике осликавања – када се као 

сигнал користи двофотонски побуђена флуоресценција, унутрашњост објекта је осликана са 

већим квалитетом у односу на ивице објекта, док је ситуација обрнута када се као сигнал 

користи други хармоник (погледати на пример, слику 3.13). Дакле, комбиновање ове две 

технике омогућава да се добију микроскопске фотографије са потпунијом информацијом. 
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4.  Оптичке особине хитинских наноструктура биолошког 

порекла и њихове примене 

 

 
Инсекти су доста коришћени у технологији, на пример у производњи свиле, меда, кармина 

(пигмент). Међутим, и многи принципи еволутивно развијени код инсеката могу наћи своју 

примену. Поједине врсте које припадају фамилији Cicadoidea (ови инсекти имају дугачка 

транспарентна крила, налик на домаћу мушицу) поседују природан звучник који им служи за 

појачање звука који њихова крила производе током летења [192]. Лептири са „стакленим“ 

крилима (glasswing butterflies) имају готово потпуно транспарентна крила што ствара утисак 

невидљивости [193, 194]. Поједини инсекти имају специфичну структуру на површинским 

деловима својих тела која их чини супер-хидрофобним [195-197]. Инсект Melanophila acuminata 

полаже своја јајашца у остацима од спаљених стабала, после шумских пожара. Овом инсекту је 

веома важно да може благовремено и на великој удаљености да детектује шумски пожар, и он 

због тога поседује сензор за инфра-црвену радијацију који може да детектује пожар до на 

удаљеност од 5 km [198, 199]. 

Лептири и мољци (ред: Leptdoptera) су посебно занимљиви због веома великог броја врста 

(око 180 000) [200] и јединствених оптичких особина њихових крила која су прекривена 

великим бројем (500-1000 по mm2) минијатурних елемената – тзв. љуспица [201, 202]. Љуспице 

имају корен у крилној мембрани, постављене су хоризонтално уз крило, често прекривају целу 

површину крила густо прибијене једна уз другу, слика 4.1б. Њихов доминантан градивни 

састојак је хитин. Могу бити различитог облика који се разликује од врсте до врсте. Просечне 

димензије љуспица су 50 X 100 μm, са веома малом дебљином од 1 – 2 μm. 

Стандардна љуспица лептира или мољца се састоји од две паралелне плоче које су 

повезане микростубовима – тзв. трабекулама. Доња плоча, која лежи директно на крилној 

мембрани је равна, док горња хитинска плоча има сложену микро и нано-структуру (слика 4.2б). 

Она се састоји од лонгитудиналних гребена који су повезани трансверзалним микро-гребенима 

и на овај начин је формирана мрежа правоугаоних отвора који повезују спољашњу средину са 

унутрашњошћу љуспице. Код различитих врста лептира и мољаца, делови љуспице (горња 

хитинска плоча, уздужни и попречни гребени...) могу бити различито нано-структурисани – 

високо специјализовани за различите оптичке (али такође и УВ и ИЦ) ефекте који настају у 

интеракцији упадне радијације са овим структурама. На пример, лонгитудинални гребени на 

горњој површини горње хитинске плоче се могу састојати од већег или мањег броја делимично 

или потпуно преклапајућих ламела (на пример, слике 1.3 и 1.5). У зависности од броја ламела, 

степена и начина преклапања ламела и међусобног растојања између суседних лонгитудиналних 

гребена, може се фаворизовати интерференција или дифракција упадне радијације (оптички 

одзив оваквих структура је најчешће комбинација интерференције, дифракције, и других 

оптичких ефеката), уз присуство различитих поларизационих ефеката, при чему структура може 

имати различите особине у оптичком, УВ и ИЦ делу спектра. Код појединих врста унутрашњост 

љуспице (простор између горње и доње хитинске плоче) није шупља већ је испуњена уређеним 

(фотонски кристал) или неуређеним хитинским структурама. 

Љуспице могу имати различите улоге у опстанку организма, а једна од њих је оптичка 

функција – њихова сложена нано-структура узрокује њихову структурну обојеност [204] – 

рефлексија радијације са љуспица није узрокована пигментима већ је последица различитих 
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оптичких механизама којима упадна светлост интерагује са њима: интерференција, дифракција, 

различите врсте расејања светлости, поларизациони ефекти, мешање таласних дужина, локални 

таласоводи са функцијом повећања апсорпције...Доказано је да лептири имају поларизационо 

осетљив вид, и да могу да детектују и радијацију из УВ дела спектра, за разлику од човека, па се 

код појединих врста ефекти присутни у оптичком, УВ и ИЦ делу спектра међусобно разликују. 

Код појединих врста су присутни и пигменти, па је рефлексија комбинација доприноса 

пигмената и сложене нано-структуре. 

У овом делу истраживања је експериментално и теоријски анализирана наноструктура 

иридесцентних љуспица лептира Issoria lathonia, (Linnaeus, 1758), оптички механизми којима 

оне интерагују са упадном светлошћу, варијабилност и јединственост њиховог оптичког одзива 

(у овом истраживању, оптички одзив је рефлексиони оптички спектар). Ова врста је 

истраживана због специфичног рефлексионог спектра појединачних љуспица, које се састоје од 

великог броја иридесцентних региона различитог спектралног садржаја насумично 

распоређених по површини љуспице (слике 4.1б и 4.2а). Показано је да љуспице поседују 

адекватне оптичке особине које их квалификују као потенцијалне оптички варијабилне елементе 

(сличне холограмима). Истражене су и могућности контролисане промене оптичких и 

флуоресцентних особина љуспица и уписивања додатних криптографских информација на 

љуспице, применом ласерске технологије. Истраживање флуоресцентних особина љуспица и 

могућности њихове модификације, због технолошких примена, обухватило је још три врсте 

лептира: Argynnis adippe, Argynnis paphia, Argynis aglaja. Нано-структура њихових љуспица је 

слична нано-структури љуспица Issoria lathonia, љуспице су иридесцентне и у рефлексији у 

блиском пољу показују велики број области са независним спектралним садржајем. Услед 

сличности у структури и у резултујућим оптичким ефектима који су од кључног значаја за 

потенцијалну технолошку примену, љуспице ових трију врста су такође анализиране да би се 

утврдило која врста је најпогоднија за ласерску обраду и технолошку примену. Резултати 

истраживања су искоришћени за реализацију варијабилног оптичког елемента који је базиран на 

хитинским љуспицама. 

4.1. Оптичке особине и наноструктура крилних љуспица одабраних 

врста инсеката 

 
 

У почетном делу истраживања урађена је анализа оптичких и морфолошких особина 

љуспица са сребрних дорзалних делова на крилима лептира Issoria lathonia, (Linnaeus, 1758) 

који је приказан на слици 4.1. Сребрнасте зоне су изабране зато што љуспице са ових делова 

крила имају сложену нано-структуру и њихов резултујући рефлексиони спектар настаје 

приликом интеракције упадне светлости са оваквом структуром. Други делови крила, као и 

љуспице које се налазе на вентралној страни крила, су пигментисани, што значајно смањује 

интерференционе ефекте. Из тог разлога они нису били предмет овог истраживања. Оптичке 

особине лептирових крила и љуспица су анализиране оптичким трансмисионим и рефлексионим 

микроскопом и нелинеарним ласерским микроскопом. Слика љуспица у оптичкој рефлексији се 

добија при ортогоналном осветљењу, директно кроз објектив микроскопа. Љуспице су ручно 

уклоњене са крила и причвршћене на стаклени супстрат. Оне су неравне површине и поседују 

запреминску структуру што захтева снимање више фотографија на различитим позицијама 

фокуса, уз каснију рачунарску обраду („focus stacking“ алгоритам, објашњен у Материјалима и 

Методама), да би се добила јасна микроскопска слика. Проблем фокусираности се може решити 
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и кондензацијом водене паре која се поставља између љуспице и супстрата услед чега долази до 

поравњања љуспице због површинског напона. После испаравања водене паре, љуспица остаје 

равна и причвршћена целом својом доњом површином за супстрат услед адхезивних сила. 

Лептир Issoria lathonia (као и остали испитивани лептири: Argynnis adippe, Argynnis 

paphia, Argynis aglaja) поседује два слоја љуспица (тзв. базне и покровне љуспице) на дорзалној 

површини крила. Анализиране су љуспице из оба слоја, иако не постоје значајне разлике у 

њиховој структури. Поједини региони љуспице имају висок интензитет рефлексије која настаје 

у интеракцији (интерференција, дифракција, расејање) упадне светлости са сложеном нано- 

структуром љуспице. Љуспице су иридесцентне, рефлексиони спектар појединачних региона, 

као и целе љуспице, интензивно се мења са променом угла посматрања или осветљења. 

Резултујућа сребрна боја крила лептира се добија ефектом локалног спектралног мешања [213]. 

Детаљна, нанометарска структура љуспица је анализирана сканирајућим електронским 

микроскопом (Mira3, Tescan). Љуспице су пажљиво одвојене од крила и постављене на 

микроскопско стакло које је затим залепљено за микроскопски носач узорака. Пошто су 

љуспице веома фрагилне, понекад је у току процеса одвајања љуспица од крила долазило до 

насумичних прелома љуспица што се показало као одлична прилика да се истражи њихова 

унутрашња структура и попречни пресек. Други, много контролисанији, прецизнији и 

поузданији начин да се ово уради је употребом ласера, у оквиру нелинеарног ласерског 

микроскопа – уколико се ласерски сноп помера по узорку на адкватан, контролисан начин, 

долази до сечења узорка и откривања његове унутрашње структуре. 
 

(а) (б) 

Слика 4.1. а) лептир Issoria lathonia, дорзална страна, б) фотографија сребрног региона на 

рефлексионом оптичком микроскопу (објектив 10X / 0.25). Уочава се слој покровних љуспица са 

областима различитог спектралног садржаја. Сребрна боја на слици а) настаје ефектом 

локалног спектралног мешања. 
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(а) (б) 
 

(в) 

 
Слика 4.2. а) фотографија две љуспице Issoria lathonia лептира на оптичком рефлексионом 

микроскопу (објектив 20X / 0.4). Љуспице су изоловане са дорзалне површине крила (слика 4.1б). 

Уочава се насумичан распоред области са различитим спектралним садржајем, б) слика 

покровне љуспице Issoria lathonia лептира, са сканирајућег електронског микроскопа; LL – доња 

хитинска плоча, UL – горња хитинска плоча, R –лонгитудинални гребен, SW – дифракциона 

решетка са периодом мањим од таласне дужине светлости, у облику „рибље кости“, в) 

профил љуспице на нелинеарном сканирајућем микроскопу, уочава се таласаст облик љуспице. 

 

 
Електронски микрограф љуспице лептира Issoria lathonia је приказан на слици 4.2б. 

Љуспица је делимично преломљена, што омогућава да се види и њена унутрашња, запреминска 

структура. Љуспица се састоји од две паралелне хитинске плоче, које се налазе једна изнад 

друге и спојене су стубовима – тзв. трабекулама. Доња плоча има равну горњу и доњу 

површину. Горња плоча такође има равну доњу површину, али њена горња површина (која је 

окренута ка спољашњој средини и на коју долази светлост из спољашње средине) има сложену 

нано-структуру и на њој се уочавају три дифракционе решетке: запреминска решетка која се 

састоји од лонгитудиналних гребена (који се простиру целом дужином љуспице) и површинска 

решетка која се састоји од трансверзалних гребена (који повезују лонгитудиналне гребене). 

Трећа дифракциона решетка, са периодом мањим од таласне дужине светлости (њен период је ~ 
150 nm), у облику рибље кости, налази се на површини сваког лонгитудиналног гребена. Ово је 

уочљиво и на електронским микрографима љуспице који су приказани на сликама 4.2б и 4.3б. 

Међусобна удаљеност лонгитудиналних геребена је око 1.5 μm. Код Issoria lathonia лептира, 

љуспица 

супстрат 
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број ламела од којих се лонгитудинални гребени састоје је мали и степен преклапања ламела је 

занемарљив, па због тога нису изражени оптички ефекти запреминске (Брагове) дифракционе 

решетке. Ово је значајна разлика у односу на поједине друге врсте лептирова код којих су 

лонгитудинални гребенови знатно „згуснутији“ (растојање између њих је знатно мање од 1,5 

μm) и са већим бројем слојева (већи број ламела са значајним степеном преклапања ламела – оне 

стоје једне изнад других и њихове дебљине су приближно једнаке), што омогућава моделовање 

гребенова као вишеслојних уско-појасних 1Д рефлектора (на пример, љуспице Morpho rhetenor 

и Morpho aega лептирова, о којима је било речи у уводном делу ове дисертације). Унутрашњост 

љуспице је шупља, испуњена ваздухом, и у њој се налазе само нано-стубови који повезују доњу 

и горњу плочу љуспице. 

Доминантан састојак љуспица Issoria lathonia лептира је хитин [326]. Резултати 

истраживања описаног у претходном делу ове дисертације, који се односи на нелинеарне 

оптичке особине хитина, омогућили су да љуспице лептира I.Lathonia буду осликане, 

анализиране а затим и ласерски обрађене нелинеарном ласерском микроскопијом. Захваљујући 

дво-фотонској флуоресценцији хитина, нелинеарним ласерским микроскопом је потврђено је да 

љуспица има нерегуларан таласати облик (слика 4.2в). Ова особина веома доприноси 

варијабилности иридесцентног оптичког одзива, у комбинацији са варијацијама у дебљини 

горње и доње ламеле, варијацијама у њиховој међусобној удаљености, и осталим параметрима, 

што ће бити показано у теоријском моделу љуспице. 

 

Слика 4.3. Електронски микрографи љуспице лептира Issoria lathonia. На слици а) се виде 

лонгитудинални и трансверзални гребени; б) сваки лонгитудинални гребен представља осу 

симетрије за нано-дифракционе решетке периода ~ 150 nm. 
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4.2. Оптички модел крилних љуспица одабраних врста инсеката 

 

У овом делу је истражена повезаност између нано-структуре љуспица и њиховог оптичког 

одзива – рефлексије. Са тим циљем је направљен теоријски модел, који омогућава да се 

израчуна рефлексиони спектар појединачне љуспице, уклоњене са крила лептира и 

причвршћене на транспарентан супстрат. Основни елемент модела је приказан на слици 4.4. 

 

Слика 4.4. Модел покровне љуспице Issoria lathonia лептира. Приказан је само део модела који 

се састоји од 6 вертикалних региона. Цео модел се састојао од 500 региона. У даљем тексту је 

показано да су спектрални садржаји региона некорелисани. С1,С2,...С6 – вертикални региони 

хитинске љуспице. Модел је објашњен у даљем тексту. 

 

 
Да би се симулирао таласаст облик љуспице, прво је узето у обзир да је, приликом 

експерименталног мерења рефлексионог спектра на оптичком микроскопу, љуспица постављена 

на стаклени супстрат и да је због њеног облика дебљина ваздушног слоја између љуспице и 

супстрата варијабилна. Електронском микроскопијом је утврђено да се љуспица састоји од две 

хитинске плоче између којих се налази слој ваздуха. Доња плоча има равну горњу и доњу 

површину. Горња плоча има равну доњу (унутрашњу) површину, али њена горња површина 

(окренута ка спољашњој средини, и ова површина је први део љуспице са којим се сусреће 

упадна радијација) је, услед сложене структуре, моделована као неравна површина одређеног 

степена храпавости. Ова површина, дакле, улази у модел као расејавајућа структура и на тај 

начин се узима у обзир њена сложена микро и наноструктура која се састоји од 

лонгитудиналних и трансверзалних гребена и дифракционе решетке са периодом мањим од 
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таласне дужине светлости која се налази на површини сваког од лонгитудиналних гребена. 

Претпоставка је да дифракционе решетке које чине лонгитудинални и трансверзални гребени не 

дају значајан допринос оптичкој рефлексији, с обзиром на њихов период (период 

лонгитудиналне решетке је ~ 1.5 μm, а растојање између трансверзалних гребена је веома 

варијабилно, у опсегу 3-5 μm). Међутим, дифракциона решетка са периодом мањим од таласне 

дужине светлости (период ове решетке је ~ 150 nm) би могла да делује као високо расејавајућа 

структура која дифузно расејава краће таласне дужине из оптичког дела спектра. На основу 

оваквих разматрања, љуспица је моделована одређеним бројем вертикалних региона, слика 4.4. 

Сваки регион се састоји од два хитинска и два ваздушна слоја и стакленог слоја супстрата 

константне дебљине. Горња хитинска плоча је први хитински слој, затим следи: слој ваздуха 

између горње и доње хитинске плоче, доња хитинска плоча, слој ваздуха између доње хитинске 

плоче и стакленог супстрата, и последњи слој је стаклени супстрат (микроскопско стакло) на 

коме се љуспица налази током микроскопске анализе на оптичком микроскопу. Електронском 

микроскопијом је утврђено да различити региони имају различите дебљине хитинских и 

ваздушних слојева. Узимајући у обзир природан таласаст облик љуспице, као и насумичну 

расподелу региона различитог спектралног садржаја (што је уочљиво на оптичким 

микрографима, слике 4.1б, 4.2а и 4.8а), препоставка је да су дебљине хитинских слојева 

различитих региона потпуно накорелисане (а биолошки узрок насумичних варијација дебљине 

слојева би могао да буде ћелијски шум, што ће касније бити објашњено). 

За теоријски модел је изабрано да се симулира део љуспице који се састоји од 500 

вертикалних региона (на слици 4.4 је приказано 6 региона). Рефлексиони спектар сваког 

вертикалног региона у моделу је израчунат методом преносне матрице („trasfer matrix“ метод, 

који је објашњен у Материјалима и Методама), који је модификован да би се узели у обзир 

ефекти расејања светлости на горњој (спољашњој) површини горње хитинске плоче [213]. С 

обзиром да је таласна дужина упадне светлости знатно већа од храпавости горње површине 

љуспице (са електронских микрографа је средње квадратно одступање храпавости горње 

површине љуспице процењено на 50 – 70 nm), понашање упадне светлости на овој површини се 

може објаснити применом скаларне теорије површинског расејања [217, 218]: светлост се на 

храпавој граничној површини дели на две компоненте. Једна компонента се простире као да је 

гранична површина идеално равна, а друга компонента („одбљесак“ – енгл. haze) се дифузно 

расејава у великом просторном углу. Обе компоненте се квантитативно дефинишу у односу на 

трансмитивност 𝑇0 и рефлексивност 𝑅0 = 1 − 𝑇0 идеално равне површине, где важе Френелове 

једначине. Дифузна трансмитивност (𝜆) и дифузна рефлексивност 𝑅𝐻(𝜆) су, у складу са 

скаларном теоријом површинског расејања, дефинисане на следећи начин [217]: 
 

 
 

𝑇(𝜆) = 𝑇0 
(1 − 𝑒𝑥𝑝 {− [

2𝜋𝜎 
( 

𝜆 

2 

𝑛𝑖𝑐𝑜𝑠𝜙𝑖 − 𝑛𝑡𝑐𝑜𝑠𝜙 )] }) (4.1) 

 

 

𝑅 (𝜆) = 𝑅 { 4𝜋𝜎 (𝑛 𝑐𝑜 )2)]} (4.2) 
𝐻 0   1 − 𝑒𝑥𝑝 [− (  𝑖 𝑖 

 

 

где су 𝑇0 и 𝑅0 трансмитивност и рефлексивност идеално равне површине, респективно; 𝜆 је 

таласна дужина светлости у вакуму; 𝜙𝑖 и 𝜙𝑡 су упадни угао светлости и угао преламања, 𝑛𝑖 и 𝑛𝑡 

су одговарајући индекси преламања; 𝜎 је храпавост површине (средње квадратно одступање од 
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идеално равне површине). Понашање светлости на храпавој граничној површини приказано је 
на слици 4.5. 

На основу оваквих разматрања, формиран је оптички модел појединачног вертикалног 

региона хитинске љуспице приказаног на слици 4.6. На равним граничним површинама, рачуна 

се Френелова трансмисија и рефлексија. На храпавој граничној површини (горња површина 

горње плоче љуспице), узима се у обзир и дифузно расејана светлост у рефлексији и 

трансмисији, која је описана коефицијентима 𝑅𝐻(𝜆) и 𝑇𝐻(𝜆) , респективно, у складу са 

скаларном теоријом површинског расејања, као што је шематски приказано на слици 4.5. Ово 

доводи до умањења Френелових коефицијената 𝑅0 и 𝑇0 за 𝑅0(𝜆) и 𝑇0𝑇𝐻(𝜆), респективно. 
 

 

 
 

Слика 4.5. Рефлексија и трансмисија на храпавој граничној површини, упадна светлост 𝐼0 је 

подељена на 4 компоненте: Френелова рефлексија (𝑅0) , Френелова трансмисија (𝑇0) 
рефлексиони „одбљесак“ – дифузно расејана светлост у рефлексији (𝑅𝐻), и трансмисиони 
„одбљесак“ – дифузно расејана светлост у трансмисији (𝑇𝐻). 

 

 
Дакле, резултујући рефлексиони и трансмисиони коефицијенти на храпавој површини, 𝑅𝑠 

и 𝑇𝑠, респективно, су једнаки: 
 

 

𝑅𝑠 = 𝑅0 − 𝑅0 (𝜆) 𝑇𝑠 = 𝑇0 − 𝑇0 𝑇𝐻(𝜆) 
(4.3) 

 

Френелове рефлексије и трансмисије на свим граничним површинама интерферирају међусобно 

као кохерентни таласи, и третиране су трансфер матрице методом. Светлост која је дифузно 

расејана (и у рефлексији и у трансмисији, окарактерисана коефицијентима 𝑅𝑠 и 𝑇𝑠, респективно) 
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на храпавој горњој површини љуспице није узета у обзир у трансфер матрице прорачуну, јер ове 

компоненте због своје стохастичке природе слабо утичу на интерференционо појачање и 

слабљење светлости. На тај начин, израчунат је рефлексиони спектар појединачног вертикалног 

региона хитинске љуспице. 

На слици 4.4 је приказан део оптичког модела љуспице који се састоји од 6 вертикалних 

региона. У табели 1 су приказане вредности параметара оптичког модела, при чему су средње 

вредности дебљине хитинских и ваздушних слојева добијене усредњавањем скупа од 1000 

вредности: љуспица је моделована са 500 вертикалних региона, у оквиру сваког региона постоје 

два хитинска слоја и два ваздушна слоја. Дебљине слојева су стохастички вариране, у складу са 

нормалном дистрибуцијом, са унапред дефинисаном стандардном девијацијом од 15 nm, а 

централне вредности за дебљине хитинских и ваздушних слојева су процењене са електронских 

микрографа – за хитинске слојеве то је 100 nm а за ваздушне 1000 nm. Вредности за средње 

квадратно одступање храпавости материјала (мисли се на горњу, нано-структурисану површину 

љуспице) су процењене са електронских микрографа, и подешене у моделу. Индекс преламања 

хитина је преузет из литературе [327] и та бројна вредност је потврђена урањањем љуспице у 

течност са истим таквим индексом преламања (метод усаглашавања индекса преламања, 

објашњен у Материјалима и Методама). 

За сваки вертикални регион симулиране љуспице, на основу израчунатог рефлексионог 

спектра, израчуната је боја и xyY координате боје које су приказане као тачка на CIE 

(скраћеница од француског израза Commission internationale de l'éclairage) 1931 дијаграму. Овај 

дијаграм је дизајниран да се блиско поклапа са човековом перцепцијом боје и описује 

квантитавну и квалитативну повезаност између расподеле таласних дужина радијације у 

оптичком делу спектра и човекове физиолошке перцепције боје [219, 220] (детаљније 

информације се налазе у Материјалима и Методама). Овакав приступ, који подразумева 

употребу CIE дијаграма, изабран је јер CIE дијаграм приказује спектар на једноставан и 

визуелно схватљив начин. Тиме се читав комплексни спектар приказује једном тачком. CIE 

дијаграм је значајан и због тога што ће се у технолошким применама користити камере које 

користе координате са овог дијагарма. На тај начин добијена је матрица правоугаоника 

одговарајућих боја, где сваком региону - правоугаонику одговара по једна тачка на CIE 1931 

дијаграму. Боја правоугаоника је боја коју представља одговарајућа тачка на дијаграму. Та 

матрица, као и резултујућа расподела на CIE 1931 дијаграму, представљају један од резулата 

симулације дела љуспице који је приказан на слици 4.7б. 
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Слика 4.6. Оптички модел појединачног вертикалног региона љуспице Issoria lathonia лептира. 

𝑅0 , 𝑇0 – Френелови коефицијенти рефлексије и трансмисије; 𝑅𝑠 , 𝑇𝑠   - коефицијенти рефлексије 

и трансмисије светлсоти на храпавој површини, израчунати корекцијом Френелових 

коефицијената у складу са скаларном теоријом површинског расејања. 
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Табела 1. Параметри модела љуспице Issoria lathonia лептира. 
 

Индекс преламања материјала (хитин) 1.57 

Индекс преламања ваздуха 1 

Средња вредност дебљине материјала (хитин) 108 нм 

Средња вредност ваздушног слоја 969 нм 

Средње квадратно одсупање храпавости материјала 59 нм 

Природна варијабилност дебљине слојева ±15 нм 

Варијабилност упадног угла светлости ±30 

 

 

 
Због упоређивања експеримента и теоријског модела на CIE 1931 дијаграму је такође 

приказан и експериментални резултат – произвољна љуспица је камером фотографисана у 

рефлексији, на оптичком рефлексионом микроскопу, у правцу нормалном на површину 

љуспице. Анализирана је рефлексија са квадратног дела љуспице, слика 4.7в. На њему се види 

насумичан распоред региона различитог спектралног садржаја. РГБ вредност сваког пиксела са 

фотографије овог дела љуспице је приказана у CIE 1931 дијаграму. На слици 4.7в видимо скуп 

тачака које представљају РГБ вредности појединачних пиксела, као и њихову средњу вредност. 

Није могуће добити потпуно поклапање CIE 1931 дијаграма симулације и 

експерименталног резултата тј. поклапање спектралног садржаја појединачних иридесцентних 

области на умецима слика 4.7б и 4.7в, али је остварено поклапање средње вредности координате 

боје за теоријски модел и фотографију љуспице у оптичкој рефлексији (средња вредност 

координате боје је важна јер представља „колективни ефекат“ – спектрални садржаји 

појединачних иридесцентних области се мешају ефектом локалног спектралног мешања и тако 

настаје резултујући рефлексиони спектар који се детектује и који представља средњу вредност 

појединачних спектара). Облик расподеле координата боје је различит за симулацију и 

експеримент али су стандардне девијације сличне. 

Претпоставља се да је ово природна последица ћелијског шума [223], познате чињенице у 

биологији која резултира недетерминистичком везом генотипа и фенотипа (генотип је генетска 

конституција организма, у овом случају појединачне ћелије од које настаје љуспица лептира. 

Фенотип је скуп свих морфолошких и физиолошких својстава по којима се препознаје неки 

организам и по чему се он разликује од других организама исте врсте). 
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Слика 4.7. а) скица теоријског модела љуспице на стакленом супстрату, б) координате боје 

моделоване љуспице, приказане на CIE 1931 дијаграму, уметак: моделован образац боје 

љуспице, в) координате боје љуспице Issoria lathonia лептира, приказане на CIE 1931 дијаграму. 

Уметак: део љуспице, фотографија у оптичкој рефлексији, чије су координате боје приказане 

на CIE 1931 дијаграму. На CIE 1931 дијаграмима приказане су и средње вредности координата 

боја. 
 

Ћелијски шум je појава која узрокује одређени степен насумичности параметара који 

одређују раст и развој ћелије, што узрокује јединственост сваке ћелије, без обзира на њену 

генетичку идентичност са осталим ћелијама из истог ткива. У ћелијама се одиграва мноштво 

биохемијских процеса, који су сви подложни термодинамичким флуктуацијама.Иако су две 

ћелије генетички идентичне, и налазе се у истом ткиву, оне ће имати различите физичке 

(а) (б) 

хитин 

ваздух 

хитин 

ваздух 

стакло 

  (в) 
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димензије и различите нивое експресије протеина [224, 225], што за последицу има постојање 

малих стохастичких разлика између генетички идентичних ћелија. Ове насумичне разлике 

између ћелија имају важне последице у биологији [221] и медицини [222], а у оквиру ове 

дисертације је показана и „оптичка“ последица у биофотоници (и њена техонолошка примена, о 

чему ће бити речи касније, па означи овде редни број под-поглавља у коме говориш о примени): 

наиме, љуспица лептира је неживи, отврднути остатак ћелије, и због тога свака љуспица 

“замрзава“ ћелијски шум у стању у ком је био када је ћелија умрла. Самим тим, мале варијације 

у дебљинама физичких елемената љуспице (варијације у дебљини горње и доње хитинске плоче 

љуспице, варијације у дебљинама ламела које су саставни део сваког лонгитудиналног гребена, 

таласаст облик љуспице итд.), које узрокују варијације у оптичком одзиву, су последица 

ћелијског шума и као такве су потпуно насумичне. Свака љуспица је дакле, физички јединствена 

- све љуспице имају исти тип наноструктуре (две хитинске ламеле и слој ваздуха измеђи њих, 

сложену наноструктурисану горњу површину горње хитинске ламеле...), али вредности дебљине 

хитинских ламела, које су значајне за оптички одзив, варирају насумично код сваке љуспице. Из 

физичке јединствености сваке љуспице произилази јединственост њених структуром одређених 

оптичких особина (свака љуспица је у оптичком смислу иридесцентна, али је распоред 

иридесцентних области насумичан и различит за различите љуспице, ово је описано у делу 4.3), 

односно немогућност да се две физички идентичне љуспице генеришу природним путем. 

Ћелијски шум је универзална појава, и присутан је код свих ћелија. У том смислу, исти ниво 

јединствености се очекује и код свих осталих љуспица свих врста лептира [227], укључујући и 

оне код I.lathonia врсте. 

Важан резултат симулације љуспице је и да дифракциона решетка са периодом мањим од 

таласне дужине светлости игра улогу оптичког дифузног рефлектора, јер „плави“ део спектра 

( 𝜆 ~ 400-500 nm) враћа у спољашњу средину расејавајући те таласне дужине у великом 

просторном углу. На овај начин, „плави“ део спектра је ефикасно елиминисан из иридесцентне 

рефлексије упадне светлости са крила и објашњено је одсуство „плаве“ компоненте из оптичке 

рефлексије (на сликама са оптичког рефлексионог микроскопа, слика 4.2а, уметак на слици 4.7в 

и слика 4.9а, уочава се одсуство „плавог“ дела спектра у иридесцентој рефлексији љуспице). 

Ово ће бити значајно код технолошке примене ових хитинских љуспица, о чему ће бити речи у 

под-поглављу 4.4. Поменуто расејање је донекле слично Рејлијевом расејању имајући у виду да 

дифракциона решетка се периодом мањим од таласне дужине светлости расејава „плави“ део 

спектра знатно интензивније од осталих оптичких таласних дужина. Међутим, за разлику од 

Рејлијевог расејања, које се дешава на честицама, овде имамо расејање на храпавој површини. 

Због технолошке примене хитинских љуспица у заштити докумената, потребно је да оне 

испуњавају три услова који се тичу њихове нано-структуре и оптичких особина које њихова 

структура узрокује. Прво, свака љуспица треба да, у оптичком смислу, буде јединствена – њен 

оптички одзив треба да се разликује од оптичког одзива било које друге љуспице која постоји у 

природи. Ова особина онемогућава   фалсификовање докумената   коришћењем   природног 

„дупликата“ аутентичне љуспице. Друго, потребно је да обрнути инжењеринг љуспице буде 

изузетно компликован, што спречава репликацију љуспице технологијом данашњице. Ово значи 

да нано-структура љуспице мора да буде довољно комплексна. Треће, потребно је да оптички 

одзив појединачне љуспице буде веома варијабилан, што онемогућава репликацију оптичког 

одзива једноставним колор или ласерским штампањем. У овом истраживању, за оптички одзив 

је изабрана иридесценција светлости са љуспице. Под варијабилношћу оптичког одзива се 

подразумева постојање довољно великог броја раличитих иридесцентних области на хитинској 

љуспици – иридесцентне области са различитим спектралним садржајем, различитом угаоном и 



66  

поларизационом   зависношћу спектралног   садржаја итд. Јединственост   и варијабилност 
оптичког одзива љуспица су анализиране у наредном делу истраживања. 

 

 
4.3. Варијабилност и јединственост оптичког одзива крилних 

љуспица 

 
 

Љуспице лептира имају довољан број степени слободе (дебљине хитинских слојева, 

таласаст облик љуспице, нано-структура на горњој површини љуспице, положаји 

лонгитудиналних гребена и њихова међусобна удаљеност и структурисаност...) који омогућава 

значајну варијабилност структуре а самим тим и варијабилност оптичког одзива појединачне 

љуспице. Варијабилност, веома важна са аспекта технолошке примене, се може дефинисати 

бројем степени слободе оптичког одзива љуспице на дефинисаном увећању [215, 216]. Пожељно 

је да број степени слободе буде што већи [226]. 

Природне варијације у нано-структури љуспице узрокују варијације у њеном оптичким 

одзиву. На увећаној фотографији љуспице са рефлексионог оптичког микроскопа уочава се 

одређени број малих светлих области различитог спектралног садржаја и високог интензитета 

рефлекије. Њихова позиција, оптички рефлексиони спектар и интензитет рефлектоване 

светлости су непредвидиви и они дефинишу степене слободе. Њихов број 𝑁 је искоришћен за 

мерење варијабилности. Овај број се може проценити дељењем површине љуспице (горња 

површина љуспице (𝑆), која је у природном положају на телу инсекта окренута ка спољашњој 

средини) која се може израчунати са микрографије и просечне димензије појединачне 

иридесцентне области ∆𝑥 (иридесцентне области различитог спектралног садржаја су уочљиве 

на микрографијама 4.1б, 4.2а и 4.9а, снимљеним у оптичкој рефлексији). 

У наредном делу истраживања показана је оптичка јединственост љуспице, односно 

колико је тешко пронаћи у природи две љуспице са идентичним оптичким одзивом. 

За параметар који се користи за одређивање јединствености љуспице, изабрана је 

расподела интензитета иридесцентне рефлектоване светлости у блиском пољу. Различите 

области љуспице рефлектују различит интензитет и спектрални садражај светлости. 

Фотографија лептирове љуспице (слика 4.9а) је искоришћена за анализу статистичких особина 

коришћењем РГБ компоненти фотографије. Анализа је извршена не узимајући у обзир облик 

љуспице. Из тог разлога, за анализу је употребљен означени правоугаони део са фотографије 

љуспице (слика 4.9а). Израчуната је 2Д аутокорелациона функција интензитета рефлектоване 

светлости по једном каналу боје и резултат је приказан на слици 3.8в. Пошто је степен 

корелације спектралних садржаја различитих области љуспице веома низак, очекује се да 

резултати статистичке анализе за сва три канала боје (црвени, зелени и плави канал) буду исти, 

па је зато анализа извршена узимајући у обзир само један од канала боје (слика 4.9б). 

Аутокорелациона функција осцилује у правцу y осе и опада знатно спорије у правцу x осе. 

Претпостављено је да су интензитети рефлексије за две различите области љуспице статистички 

независни ако аутокореалција интензитета има вредност мању од 0,2. Област у којој 

аутокорелациона функција има ове вредности је означена црвеном бојом на слици 4.9в. Њена 

дужина у правцу x осе је ~ 30 μm а у правцу y осе ~ 1.5 μm. 
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Узимајући у обзир да су просечне димензије љуспице 50 X 100 μm, може се проценити да 

постоји приближно [50/1.5] × [100/30] = 99 региона са статистички независним спектралним 

садржајем на површини љуспице. Интензитет светлости по једном каналу боје може са 

приказати на барем 10 различитих нивоа - то је доступно на било којој јефтиној камери или 

камери са мобилног телефона. Дакле, може се проценити да постоји 1099 љуспица са различитом 

расподелом интензитета светлости по сваком каналу боје. Са практичне тачке гледишта, 

пронаћи две љуспице са идентичним оптичким одзивом (са идентичном спектралном и 

амплитудском расподелом рефлектоване иридесцентне светлости у блиском пољу) је дакле 

потпуно немогуће. 
 

 
 

Слика 4.9. а) фотографија љуспице Issoria lathonia лептира, снимљена на оптичком 

рефлексионом микроскопу. Део означен црним квадратом је изолован и приказана је његова 

зелена компонента боје, б) је употребљена за статистичку анализу; в) 2Д ауто-корелациона 

10 μm 

10 μm 10 μm 
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функција расподеле интензитета светлости са слике б, црвена област означава регион у коме 
је вредност ауто-корелације већа од 0.2. 

 

 
4.4. Оптичка заштита са крилним љуспицама инсеката 

 
 

У 18.-ом веку, Бенџамин Франклин је репродуковао комплексне природне структуре са 

циљем заштите докумената. Његова идеја је била да распоред улегнућа и испупчења са листова 

биљака утисне на новчанице да би се спречило њихово фалсификовање [235, 236]. Са напретком 

технологије, Франклинов метод застарева и бива замењен различитим штампарским техникама 

као што су: дубока штампа, водени жиг, холограми итд. У данашње време, ову функцију 

обављају оптички варијабилни уређаји – који имају способност да мењају свој изглед са 

променом угла под којим се посматрају или осветљавају [237]. То могу бити различите врсте 

дифракционих решетки или холографских оптичких нано-структура. Они се користе због 

њихове инхерентне комплексне нано-структуре, сложеног оптичког одзива и могућности 

масовне производње, као и немогућности њиховог реплицирања фотокопирањем и 

сканирајућим техникама. Међутим, овакав приступ има озбиљан недостатак: велики број 

документа је заштићен идентичним оптичким варијабилним елементом. Дакле, ако се 

фалсификује заштитни оптички елемент, онда се може фалсификовати и заштићени документ и 

то у великим количинама. Решење за тај проблем је у индивидуализацији заштите, тако да сваки 

произведени заштитни елемент буде јединствен и тежак за фалсификовање. Оптички 

варијабилни елементи који се у данашње време користе као заштитни елементи нису погодни за 

индивидуализацију због тога што би онда цена њихове производње била знатно већа. Из тог 

разлога, важно је направити безбедносни медијум који би омогућио јединствену индивидуалну 

заштиту за сваки документ. 

Варијабилни оптички елемент треба да буде интегрисан у безбедносни систем који се 

базира на три нивоа контроле [207]: први ниво је отвореног типа што значи да се контрола 

обавља визуелним путем, други ниво је полу-затвореног типа и подразумева примену 

одговарајуће контролне машине док је трећи ниво затвореног типа и базира се на форензичкој 

контроли високо-специјализованом опремом. 

Потребно је да оптички ефекти буду локализовани, варијабилни, јединствени (овај фактор 

је веома карактеристичан за биолошке системе који имају потенцијал да се користе као 

заштитни оптички елементи, и подразумева да је готово немогуће наћи два идентична биолошка 

објекта у природи) и да буду последица интерференције, дифракције и расејања (укључујући 

поларизациону и угаону зависност) светлости са комплексне 3Д нано-структуре. Заштитни 

оптички елементи треба да испуњавају следеће особине: веома сложена и јединствена микро и 

нано-структура, да буду трајни, тежак обрнути инжењеринг и да их је веома тешко имитирати. 

Овакви објекти су познати под називом физичке једносмерне функције (Physical One-Way 

functions, а алтернативно се користи и назив Physically Unclonable Functions) [237]. То су 

физички објекти које је једноставно направити, али су изузетно компликовани за обрнути 

инжењеринг и копирање. На пример, овакви објекти се могу произвести уношењем насумично 

распоређених, микрометарских пластичних сфера у транспарентан материјал и детектовањем 

светлости расејане на оваквој структури [239]. Овакав систем има јединствене оптичке особине 

и његов оптички одзив је веома завистан од правца осветљења. Међутим, предложени метод је 
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ограничен физичким захтевима за мезоскопско расејање светлости јер заштитни оптички 

елемент треба да буде димензија 10 mm X 10 mm, са дебљином од 2,5 mm, што га чини 

непогодним за савремене безбедносне примене. Такође, расејавајуће честица су веома велике, 

пречника 500 – 800 μm, уз просечно међусобно растојање од 100 μm, што омогућава да се овај 

гломазан систем анализира техникама као што је микротомографија. Други пример физичких 

једносмерних функција је насумично расејање светлости на структурама сличним белом папиру 

– он се састоји од насумично испреплетаних избељених влакана целулозе, одговарајућих 

пречника и индекса преламања, на којима долази до расејања упадне светлости [240]. Ласерски 

сноп је расејаван на таквој структури и мерене су његове карактеристике. Међутим, ово захтева 

сканирање велике површине објекта ласерским снопом, што је спор процес, и такође услед 

свакодневне употребе може доћи до значајних промена на мрежи влакана које затим могу 

узроковати промене у оптичком одзиву структуре. 

Имитирање природних структура у сврху заштите докумената предложено је од стране 

Hamm-Dubischar-а [242], Biermann-а и Rauhe-а [243], и Rauhe-а [244], који су представили идеју 

заштите докумената уз помоћ био-минерализованих љуштура радиоларија и диатома. Ово су 

морски једноћелијски организми са минералном љуштуром, слика 4.10. Заштитна функција се 

базира на комплексности њихове структуре. Главни проблем је што оптички ефекти нису 

довољно изражени, и што се комплексност оваквих структура може исптивати само на 

морфолошком нивоу уз помоћ електронске микроскопије. Додатни проблем су мале варијације 

у структури љуштуре код припадника исте врсте. 
 

 
 

Слика 4.10. Електронски микрографи двају врста диатома, морских организама са 

минералном љуштуром. 

(a) (б) 
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У овој дисертацији је предложено коришћење хитинских структура инсеката за заштиту 

докумената. Са аспекта примена у заштити докумената, најзначајнији резултат теоријског 

моделовања љуспица лептира описаног у делу 4.2 ове дисертације је да варијације у дебљини 

слојева од само ±15 nm узокују експериментално детектибилну промену у рефлексионом 

оптичком одзиву. Дакле, да би се имитирао оптички одзив овакве нано-структуре, потребно је 

направити копију структуре која би имала сличност са оригиналом до на приближно 1,5 nm (ред 

величине мање у односу на поменутих 15 nm који доводе до оптичке промене која се може 

регистровати). Ово далеко превазилази могућности данашње технологије, а ћелијски шум 

онемогућава репликацију идентичне љуспице природним путем, па љуспица лептира 

представља физички једносмерну функцију. 

Предложено је да се за технолошку примену употреби спектрална и амплитудска 

расподела иридесцентне рефлектоване светлости у блиском пољу која се очитава оптичким 

микроскопом, а истражена је и могућност употребе и модификације флуоресцентних особина 

љуспица, о чему ће бити речи у наредном делу ове дисертације. Неколико практичних, 

експерименталних проблема је решено. Један од њих је немогућност постављања документа у 

идентичну позицију и оријентацију приликом сваког очитавања. Ово захтева позиционо и 

ротационо инваријантан алгоритам за очитавање рефлексионог оптичког одзива. Изабран је 

алгоритам који се базира на Фурије-Мелиновој трансформацији (ФМТ), која задовољава 

поменуте услове (алогоритам је објашњен у Материјалима и Методама) [246, 247]. 

Девет љуспица I.latnonia лептира је постављено на стаклени супстрат и направљене су 

њихове фотографије на оптичком рефлексионом микроскопу, у неколико различитих позиција и 

оријентација љуспица (укупно 55 фотографија). Документоване слике су разложене на РГБ 

компоненте и зелена (Г) компонента је трансформисана ФМТ-ом. Корелације између 

одговарајућих ФМТ парова и статистичка расподела су приказани на слици 4.11. Корелациони 

коефицијент, који одговара љуспици постављеној на различитим позицијама, има вредности око 

0.4 и његова вредност никада не пада испод 0.1. Најчешће вредности корелационог 

коефицијента за две различите љуспице су око 0.02 и никад нису биле веће од 0.06. Дакле, 

постављањем границе за валидност на вредност 0.08, загарантована је правилна дискриминација 

различитих љуспица. 

Да би се кориговала дефокусираност фотографије, љуспице су фотографисане на 3-4 

веома блиске фокалне позиције. Затим је употребљен алгоритам за уоштавање слике по 

слојевима („focus stacking“ у оквиру Picolay слободног софтвера да се издвоје добро фокусирани 

делови из сваке слике а затим су ти делови спојени у јединствену слику. 
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Слика 4.11. Унакрсна и ауто-корелација 55 парова фотографија љуспица Issoria lathonia 

лептира. На графику је приказан број парова фотографија и одговарајући коефицијент 

корелације. Максимални коефицијент унакрсне корелације је 0.02, док је ауто-корелациони 

коефицијент увек већи од 0.2 

 

 
4.5. Флуоресцентне особине крилних љуспица одабраних врста 

инсеката и ласерска обрада 

 
 

Да би се изградио квалитетан заштитно-оптички систем, потребно је заштити се од 

покушаја употребе призвољне љуспице лептира. Да би се ово постигло, може се направити 

само-проверавајући документ уз помоћ дигиталног потписа издаваоца документа, у оквиру 

система јавног кључа. У овом делу дисертације је показано да се неопходна информација о 

аутентичности може записати директно на љуспицу, фемтосекундним ласером. Ласерска обрада 

љуспица фемтосекундним ласером омогућава контролисану модификацију физичких и 

оптичких особина љуспица и њихову потенцијалну примену као “write-only“ меморије. У ту 

сврху је модификован нелинеарни ласерски микроскоп, чији је детаљан опис дат у 

Материјалима и Методама, а искоришћено је и знање о нелинеарним оптичким особина хитина, 

главног градивног састојка љуспица. Ове особине су истражене у претходном делу ове 

дисертације. Слике су добијене при снагама ласерске радијације мањим од 1 mW и са 

максималном попречном и осном резолуцијом од 0.7 μm и 2.1 μm, респективно. Због 

упоређивања оптичког и флуоресцентног сигнала, љуспице су фотографисане и у светлом пољу, 

Canon EOS 50D дигиталном камером. 
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Информација се може уписати физичким модификовањем љуспице (ласерско сечење или 

бушење) или поништавањем њене флуоресценције (фото-избељивање). Физичко модификовање 

мења иридесценцију љуспице, док фото-избељивање мења њен флуоресцентни профил при 

чему иридесценција љуспице и њене остале оптичке особине остају непромењене па се због тога 

овај процес може искористити да се на љуспицу запише додатна, прикривена информација у 

форми сиве слике („gray scale“ – слике са више нивоа дискретизације) (што ће касније бити 

показано). Позиције два галванометарска огледала у склопу нелинеарног ласерског микроскопа 

се компјутерски контролишу и ова огледала омогућавају померање ласерског снопа по узорку, у 

складу са задатом трајекторијом. Пре доласка на узорак, ласерски сноп је проширен а затим 

фокусиран на узорак микроскопским објективом. Софтвер ласерског микроскопа је 

модификован тако да омогућава исцртавање произвољних облика коришћењем векторских 

слика. Таласна дужина и снага ласерске радијације, поларизација, време трајања импулса и 

брзина сканирања љуспице ласерским снопом су вариране да би се одредиле оптималне 

вредности ових параметара за сечење, бушење или фото-избељивање љуспица. 

По потреби, ласерски се могу обрађивати и предња и задња страна љуспице, што значајно 

повећава криптографске могућности и информациони капацитет љуспице. Појединачне 

љуспице су узете са крила лептира и пребачене на микроскопско покровно стакло. Друго 

покровно стако је стављено преко љуспице (на горњу страну љуспице). Овако фиксиране 

љуспице се могу лакше манипулисати, што омогућава олакшану лесерску обраду обе стране 

љуспице. Приликом трансфера љуспица са крила лептира на покровно стакло долазило је до 

деформације љуспице. Ова деформација може бити природна или изазвана пребацивањем и 

позиционирањем љуспице. Проблем је решен кондензовањем водене паре у простору између 

супстрата и љуспице при чему долази до исправљања љуспице услед површинског напона. 

После испаравања воде, љуспица остаје поравната и причвршћена за супстрат. 
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Слика 4.12. Фотографија љуспице Issoria lathonia лептира, на трансмисионом оптичком 

микроскопу. Љуспица је модификована - исечена фемтосекундним ласером. На љуспицу је 

утиснут „QR“ код. 
 

 
Слика 4.13. Прагови оштећења ласерског сечења за 4 врсте лептира које су анализиране у 

овом истраживању. 

 

 
Љуспице су првобитно осликане детекцијом флуоресценције која настаје услед дво- 

фотонске побуде хитина. Инструмент је затим пребачен у мод за векторско исцртавање. 

Повећана је снага фемтосекундног ласера тако да је могуће сећи љуспице (слика 4.12). Да би се 

утврдио праг оштећења (праг за сечење) исцртавани су једноставни облици при различитим 

вредностима снаге ласера. Откривено је да прагови оштећења зависе од таласне дужине 

ласерске радијације, микроскопског објектива, и од врсте лептира (коришћени су Issoria 

lathonia, Argynnis adippe, Argynnis paphia, Argynis aglaja), слика 4.13. Најнижи прагови 

оштећења су добијени на 730 nm, са 40X, 1.3NA микросопским објективом. Сечење је могуће 

само у фемтосекундном режиму. У континуалном режиму ласера сечење није могуће ни на 

највећим снагама. Ово показује да су мултифотонски процеси одговорни за ласерско сечење. 

Минимални пречник ласерски изазваног оштећења у овом истраживању је био 1.7 μm. 

Најнижи прагови оштећења су 4,5 mW, када је коришћен 40X, 1.3NA микроскопски објектив и 8 

mW када је коришћен 20X, 0.8NA микроскопски објектив, за 𝜆 = 730 nm. У пракси је рађено на 

снагама изнад прага оштећења да би се обезбедила поуздана и поновљива ласерска обрада. Због 

тога је минимална ширина ласерског оштећења на узорку већа од латералне резолуције 

фемтосекундног система. У складу са овим чињеницама и узимајућу у обзир просечне 

димензије љуспице (≈ 50 μm X 100 μm = 5000 μm2), процењен информациони капацитет 

љуспице је око 3000 битова, третирајући место оштећено ласером као бинарно 1, а неоштећено 

као бинарно 0. На слици 4.14 приказана је типична матрица отвора направљених ласером, која 

показује начин на који су анализирани информациони капацитет љуспице и оптималне 

вредности параметара ласерског снопа за максимизацију тог капацитета. 
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Слика 4.14. Матрица избушених отвора на љуспици Issoria lathonia лептира, електронски 

микрограф. Рупице су избушене титанијум-сафир ласером у фемтосекундном режиму, у оквиру 

нелинеарног ласерског микроскопа, са циљем одређивања минималног пречника ласерског 

оштећења на љуспици и, са тим у вези, одређивања информационог капацитета љуспице. 

 

 
Сваки бит информације уписан на љуспицу лептира ласерским бушењем смањује број 

области на љуспици са статистички независним спектралним садржајем. На пример, ако се 

претпостави да је једна половина горње површине љуспице ласерски обрађена (што смањује 

нетакнуту површину љуспице са 50 X 100 = 5000 μm2 на приближно 35 X 70 = 2450 μm2; 

љуспица нема правилан геометријски облик па се зато употребљиве површине морају 

процењивати), онда остаје око 46 области љуспице са независним спектралним садржајем. 

Стога, процена броја различитих љуспица по сваком РГБ каналу, у овом случају, је 1046, при 

чему је свака љуспица заштићена са 1500 битова додатне информације. 

Информациони капацитет љуспице није ни приближно потпуно искоришћен процесом 

бушења или сечења љуспице. Дво-фотонска апсорпција хитина (који је доминантан градивни 

састојак љуспица), описана у другом поглављу ове дисертације, може се искористити да се на 

љуспицу запише додатна, прикривена информација у форми сиве слике. Ово се може постићи 

ултра брзим ласером у склопу нелинеарног ласерског микроскопа. Таласна дужина ласера је 

изабрана тако да фото-избељивање настаје као последица једно-фотонског процеса апсорпције 

(када се користи континуална ласерска радијација) или дво-фотонског процеса (када се користи 

фемто-секундна ласерска радијација). Таласна дужина, снага ласерске радијације и брзина 

сканирања љуспице ласерским снопом одређују степен фото-избељивања. Таквим приступом на 
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љуспицу је утиснута фотографија, селективним ласерским избељивањем одређених региона 

љуспице, слика 4.15. Информација се може регистровати УВ радијацијом ниског интензитета, 

као прикривени ниво заштите. У оптичкој рефлексији, информација се не може регистровати. 

Алтернативно, информација се може уписати УВ радијацијом ниског интензитета коришћењем 

УВ пројекционог система који се састоји од УВ лампе и одговарајућег објектива. Маска, која 

садржи транспарентне и нетранспарентне делове, који чине слику – информацију, поставља се у 

систем тако да се жељена слика пројектује директно на љуспицу. Фото-избељивање се 

контролише интензитетом УВ радијације и временом озрачивања узорка. 
 

 

 

(а) 
 

(б) 
 

Слика 4.15. Фото-избељивање; а) селективно избељена љуспица са мотивом Лене, б) 

селективно избељена љуспица са мотивом отиска прста. Слике су добијене на нелинеарном 
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ласерском микроскопу, на основу двофотонски побуђене флуоресценције хитина. Слике Лене и 
отиска прста се не могу регистровати у оптичкој рефлексији. 

 

 
Описана заштита докумената је ограничена на машинско очитавање. Ово може бити 

проширено на форензички ниво, очитавањем слике са електронског микроскопa при чему 

насумична карактеристика могу, нпр, да буду растојања између суседних трансферзалних 

гребенова на горњој површини љуспице. Ако је потребна визуелна контрола, може се уместо 

једне, употребити велики број љуспица, које прекривају велику површину на супстрату, 

видљиву голим оком. На овај скуп љуспица, могу се ласерски угравирати различити облици – 

нпр. отисак прста власника или ирис ока власника документа, при чему одређени број љуспица 

због ласерске обраде стиче промењене оптичке особине. Једна од ласерски немодификованих 

љуспица се онда може изабрати за машинско и форензичко испитивање [206]. 

 

 
 

4.6. Разматрање оптичко-заштитне функције крилних љуспица 

инсеката 

 

Када се говори о заштити документа, поставља се важно питање: колико је тешко 

фалсификовати љуспицу лептира? То љуспице подразумева: имитирање саме структуре 

љуспице, која би онда у интеракцији са упадном светлошћу давала идентичан оптички одзив, 

или имитирање оптичког одзива љуспице неком другом, једноставнијом структуром. Први 

приступ се базира на обрнутом инжењерингу и на производњи идентичне структуре – љуспице, 

док се други приступ базира на имитирању оптичког ефекта. 

Обрнути инжењеринг је процес који се састоји из две целине: прва подразумева анализу 

3Д структуре целе љуспице, и анализу особина материјала од кога се љуспица састоји (индекс 

преламања и апсорпција). Други део обухвата синтезу копије љуспице која треба да има оптичке 

особине идентичне оригиналу, дакле постојање литографске технике којом би се копирала 

структура и особине материјала. Чак и уз употребу најбољих технологија данашњице 

(микротомографија, електронска или рентгенска холографија) овај приступ је немогућ због 

резолуције данашњих 3Д аналитичких и литографских техника (реда величине 10 nm), времена 

потребног за овако нешто и цене [228]. 

Имитирање оптичког одзива, с друге стране, захтева пажљиву анализу рефлексије у целом 

оптичком делу спектра и пуном просторном углу, уз поседовање метода да се веродостојно 

репродукује оптички таласни фронт. Овде се појављује фундаментално питање: да ли различите 

структуре могу да генеришу идентичне таласне фронтове? Овим питањем се бави теорија 

расејања, и постоји мноштво радова који се баве директним и инверзним проблемима ове врсте. 

Не постоји општи одговор на ово питање, јер он зависи од природе расејавача (транспарентан 

или нетранспарентан расејавач), граничних услова (проводник, диелектрик, појачавајућа 

средина), таласне дужине и просторног угла пробне радијације [229]. Постоје мање или више 

егзотичне ситуације у којима јединственост није загарантована, као што су појачавачка средина 

и оптички плаштови [230, 288]. Али, када се ради о предмету овог истраживања, одговор је – не 

постоје два различита расејавача који производе исто расејано оптичко поље (блиско и далеко) 
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[231]. 

Љуспице лептира су најбоље заштићене њиховом јединственошћу из које произилази 

неопходност фалсификовања сваког документа испочетка. Нано-структура сваке љуспице су 

јединствена (о овоме је било речи у деловима 4.2 и 4.3 ове дисертације ) и у интеракцији са 

светлошћу производи низ оптичких ефеката: општи облик рефлексионог сектра, иридесценција, 

апсорпција, поларизација, флуоресценција, Моире, дефекти, дифракција у блиском и далеком 

пољу, локални спектар итд. Додатно, љуспице појединих врста лептира имају различите оптичке 

особине на горњој и доњој површини што се може искористити за очитавање оптичког одзива са 

обе стране љуспице у савршеном поравнању („see-through register“ – једна од техника која се 

примењује у области заштите, нпр. новчаница). Симултана употреба свих или неких од 

поменутих ефеката значајно повећава могућности употребе љуспица лептира као заштитног 

варијабилног оптичког елемента. 

Важно питање је да ли љуспице лепира могу да буду копиране неком холографском 

методом. До сада су површински и запремински холограми копирани контактним [232], 

неконтактним [233], и сканирајућим методама [234]. Међутим, ове методе нису погодне за 

копирање слојевите нано-структуре љуспица лептира због синусоидне природе холографски 

генерисаних дифракционих решетака. Такође, дифракционе решетке са периодом мањим од 

таласне дужине светлости не могу да буду копиране због еванесцентних таласа који настају 

приликом дифракције. Ове сићушне структуре које се налазе на спољашњој површини сваке 

љуспице су суштински важне за оптички одзив целе љуспице, зато што узрокују униформно 

расејавање радијације из „плавог“ дела спектра, у целом просторном углу, као што је показано 

у оптичком моделу љуспице. 

Нису све врсте Lepidoptera подједнако погодне за примену у заштити докумената. Као што 

је показано, овакве структуре морају да имају сложену нано-структуру, са великом 

варијабилношћу и морају бити веома тешке за анализу и за обрнути инжењеринг. У овом 

истраживању су анализиране поједине врсте које припадају породици Nymphalidae (то је 

породица која припада реду Lepidoptera; овај ред инсеката обухвата лептире и мољце). То је 

најбројнија породица лептирова, која броји више од 6000 врста. Многе врсте из ове породице 

лептира имају иридесцентне љуспице на крилима. 

Материјал од кога су изграђене љуспице је хитин. У питању је изузетно дуготрајан 

материјал. У природњачким музејима се могу видети примерци иридесцентних лептирова 

старих по неколико векова. Старост примерка лептира I. Lathonia коришћеног у овом 

истраживању је око 30 година и сребрна боја на његовим крилима се ни мало не разликује у 

односу на живе примерке. Фосили инсеката задржавају своју иридесценцију после 

петрификације и њихова иридесценција се не мења ни после неколико милиона година [256]. 

Ово се дакле може поредити са недавно описаном 5Д меморијом [257], за коју се тврди да има 

неограничено време живота. 

Љуспице лептира могу незнатно да промене своје димензије услед промене температуре 

[258], влажности и присуства различитих гасова [259]. Услед овога долази до промене у 

њиховом оптичком одзиву, али ова промена је сувише мала да би утицала на примену љуспица 

лептира у заштити докумената, при нормалним атмосферским условима. Систематске промене у 

дугим временским интервалима нису очекиване услед хидрофобности, нерастворљивости и 

биолошке инертности хитина – доминантног састојка љуспица [260]. Важећи период већине 

докумената је краћи од 10 година, што је период у коме се очекује да се љуспице не мењају. 

Узимајући у обзир физичку и хемијску стабилност хитина и чињеницу да оптички одзив 
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неколико година старих узорака показује изузетну сличност са оптичким одзивом свежих 

узорака, за очекивати је да су оптички одзиви љуспица веома стабилни и да могу имати 

дугорочне криптографске примене. 

Осим љуспица лептира Issoria lathonia, у оквиру проучавања оптичких особина природних 

фотонских структура, експериментално и теоријски је анализиран хитински оптички систем 

који се налази на дорзалној страни крила мољца Diachrysia chrysitis [97]. Показано је да овај 

оптички систем представља природан фино-подешен оптички филтер који се састоји од два 

слоја љуспица (покровне и базне) и крилне мембране. Његов рефлексиони спектар показује 

велику сличност са рефлексионим спектром злата. Љуспице поседују површинску нано- 

дифракциону решетку која „плави“ део упадне светлости интензивно расејева у унутрашњост 

крилне мембране. Тамо се време боравка ових фотона продужава ефектом локалног таласовода 

и тиме се значајно повећава апсопција на овим таласним дужинама. На овај начин, „плави“ део 

упадне светлости бива ефикасно елиминисан из рефлексије што у комбинацији са 

интерференцијом преостале упадне радијације инсекту омогућава златну боју његових крила. 
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5. Радијативне термалне особине хитинских наноструктура 

биолошког порекла 

 

Природне хитинске микроструктуре могу, поред своје оптичке функције, имати и 

специфичне термалне особине. Њихова микро и наноструктура може узроковати симултану 

апсорпцију (или рефлексију) радијације из појединих делова оптичког спектра и ефикасну 

радијативну размену топлоте са околином. Код многих оваквих структура постоји адекватан 

баланс између апсорбоване радијативне енергије у оптичком делу спектра и ослобођене енергије 

у инфра-црвеном (ИЦ) спектралном опсегу [261-264, 290], којим инсект ефикасно дисипира 

топлотну енергију. Сложене фотонске структуре су код многих живих организама присутне и 

као део система за детекцију ИЦ радијације. 

Интеракција природних хитинских микроструктура са ИЦ радијацијом је веома мало 

истраживана. Досадашња истраживања су углавном имала за циљ развијање квалитетног 

детектора ИЦ радијације и заснивала су се на промени микро и нано-структуре хитинске 

љуспице изазване променом температуре услед озрачивања ИЦ радијацијом. Хитинске 

микроструктуре се допирају различитим материјалима да би се повећала осетљивост, 

спектрална селективност и брзина одзива детектора. Већина данашњих приступа се заснива на 

употреби спектрално селективних ИЦ филтера или ИЦ апсорбера, што могу да буду, на пример, 

периодичне плазмонске [265-267] или периодичне фотонске структуре [268]. Додатна предност 

у односу на остале технике је што не постоји потреба за хлађењем инфра-црвеног детектора. У 

последње време су предложени различити дизајни и оперциони принципи за тзв. „нехлађену“ 

детекцију ИЦ радијације, као што су термалне биморфне структуре [269], микро-фотонски 

резонатори [270], термо-плазмонски уређаји [271] итд. 

Хитинске љуспице лептира имају веома малу термалну масу што их чини одличним 

материјалом за примену у високо-осетљивој детекцији инфра-црвене радијације. Потенцијална 

резолуција је на нанометарском нивоу, због нанометарских димензија карактеристичних 

елемената хитинске структуре. На пример, микро и нано-структурисане хитинске љуспице 

лептира су допиране једнослојним карбонским нано-цевима [258]. Детекција ИЦ радијације се 

заснива на хомогеној термалној експанзији хитинске љуспице услед озрачивања, што доводи до 

повећања карактеристичних растојања унутар ове структуре (растојање између 

лонгитудиналних и трансферзалних гребенова, растојање између нано-гребенова на 

површинској нано-дифракционој решетки, растојање између горње и доње ламеле љуспице). 

Ова промена узрокује промену у оптичком одзиву структуре и ово се користи за детекцију 

инфра-црвене радијације. У другом истраживању, љуспице лептира су модификоване нано- 

структурама од злата [272]. Овај приступ се заснива на разлици у коефицијентима термалне 

експанзије за хитин и злато, услед чега долази до делимичне промене облика хитинске 

структуре приликом озрачивања ИЦ радијацијом. Ова промена се уочава у оптичком одзиву 

структуре. 

У овом делу дисертације, истражен је утицај микро и наноструктуре на термалне особине 

биолошких система. Ово је посебно проучено на примеру елитре Morimus asper funereus 

(Mulsant, 1863) (Insecta: Coleoptera: Cerambycidae) инсекта (слика 5.1), чија је спољашња 

површина (она површина која је окренута ка спољашњој средини) прекривена хитинским 

микро-сочивима испод којих се налазе објекти који обликом и структуром подсећају на црна 



80  

тела. Елитра је модификован предњи пар крила појединих редова инсеката (највећим делом 

тврдокрилаца), који представља својеврстан заштитни оклоп [273, 274]. Елитра испод себе 

скрива задњи пар крила, која инсектима служе за летење, али код овог инсекта су закржљала и 

немају никакву функцију. На њеној унутрашњој површини (она која је окренута ка телу 

инсекта) налази се ансамбл хипер-униформно распоређених микронских израслина конусног 

облика. Он можда има функцију стохастичке фотонске структуре која је оптимизована за ИЦ 

део спектра, са потпуном фотонском забрањеном зоном. Поменуте морфолошке карактеристике 

синергијски повећавају ефикасност апсорпције и емисије ИЦ радијације. Оптичком и 

електронском микроскопијом су истражене морфолошке карактеристике спољашњег и 

унутрашњег дела елитре, а термалном камером радијативне особине у термалном ИЦ делу 

спектра (7.5 – 13 μm). Затим су креирани 3Д модел и теоријски термални модел структуре. 
 

Слика 5.1. Morimus asper funereus, на сивој елитри уочавају се четири црна региона. 

У првом делу истраживања је показано да инсект поседује хијерархијску структуру почев 

од макроскопског, па до микронског и нанометарског нивоа. Компјутеризована 

микротомографија показује да елитра има облик елипсоида, чија дебљина варира у опсегу 200- 

350 μm. На слици 5.2 приказан је електронски микрограф попречног пресека дела елитре. 

Уочава се да је елитра слојевито структурисана, и слојеви хитина обухватају микро-канале кроз 

које протиче хемолимфа (телесна течност која циркулише кроз тело бескичмењака). На слици се 

уочавају два микро-канала а између њих се налази објекат елипсоидног облика са кружном 

апертуром у центру. Објекат изгледа као стандардан модел црног тела [275]. У елитри се, као 

што ће се видети на наредним фотографијама, налази мноштво оваквих објеката. 
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Унутрашња површина (површина окренута ка телу инсекта) елитре је храпава (слика 

5.3а), са овалним црним зонама (величине 0.2 – 0.4 mm, слика 5.3б), окруженим светло-жутим 

зидовима. У оптичкој трансмисији уочава се да су зидови заправо комплексна мрежа повезаних 

канала кроз које протиче хемолимфа, слика 5.3в. Oбјекти који својим обликом и структуром 

подсећају на црна тела су тамно црвени (слика 5.3в). Црвена боја потиче од меланина, који има 

велику апсорптивност у „плавом“ и „зеленом“ делу спектра и значајну трансмитивност у 

„црвеном“ делу оптичког спектра. 
 

Слика 5.2. СЕМ снимци: а) попречни пресек елитре M. asper funereus инсекта, уочава се 

објекат који изгледа као црно тело, са микро каналима; б) увећана фотографија црног тела 

открива микро-сензиле (длачице микронских димензија) на унутрашњој површини црног тела. 

 

 
Спољашња површина (површина окренута ка спољашњој средини; на ову површину 

долази електро-магнетна радијација из спољашње средине) структуре поседује низ црних 

избочина, које имају облик микросочива, и окружене су длачицама (слика 5.4). Микросочива и 

црна тела имају прецизну међусобну оријентацију (слика 5.5), што се уочава симултаним 

детектовањем оптичке трансмисије и рефлексије структуре. Црно тело се налази у центру сваке 

овалне зоне, а микросочиво обухвата њену ивицу, и директно је фокусирано на канал испуњен 

хемолимфом. 
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Слика 5.3. а) оптичка фотографија унутрашње површине елитре M. asper funereus инсекта, у 

природном стању; б) увећани региони са фотографије а), уочавају се структуре сличне црном 

телу (сферног облика, са црном апертуром у центру, означене црвеним стрелицама); в) 

фотографија у оптичкој трансмисији открива систем канала који се гранају из централног 

канала и окружују црна тела; г) елитра избељена у водоник-пероксиду открива мрежу канала 

мањих димензија који повезују црно тело са централним каналом. 
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Слика 5.4. Спољашња површина елитре M. asper funereus инсекта, са микро-сочивима и 

длачицама. Оптичка фотографија је на левој страни а електронски микрограф на десној. 
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Слика 5.5. Фотографија елитре M. asper funereus инсекта на оптичком микроскопу, снимљена 

симултано у рефлексији и трансмисији. Микро-сочива су тамни региони, а испод њих се 

уочавају црна тела и канали. 

 

 

5.1. Радијативне особине наноструктуре инсекта Morimus asper 

funereus 

 

Радијативе особине структуре су истражене термографијом. Елитра инсекта је 

постављена испред референтне шупљине (са апсорптивношћу > 99%) [293] и осликана 

термалном камером која има детекциони опсег 7.5 - 13 μm (опис камере је дат у Материјалима и 

Методама), слика 5.6. Због малих димензија инсекта, камера је позиционирана што је могуће 

ближе (на растојању 10-20 cm), а повремено је коришћено и додатно сочиво за додатно увећање. 

У оваквим условима постаје изражен „Narcissus“ ефекат (радијација коју емитује сама камера) 

[328, 329]. Због тога је анализирана биофотонска структура постављена изван термалног снопа 

који излази из објектива камере. Остатак камере је био прекривен алуминијумском фолијом. 

Као референца за мерење термалне емисивности коришћена је алуминијумска шупљина на 

коју је нанесен апсорбујући материјал. Апсорптивност шупљине је теоријски израчуната и 

добијена је вредност од 0.996 [292]. 
 
 

 

Слика 5.6. Шема експерименталне поставке за истраживање радијативних термалних 

особина елитре Morimus asper funereus инсекта 

 

 
У стању термалне равнотеже, на собној температути, структура је неуочљива и постаје 

видљива само када се загрева ласерском радијацијом (слика 5.7). Ово важи за целу површину 

унутрашње и спољашње стране структуре. Дакле, може се закључити да је велика дирекциона 

емисивност (> 99%) константна на целој површини структуре, у једнакој мери и за црне и за 

сиве делове, и да структура има карактеристике Ламбертовог извора. Овакав извор емитује 

радијацију у складу са косинусним законом [275-278]: 

(𝜃) = 𝐼0 cos 𝜃 (5.1) 

где је 𝐼0 интензитет радијације коју емитује Ламбертов извор у правцу нормале на извор, а 𝐼 је 

интензитет који извор емитује у правцу који са нормалом на извор формира угао 𝜃. Дакле, 

интензитет емитоване радијације је максималан у правцу нормале на Ламбертов извор, а затим, 

у осталим правцима, опада по косинусном закону. 
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Слика 5.7. ИЦ фотографије елитре M. asper funereus инсекта, постављене испред црног тела. 

а) на собној температури, у стању термалне равнотеже, елитра је неуочљива; б) загрејана 

ласерском радијацијом, елитра постаје видљива. 

 

 

5.2. Термални модел наноструктуре инсекта Morimus asper funereus 

 

У складу са описаном анатомијом структуре биолошког црног тела M. Funereus-a, 

формиран је модел. Елементарна јединица модела је овална зона, која се састоји од слојевитог 

црног тела са зидовима са микроканалима, слика 5.8. Она се налази се између два слоја, један 

(спољашњи слој – окренут ка спољашњој средини) је прекривен микросочивима а други 

(унутрашњи слој – окренут ка телу инсекта) микротрихијама. Модел је приказан коришћењем 

слободног, графичког 3Д софтвера (Blender, free under GPL). На слици 5.8 су приказана два 

погледа на елементарне ћелије (5.8.(а) бочно са спољашње стране, 5.8.(б) ортогонално са 

унутрашње стране), тако да су јасно видљиве просторне релације између микросочива, зидова са 

микроканалима и црног тела. „Ray tracing“ метод (објашњен у Материјалима и Методама) је 

употребљен као прва апроксимација пропагације електро-магнетне радијације, да би се стекао 

интуитивни увид у начин на који се електро-магнетна радијација простире кроз ову структуру. 

Овај метод је показао да микросочива фокусирају ИЦ радијацију директно на микроканал 

испуњен хемолимфом, слика 5.9. Ово важи за велики опсег упадних углова (-200 до +200) 

надолазеће ИЦ радијације, која се ефикасно апсорбује хитином (коефицијент апсорпције хитина 

је 1000 cm-1 у опсегу 8-14 μm и 580 cm-1 у опсегу 3-5 μm) и водом и конвертује у топлоту. 

Затим је методом коначних елемената урађено детаљно моделовање пропагације ИЦ 

радијације кроз структуру. У далеком атмосферском ИЦ прозору (8-14 μm) радијација је, због 

великог коефицијента апсорпције хитина, ефикасно апсорбована у површинским слојевима 

структуре, слика 5.11. Ситуација је сложенија у блиском атмосферском ИЦ прозору (3 - 5 μm), 

где је апсорпција за ред величине мања [278]. Радијација из тог опсега се микросочивима 

фокусира на микроканале (који окружују црно тело), док је део термалне радијације који не пада 

на микросочива ефикасно рефлектован вишеслојним хитинским омотачем црног тела, слика 
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5.11. Микроканали се брзо загреју надолазећом радијацијом и постоји конвективни трансфер 

термалне енергије у централну шупљину црног тела мрежом микроканала, налик на оне који су 

уочљиви на слици 5.3г. Сићушне длачице у унутрашњости ове шупљине (слика 5.2б) су 

вероватно сензиле (рецепори који детектују промену температуре), које сигнализирају инсекту 

да потражи хладније окружење, што је бихевиорална карактеристика инсекта. 

 
а) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

б) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Слика 5.8. Полу-транспарентан 3Д модел елитре M. asper funereus инсекта у коме су 

приказане унутрашње структуре (mt – микротрихија, mc – микроканал, ml – микросочиво, bb – 

црно тело, ha - длачице); а) профил елитре на коме се уочава типичан положај микро-сочива на 
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њеној спољашњој површини; б) вертикална перспектива, у којој је приказан просторни 

распоред микросочива и микроканала. Микроканал у потпуности окружује црно тело и мањим 

каналима је повезан са њим. 

 

Спољашња површина микросочива 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Хитин (n = 1.57) 
Вода (n = 1.33) 

(микроканал) 

Хитин (n = 1.57) 

Слика 5.9. Ray tracing метод демонстрира правце простирања радијације у интервалу 3 – 5 μm 

кроз микросочиво и микроканал. Плави зраци долазе под правим углом, а црвени и зелени зраци 

долазе на елитру под угловима +200 и -200. 
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Слика 5.10. Модел елитре M. asper funereus инсекта, који је употребљен за анализу пропагације 

ИЦ радијације методом коначних елемената (у сивој боји је приказан хитин а у љубичастој 

боји је приказана хемолимфа. 
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Слика 5.11. Пропагација термалне ИЦ радијације унутар елитре M. asper funereus инсекта, 

израчуната методом коначних елемената. Анализирана су два спектрална опсега који 

одговарају далеком и блиском термалном атмосферском прозору: 𝜆 = 8-14 μm (приказан је 

резултат за 𝜆 = 10 μm, горња слика), и за 𝜆 = 3-5 μm (приказан је резултат за 𝜆 = 4 μm, доња 

слика). 
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5.3. Хипер-униформност хитинских микроструктура 

 

Још једна занимљива карактеристика је постојање површинских структура на унутрашњем 

делу елитре. Најбоље се уочавају на електронском микрографу унутрашње површине (која је 

окренута ка телу инсекта) елитре, а то су израслине конусног облика (тзв. микротрихије), висине 

~ 4 μm и полупречника основе ~ 4.5 μm, слика 5.12. Њихов распоред је уређен али не и потпуно 

регуларан (просечно међусобно растојање је 10 μm). Код многих врста инсеката, оне 

причвршћују задња крила за елитру. Међутим, код M. asper funereus инсекта ово није случај, јер 

он има веома закржљала крила. 
 

Слика 5.12. Електронски микрограф унутрашње површине елитре M. asper funereus инсекта и 

ансамбл микронских израслина, тзв. микротрихија. На левој слици је приказан изглед ансамбла 

из правца нормале на површину елитре, а на десном микрографу је приказана бочна 

перспектива, на којој се уочава да израслине имају облик конуса. 

 

 
Ансамбл микротрихија је моделован као скуп конусних израслина на равној површини. 

Пречник основе свих конуса је 4.4 μm, а висина је 3.8 μm. Посматрано у правцу нормале на 

површину, распоред конуса је приказан на слици 5.13. На истој слици је приказан и бочни 

поглед на структуру где се види „преклапање“ конуса. Из тог разлога, радијација која долази 

под малим углом, блиско површини на којој се налазе конуси, има велику вероватноћу да наиђе 

на неки од конуса и буде апсорбована. Ово су елементарна разматрања на основу геометријске 

оптике. У наставку моделовања је примењен таласно-оптички приступ. 
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Слика 5.13. Расподела конусних микроструктура у вертикалној перспективи, креирана по 

узору на електронски микрограф са слике 5.12. У горњем десном углу приказан је део 

електронског микрографа на основу кога је урађена скица расподеле. На дну слике је приказана 

профилна перспектива. 

 

 
Детаљним увидом у просторни распоред конуса уочава се да он није регуларан а ни 

потпуно насумичан. Фуријеов трансформ ансамбла конуса има облик прстена, слика 5.14. 

Његова просторна фреквенција је 0.1 / μm, што одговара просечном растојању од 10 μm између 

конуса, слика 5.15. На просторним фреквенцијама блиским централном Фуријеовом максимуму, 

амплитуда трансформа је веома мала. Ово је карактеристика хипер-униформне расподеле 

тачака, за коју је показано да се понаша као структура са потпуном фотонском забрањеном 

Вертикални поглед 

  Профил структуре  
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зоном [280]. Блага елиптичност Фуријеовог трансформа је могућа последица елипсоидног 
облика површине на којој се налазе конуси. 

 

 

 
Слика 5.14. Фуријеов трансформ слике 5.12 на којој је приказана расподела конусних 
микроелемената. Трансформ има облик прстена са благом елиптичношћу. 
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𝑅 

 

Просторна фреквенција (μm-1) 

Слика 5.15. Сканирање Фуријеовог трансформа са слике 5.14 у два ортогонална правца 

(приказана испрекиданим линијама на слици 5.14) открива максимум на просторној 

фреквенцији од ~ 0.1/μm који одговара просечном растојању од 10 μm између конусних 

микроелемената. 

 

 
Хипер-униформни систем честица има мале флуктуације густине на великим растојањима 

[281]. Концепт хипер-униформности је креиран због класификације ансамбла тачака у складу са 
њиховим локалним густинама флуктуација [279]. Ансамбл тачака је хипер-униформан ако се 

варијанса броја тачака 𝜎2(𝑅) ≡ 〈𝑁2〉 − 〈𝑁𝑅〉2 у сферној области полупречника 𝑅 повећава 

спорије него запремина узорка полупречника 𝑅 , за велике вредности 𝑅 (што значи да се 

варијанса броја честица повећава спорије од 𝑅𝑑 , где је 𝑑 број димензија простора). Хипер - 
униформна расподела конусних микро-објеката анализирана у овом истраживању је 

дводимензионална. Хиперуниформност је карактеристика свих кристала и квазикристала, као и 

посебне подкласе неуређених структура. 

Хипер-униформни 2Д систем се понаша као стохастички фотонски кристал са потпуном 

фотонском забрањеном зоном – материјал код кога постоји одступање од савршено уређене 

структуре али су одступања веома мала па се материјал понаша као фотонски кристал (на 

пример, у случају 2Д кристала ово значи да чворови кристала не формирају савршену 2Д 

решетку већ за сваки чвор постоји мала област одступања у његовој позицији, и у оквиру те 

области он може да има било коју позицију, слика 5.16) [282-285]. Ово се може закључити на 

основу облика Фуријеовог трансформа (слика 5.14). 
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Слика 5.16. Шематски приказ распореда чворова идеалног 2Д кристала. Уколико се идеалан 

распоред наруши на адекватан начин, добија се хипер-униформни 2Д кристал. На доњем исечку 

је зеленим кругом приказана област одступања позиције централног чвора – његов центар 

може да буде у било којој тачки овог круга. Када се исти принцип примени на позиције свих 

чворова, уколико је област одступања позиције довољно мала, добија се хипер-униформни 2Д 

кристал. 

 

 
Примењено на случај M. Funereus-a, за мале упадне углове радијације, када је правац 

простирања електро-магнетне радијације скоро паралелан равни конусних микроелемената, 

систем се понаша као Брегов рефлектор, блокирајући пропагацију радијације на таласним 

дужинама: 
 

𝜆 = 2𝑑⁄𝑁 (5.2) 
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где је 𝑑 период дифракционе решетке, тј. растојање између суседних конусних микроелемената, 

а 𝑁 је цео број, уколико светлост пада на решетку под углом од 900. За 𝑑 = 10 μm и 𝑁 = 2, 

Брегова таласна дужина ове структуре је 10 μm, и налази се у далеком атмосферском прозору (λ 

= 8-14 μm). Додатно, за 𝑁 = 4, Брегова таласна дужина одговара другом атмосферском прозору, 

у опсегу (λ = 3-5 μm). 
 

Слика 5.17. Вертикални поглед на ансамбл конусних микроструктура. На слици је приказан и 

правац осветљавања, радијација се креће под малим углом у односу на хоризонталну раван у 

којој се налазе основе конусних микроструктура. Уочава се да конусне микроструктуре 

спречавају пропагацију ИЦ радијације. 
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5.4. Завршна разматрања термалних особина анализираних 

хитинских микроструктура 

 

На елитри M. asper funereus инсекта су уочене и друге оптички занимљиве структуре које 

нису детаљно проучаване у оквиру ове дисертације, али би могле да утичу на радијативне 
особине. 

Ширина свих хитинских ламела у елитри M. asper funereus инсекта је 4-5 μm са 

одговарајућом Бреговом таласном дужином 8-10 μm. Сваки слој садржи адекватно оријентисана 

микровлакна, која у систем уносе двојно преламање, и њихова оријентација је различита у 

различитим слојевима. Граничне површине између свих слојева су храпаве и расејавају 

радијацију, па слојеви потенцијално имају функцију планарних таласовода који додатно 

апсорбују радијацију. Ансамбл конуса може да буде трансмисиона решетка за радијацију која 

пада под угловима блиским нормали на површину а дифракциони редови могу бити уведени у 

хитинске ламеле – планарне таласоводе. 

У додатним мерењима, једна страна елитре је загревана ласерским снопом и, у стању 

термалне равнотеже, друга страна има температуру која је нижа чак за око 200. Тешко је 

разграничити допринос радијативног ослобађања топлоте у односу на остале термалне процесе 

(конвекција и кондукција). Међутим, ова хитинска структура би могла да буде одличан модел за 

дизајн термално-изолационих материјала 

Већ дуго времена научници покушавају да креирају високо-апсорптивне структуре и 

направљени су многи микро и нано структурисани материјали [286], али само емисивност низа 

вертикално распоређених наноцеви („VANTA black“) је блиска емисивности црног тела [287]. 

Упоредо са текућим истраживањима силицијумских фотонских структура за уређаје који раде у 

блиском ИЦ спектралном региону, у овом истраживању је показано да природне, мање 

комплексне, хитинске структуре могу да постигну сличне резултате захваљујући ансамблу 

конусних површинских микро-елемената. Адекватна хипер-униформна структура се ефикасно 

такмичи са високо-напредним материјалима са нано-цевима. За разлику од вештачког VANTA 

материјала, који је фрагилан и чији је производни процес компликован, природно решење је 

флексибилно и једноставно. 

Дакле, у овом делу дисертације је показано да комбинација хитинских микросочива, 

„црних тела“ и хипер-униформно распоређених конусних микроструктура омогућава одличну 

контролу термалне радијације. Потенцијалне примене су бројне и могу се чак и приширити са 

блиско инфра-црвене на терахерцну технологију. 

Истраживање оптичких и термалних особина хитинских структура биолошког порекла 

обухватило је и анализу микро и нано – структурисаног спољашњег омотача тврдокрилца 

Rosalia alpina (Coleoptera: Cerambycidae) [289]. Показано је да овај хитински систем 

функционише као ефикасан пригушивач (optical beam dump) упадне радијације из оптичког дела 

спектра, апсорбујући скоро сву упадну радијацију. У ИЦ региону, хитинска микроструктура 

омогућава ефикасно ослобађање вишка термалне енергије радијативним путем. 
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6. Закључак 

 

У оквиру ове докторске дисертације експериментално су истражене поједине нелинеарне 

оптичке особине хемијски пречишћеног хитина применом двофотонски побуђене 

флуоресценције и генерисањем другог хармоника. Измерен је интензитет дво-фотонски 

побуђене флуоресценције хитина у функцији таласне дужине (у опсегу 830 – 930 nm) и средње 

снаге побудног фемто-секундног ласерског зрачења (у опсегу 3,4 – 13,6 mW. Мале вредности 

снаге су изабране да би се минимизирало фото-оштећење узорка. Резултати показују да 

интензитет дво-фотонски побуђене флуоресценције хитина опада са порастом таласне дужине 

побудне ласерске радијације у поменутом опсегу и да дво-фотонски побуђена флуоресценција 

има максималан интензитет када је побудна таласна дужина око 830 nm. Измерено је време 

флуоресценције хитина и добијена вредност од 5,2 ns. Такође је измерен и флуоресцентни 

спектар хитина за једно-фотонску побуду и он показује максимум на 440 nm и спектралну 

ширину од ~ 120 nm. Истражени су и ефекти фото-избељивања који настају услед продуженог 

озрачивања хитина ласерским зрачењем. Доказано је постојање другог хармоника за хемијски 

чист хитин. 

Ови резултати су употребљени за анализу оптичких и флуоресцентних особина појединих 

хитинских микро и наноструктура биолошког порекла, и за истраживање контролисане 

модификације ових особина ласерском радијацијом. Одређени су оптимални параметри 

ласерске радијације и нелинеарног ласерског микроскопа (таласна дужина побудне ласерске 

радијације, репетиција, снага ласерског зрачења, поларизација, временско трајање фемто- 

секундних побудних ласерских импулса, време задржавања ласерског снопа на узорку...) за 

осликавање хитинских нано-структура коришћењем дво-фотонски побуђене флуоресценције 

хитина, и   за контролисану модификацију (сечење и фото-избељивање ласерским зрачењем) 

ових нано-структура и њихових оптичких особина. Слике су добијене при снагама ласерске 

радијације мањим од 1 mW у опсегу 720-850 nm где хитин показује интензивну дво-фотонски 

побуђену флуоресценцију и са максималном попречном и осном резолуцијом од 0.7 μm и 2.1 

μm, респективно. Најнижи прагови оштећења су 4,5 mW, када је коришћен 40 X 1.3 НА 

микроскопски објектив и 8 mW када је коришћен 20 X 0.8 НА микроскопски објектив, на 

побудној таласној дужини ласерског зрачења 𝜆 = 730 nm. Није неочекивано то што су најнижи 

прагови оштећења на овој таласној дужини ако се имају у виду резултати из првог дела ове 

дисертације где је показано да је у доступном опсегу побудне ласерске радијације (700 - 1000 

nm) дво-фотонски побуђена флуоресценција хитина има највећи интензитет за краће таласне 

дужине из овог дела спектра (слика 2.1). Минимални пречник ласерски изазваног оштећења у 

овом истраживању је био 1.7 μm. Фото-избељивање хитинске нано-структуре је остварено при 

минималним доступним снагама побуде (1-2 mW) у опсегу 720-850 nm где хитин показује 

интензивну дво-фотонски побуђену флуоресценцију. 

Формиран је теоријски модел љуспице који објашњава њене оптичке особине, 

првенствено иридесценцију. У наставку истраживања, ови резултати су искоришћени за 

истраживање могућности употребе хитинских љуспица као заштитног варијабилног оптичког 

елемента. За потребе овог дела истраживања испитане су и друге важне особине као што су 

варијабилност и јединственост наноструктуре љуспица и њиховог оптичког одзива. Поред тога, 

због технолошке примене, показано је да се неопходна информација о аутентичности може 

записати директно на љуспицу, фемтосекундним ласером, у форми физичке модификације 
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љуспице. С тим у вези, узимајући у обзир просечне димензије љуспице (≈ 50 μm X 100 μm = 

5000 μm2) процењен је информациони капацитет љуспице на ≈ 3000 битова, третирајући место 

оштећено ласером као бинарно 1, а неоштећено као бинарно 0. 

Истражене су и термалне радијативне особине природне хитинске микроструктуре. 

Показано је да ова хитинска микроструктура омогућава одличну контролу термалне радијације. 

У будућности би се наставило са теоријским и експерименталним истраживањем 

механизама интеракције између упадне радијације и природних хитинских наноструктура. 

Могућности њихове контролисане модификације ће бити проширене са директног ласерског 

исписивања на холографску и електронску литографију. Од вештачких материјала ће се првити 

копије природних хитинских наноструктура. Испитиваће се утицај модификације ових 

структура на њихове опто-механичке особине, и могућност коришћења ових елемената као 

оптичких меморија, и термалних детектора. Развијаће се софтвер који је потребан да би се 

истраживања спровела на нелинеарном ласерском микроскопу. Истраживаће се и друге 

могућности за примену софистицираних оптичких структура. 
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Прилог А 

 

Нелинеарна ласерска микроскопија хитинских структура инсеката 

 

Нелинеарне оптичке особине хитина, које су истражене у првом делу овог 

истраживања, искоришћене су и за демонстрацију примена нелинеарне ласерске микроскопије 

хитина у ентомологији. 

Анализирани су делови тела два пећинска инсекта: Plusiocampa christiani(Condé & 

Bareth, 1996, који припада подкласи Apterygota - инсекти без крила) и Pheggomisetes ninae (S. 

Ćurčić, Schönmann, Brajković, B. Ćurčić & Tomić, 2004, који припада подкласи Pterygota - 

инсекти са крилима). Ови инсекти су изабрани зато што не садрже пигменте, па је њихов 

доминантан градивни састојак хитин. Ова особина, настала услед адаптације на подземни стил 

живота [330], чини их веома погодним за ово истраживање – приликом озрачивања узорака 

ласерском радијацијом очекује се двофотонски побуђена флуоресценција и други хармоник од 

хитина, а не од комбинације одзива хитина и пигмената присутних код других (копнених) 

инсекта. Детектована је само природна ауто-флуоресценција инсеката. Кутикула, спољашњи 

тврд омотач, им је веома танак, са хомогено распоређеним хитином [331] што омогућава 

осликавање дубинских структура инсеката и ласерску хирургију. 

 

Plusiocampa christiani, слика 3.5а, је изабран због карактеристичне беле боје која је 

последица потпуног одсуства пигмента [332]. Изузев одређене количине протеина, кутикула 

овог инсекта је окарактерисана као високо-хитинизована структура [333]. Ово је потврђено 

упоређивањем дво-фотонски побуђеног флуоресцентног спектра кутикуле и хемијски 

прочишћеног хитина (слика 3.6). На слици 3.6 се уочава велики степен сличности између кривих 

у опсегу 830-860 nm. На већим таласним дужинама флуоресценција инсекта је већа, услед 

присуства флуоресцентних пигмената у кутикули (највероватније протеини) који интензивније 

флуоресцирају у поменутим спектралном опсегу. 

Pheggomisetes ninae, слика 3.5б, је слабо пигментисан инсект и његова флуоресценција 

највећим делом потиче од хитина, уз слабо изражено присуство флуоресценције која потиче од 

других компонената кутикуле [334]. 
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Слика 3.5. а) Plusiocampa christiani ; б) Pheggomisetes ninae. Фотографисао Драган Антић, 

Биолошки факултет у Београду. 

 

 
Значај флуоресцентне нелинеарне ласерске микроскопије у изучавању морфологије 

инсеката демонстриран је на сликама 3.7, 3.8, 3.9 и 3.10. На свим сликама се уочава знатно 

квалитетније и детаљније осликавање узорака коришћењем двофотонски побуђене 

флуоресценције хитина на нелинеарном ласерском микроскопу, у поређењу са оптичком 

микроскопијом. Све слике су добијене на релативно малим снагама ласерске радијације (10 – 12 

mW). Интензитет сигнала је варирао у зависности од дела тела инсекта. Ширина видног поља 

(654 μm) омогућава да глава Plusiocampa christiani инсекта буде у целости осликана (слика 

3.7б). Дубина продирања ласерске радијације (~ 200 μm) омогућава осликавање делова усне 

регије, који су смештени вентрално. Латерална резолуција нелинеарног ласерског микроскопа 

(630 nm X 915 nm, за објектив 40X, 0.65 NA) је довољна да на слици буду јасно уочљиви 

поједини детаљи дорзалног дела главе: антене, склерити (скелетне плоче којима је обавијен 

сваки телесни регион инсеката), сутуре (бразде које се налазе између склерита), као и сете 

(ситне длачице којима је прекривено тело инсекта, многе сете имају функцију сензора). Ово је 

демонстрирано и на примерима задњег дела абдомена инсекта Plusiocampa christiani (слика 3.9) 

и апикалног дела главе Pheggomisetes ninae инсекта, у вентралној перспективи, приказаног на 

слици 3.10, на којој су веома видљиви делови усне регије (делови доње вилице (лат. mandibula), 

чељусти (лат. maxillae), усна (лат. labium)), укључујући детаљну површинску структуру и сете. 

Мушке гениталије инсекта Pheggomisetes ninae инсекта су приказане на слици 3.8. 

Карактеристике мушког копулаторног органа су веома значајне у одређивању врсте организма 

па је зато мушки копулаторни орган (лат. aedeagus) веома често приказан и осликан у 

таксономским студијама. На слици 3.11, из бочног кадра едеагуса Pheggomisetes ninae инсекта 

се виде фини детаљи површинског рељефа, комплексна структура налик на зубе је видљива, а 

препознатљиви су и унутрашња врећица и веома окоштани делови едеагуса (ово је приказано на 

лонгитудиналним и попречним пресецима приказаним на сликама 3.11 а-г). Сви делови мушког 

репродуктивног органа су веома видљиви (средњи режањ, обе парамере са сетама, базална 

булба, копулаторни део, и унутрашња врећица). За све 4 фотографије (бр. 3.7, 3.8, 3.9 и 3.10) 

коришћена је побудна таласна дужина од 930 nm. Ова таласна дужина је изабрана да би се 

избегла флуоресценција резидуалног ткива заосталог после дисекције инсекта. Хитин релативно 
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слабо апсорбује радијацију на 930 nm, што је омогућило продирање ласерског зрачења дубље у 

тело инсекта и осликавање делова тела који се налазе испод кутикуле. Дубина продирања 

побудне ласерске радијације је процењена на 200 μm. Све поменуте структуре су осликане са 

знатно више детаља у односу на светлосну или конфокалну микроскопију. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Слика 3.6. Спектар двофотонски побуђене флуоресценције хемијски чистог хитина и 

Plusiocampa Christiani кутикуле 
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Слика 3.7. Нелинеарна ласерска микроскопија омогућава квалитетније осликавање хитинског 

узорка у поређењу са оптичком микроскопијом; а) фотографија са оптичког микроскопа, у 

светлом пољу, б) слика добијена двофотонски побуђеном флуоресценцијом хитина, на 

нелинеарном ласерском микроскопу. Слика је добијена коришћењем алгоритма пројекције 

максималног интензитета (опис алгоритма је дат у Материјалима и Методама) из скупа од 

80 2Д фотографија, вертикално растојање између узастопних 2Д слика је 2 μm. Ове 2Д слике су 
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хоризонтални пресеци објекта и скуп ових слика се може приказати као транспарентан 

осликани објекат где се за разлику од реалног нетранспарентног објекта, може видети и 

његова унутрашња структура, што представља 3Д модел објекта. Ширина видног поља је 654 

μm. Обе слике су направљене 40X / 0.65 микроскопским објективом. А – антене, SK – склерити, 

SU – сутуре, S – сете. На сликама је приказана дорзална страна главе Plusiocampa christiani 

инсекта. 
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Слика 3.8. На овој слици су, као и на претходној (слика 3.7) представљене могућности 

нелинеарне ласерске микроскопије за квалитетније осликавање хитинског узорка. Нелинеарна 

микроскопија омогућава да се објекат ослика са много више детаља у поређењу са 

стандардном оптичком микроскопијом; а) фотографија са оптичког микроскопа, б) слика 

добијена двофотонски побуђеном флуоресценцијом хитина, на нелинеарном ласерском 

микроскопу. Слика је формирана на основу 120 2Д-слика уз помоћ VolView 3.4 софтвера, 

(вертикално) растојање између узастопних 2Д слика је 2 μm. За обе слике је коришћен 40X / 0.65 

микроскопски објектив. Pheggomisetes ninae инсект, мушке гениталије у бочној перспективи; М 

– средњи режањ, Р – парамере, S – сете, В – базална булба. 
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Слика 3.9. Употреба алгоритма пројекције максималног интензитета у побољшању 

квалитета слике. Слика г) добијена је применом поменутог алгоритма на 80 хоризонталних 

пресека (на сликама а), б) и в) су приказана 3 пресека), вертикално растојање између 

узастопних пресека је 2 μm. Слике су направљене 40X / 0.65 микроскопским објективом. На 

појединачним хоризонталним пресецима уочава се мање детаља у односу на коначну слику (г). 

Слике су добијене двофотонски побуђеном флуоресценцијом хитина, на нелинеарном ласерском 

микроскопу. На сликама је приказана дорзална страна задњег дела абдомена Plusiocampa 

christiani инсекта. 

(а) (б) 

(в) (г) 
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(а) (б) 
 

(в) (г) 

Слика 3.10. Приказ 3Д модела узорка, добијеног нелинеарном ласерском микроскопијом, под 

различитим угловима. Модел је формиран на основу 230 2Д-слика (добијених двофотонски 

побуђеном флуоресценцијом хитина) уз помоћ VolView 3.4 софтвера, (вертикално) растојање 

између узастопних 2Д слика је 2 μm. Коришћен је 25X / 0.5 микроскопски објектив. Приказан је 

3Д модел Pheggomisetes ninae инсекта, део његове главе са деловима усне регије, у вентралној 

перспективи. На слици г) су обележени карактеристични делови: МА – мандибула (доња 

вилица, лат. mandibula), МX – чељусти (лат. maxillae), LB – усна (лат. labium). 
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Одабиром адекватне побудне таласне дужине (840 – 930 nm или 1040 nm), могу се 

осликавати различити делови кутикуле, са различитим дубинама продирања ласерске 

радијације. На слици 3.12 је приказана унутрашња врећица репродуктивног органа 

Pheggomisetes ninae инсекта, осликана при побудној таласној дужини од 1040 nm и широко- 

појасној детекцији. Поређењем слика 3.11 г) и 3.12, уочавамо да су различите структуре 

осликане са различитим квалитетом на две различите побудне таласне дужине. 
 

(в) (г) 
 

Слика 3.11. Могућност приказа 3Д модела узорка, добијеног нелинеарном ласерском 

микроскопијом, по различитим пресецима, на примеру пећинског инсекта Pheggomisetes ninae. 

Слике су направљене 25X, NA 0.8, вода / глицерин имерзионим микроскопским објективом; а) 

мушке гениталије са приказаном равни попречног пресека (црвена линија), М – средњи режањ, 

Р – парамере, S – сете; б) одговарајући попречни пресек на коме се уочава средњи режањ М и 

копулаторни део С; в) мушке гениталије са означеном лонгитудиналном равни (црвени 

квадрат); г) одговарајући лонгитудинални пресек мушких гениталија, М- средњи режањ, Р – 

  (а)    (б)  
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парамере, I – унутрашња врећица, С – копулаторни део. Уметак (бели квадрат): увећани 
копулаторни део са видљивом фином структуром, налик на површину зуба. 

 

 

Слика 3.12. Промена таласне дужине омогућава да се виде различите структуре. Слика је 

добијена при побудној таласној дужини од 1040 nm и широко-појасној детекцији. У поређењу са 

сликом 3.11 г, која је снимљена на таласној дужини од 930 nm уочавају се различите 

структуре. На слици је приказана унутрашња врећица Pheggomisetes ninae едеагуса. 

 

 
Постојање другог хармоника код природних хитинских структура као и његова употреба 

за осликавање су само успутно споменуте у референцама [336] и [337], без јаке експерименталне 

потврде. У овом истраживању, други хармоник је коришћен за осликавање хитина у кутикули 

инсекта. На пример, део антене инсекта P. christiani је осликан коришћењем другог хармоника и 

двофотонски побуђене флуоресценције (слика 3.13). Побудна таласна дужина је у оба случаја 

840 nm. За детекцију двофотонски побуђене флуоресценције коришћен је широко-појасни 

филтер (400-700 nm, слика 3.13а), а за детекцију другог хармоника уско-појасни (420 nm, слика 

3.13б) филтер. Са слике се може приметити да широко-појасна детекција омогућава осликавање 

финих детаља антене док уско-појасна детекција даје квалитетније осликавање ивица саме 

структуре. На основу слика добијених детекцијом другог хармоника формиран је 3Д модел 

антене инсекта (слика 3.13в). Сигнал другог хармоника је много слабији од флуоресценције на 

слици 3.13а, јер су и други хармоник и флуоресценција детектовани у рефлексији. Због тога није 

било потребе за коришћењем додатног филтера за елиминисање другог хармоника када је 

детектована флуоресценција. 

Због проучавања поларизационих ефеката, потврђено је да детекциони систем микроскопа 

није осетљив на поларизацију сигнала. Поларизациона елиптичност стечена у побудној грани 

микроскопа је занемарљива. 
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(в) 
 

Слика 3.13. Разлике у осликавању хитинског узорка методама двофотонски побуђене 

флуоресценције и генерисања другог хармоника; а) побудна таласна дужина 840 nm и широко- 

појасна детекција у опсегу 400-700 nm; б) побудна таласна дужина 840 nm и уско-појасна 

детекција на 420 nm; в) запремиски приказ (“volume rendering“, објашњен у Материјалима и 

Методама) скупа слика добијених при побуди на 840 nm и детекцији на 420 nm. На сликама је 

приказан врх антене Plusiocampa christiani инсекта. 

 

 
Познато је да зависност детектованог сигнала од поларизације побудне ласерске 

светлости може да указује на присусутво другог хармоника у детектованом сигналу [339]. 

Међутим, у овом истраживању је откривено да су поларизациони ефекти уочљиви у оба случаја 

- када се као сигнал детектује други хармоник (840 nm побудна таласна дужина и детекција на 

420 nm уско-појасним филтером) али и када је сигнал дво – фотонски побуђена флуоресценција 

(840 nm побудна таласна дужина и широко-појасна детекција у опсегу 400-700 nm). Због 

додатног истраживања овог феномена, у потпуности је елиминисан други хармоник 

коришћењем побуде на 850 nm и уско-појасне детекције на 450 ± 5 nm. Чак и тада, јасно је 

уочљива зависност флуоресценције узорка од поларизације побудног ласерског зрачења (слика 

3.14 на којој се види део антене P. christiani инсекта усликан са две ортогонално поларизоване 

побуде). Уочено је да се интензитет сигнала као и однос сигнал-шум могу значајно изменити 

ротацијом равни поларизације побудне ласерске радијације. Ова појава није честа, нити је у 

потпуности објашњена. Молекули хитина нису симетрични и имају одређену оријентацију (ови 

молекули имају облик влакна и груписани су у снопове), што може бити узрок различитих 

  (а)    (б)  
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интензитета сигнала и односа сигнал-шум. У складу са референцама [338] и [340], ово може се 
искористити за разликовање карактеристика узорка или процеса. 

 

(а) (б) 

 
Слика 3.14. Зависност двофотонски побуђене флуоресценције узорка од поларизације побудног 
ласерског зрачења; а) хоризонтална поларизација; б) вертикална поларизација побудне ласерске 

радијације. На сликама је приказан врх антене Plusiocampa christiani инсекта. 

У овом истраживању, за осликавање хитинских структура био је довољан мали део 

доступне снаге побудног ласера. Ако се повећа снага ласерске радијације (изнад 20 – 30 mW на 

површини узорка) долази до ласерског оштећења (термални ефекати отпаравања, топљење, 

промена хемијске структуре - карбонизација) појединих делова кутикуле и откривања 

унутрашњих делова тела инсекта. Оваj вид ласерске хирургије ткива треба радити веома 

пажљиво, у смислу постепеног повећања интензитета снаге ласерске радијације, да би се 

локализовало ласерски индуковано оштећење. Ово ће бити предмет будућих истраживања. 

У току истраживања, уочено је неколико експерименталних проблема којима је потребно 

веома пажљиво приступити када се снимају хитинске структуре инсеката. Узорци треба да буду 

фиксирани за микроскопско постоље материјалом који не флуоресцира. Откривено је да је 

глицерин погоднији од Канада балзама, који показује висок ниво ауто - флуоресценције. 

Инсекти попут P. christiani су пре снимања потопљени у уље, да би се ткиво конзервирало. Није 

детектована значајна ауто-флуоресценција уља нити промена флуоресцентних особина узорка 

после третмана (потапања у уље). 

У овом истраживању су коришћени само мртви инсекти, али може се без проблема радити 

и са живим узорцима. То је експериментално потврђено. Уколико се адекватно контролише 

снага побудне ласерске радијације откривено је да она није опасна, чак и за веома осетљива 

ткива као што су инсектове очи - посматране су и осликане in vivo оматидије (основне јединице 

композитног ока инсеката) неколико инсеката без штетних ефеката ласерског зрачења. Ово је 

такође предмет будућих истраживања. 

Током експеримената, истраживане су и друге врсте инсеката: Apatura ilia(Denis & 

Schiffermüller, 1775), A. iris(Linnaeus, 1758), Pieris rapae(Linnaeus, 1758)... Потврђено је да сви 

испитивани инсекти флуоресцирају приликом озрачивања ласерском радијацијом. Интензитет 
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сигнала је варирао, у зависности од дела тела инсекта и од врсте инсекта. Резултати потврђују 

погодност и ефикасност нелинеарне ласерске микроскопије хитина за примене у ентомологији, 

узимајући у обзир дубину продирања ласерске радијације, контролисано фото-избељивање 

узорка и одсуство потребе за бојењем узорка флуоресцентним бојама (нпр. calcofluor white, 

родамин Б, родамин 6Г, флуоресцеин...). 
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науке и технолошког развоја под називом: „Генерисање и карактеризација нанофотонских 
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Прилог 1. 
 

Изјава о ауторству 

 
 
 

Име и презиме аутора Владимир Лазовић  
 

Број индекса 8015 / 2019  
 
 

Изјављујем 
 

да је докторска дисертација под насловом 
 

Оптичке и флуоресцентне особине хитина и хитинских микроструктура биолошког порекла 
 

 

 

 
 резултат сопственог истраживачког рада; 

 да дисертација у целини ни у деловима није била предложена за стицање друге дипломе према 
студијским програмима других високошколских установа; 

 да су резултати коректно наведени и 

 да нисам кршио/ла ауторска права и користио/ла интелектуалну својину других лица. 

 

 
Потпис аутора 

 

У Београду, 25. 4. 2022. 
 
 



136  

Прилог 2. 
 

Изјава o истоветности штампане и електронске верзије 
докторског рада 

 
 
 

Име и презиме аутора Владимир Лазовић 

Број индекса 8015 / 2019 

Студијски програм Фотоника и ласери 
 

Наслов рада Оптичке и флуоресцентне особине хитина и хитинских микроструктура биолошког порекла 

Ментор Дејан Пантелић 

 
 
 
 

 
Изјављујем да је штампана верзија мог докторског рада истоветна електронској верзији коју сам 
предао/ла ради похрањена у Дигиталном репозиторијуму Универзитета у Београду. 

 

Дозвољавам да се објаве моји лични подаци везани за добијање академског назива доктора наука, као 
што су име и презиме, година и место рођења и датум одбране рада. 

 

Ови лични подаци могу се објавити на мрежним страницама дигиталне библиотеке, у електронском 
каталогу и у публикацијама Универзитета у Београду. 

 

 
Потпис аутора 

 

У Београду, 25. 4. 2022. 
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Прилог 3.  
Изјава о коришћењу 

 

 

Овлашћујем Универзитетску библиотеку „Светозар Марковић“ да у Дигитални репозиторијум 

Универзитета у Београду унесе моју докторску дисертацију под насловом: 

Оптичке и флуоресцентне особине хитина и хитинских микроструктура биолошког порекла 
 

 

која је моје ауторско дело. 

Дисертацију са свим прилозима предао/ла сам у електронском формату погодном за трајно архивирање. 
 

Моју докторску дисертацију похрањену у Дигиталном репозиторијуму Универзитета у Београду и 
доступну у отвореном приступу могу да користе сви који поштују одредбе садржане у одабраном типу 
лиценце Креативне заједнице (Creative Commons) за коју сам се одлучио/ла. 

 

1. Ауторство (CC BY) 

2. Ауторство – некомерцијално (CC BY-NC) 
 

3. Ауторство – некомерцијално – без прерада (CC BY-NC-ND) 

4. Ауторство – некомерцијално – делити под истим условима (CC BY-NC-SA) 
 

5. Ауторство – без прерада (CC BY-ND) 
 

6. Ауторство – делити под истим условима (CC BY-SA) 
 

(Молимо да заокружите само једну од шест понуђених лиценци. 
Кратак опис лиценци је саставни део ове изјаве). 

 
 

Потпис аутора 
 

У Београду, 25. 4. 2022. 
 
 

 
 
 

 
1. Ауторство. Дозвољавате умножавање, дистрибуцију и јавно саопштавање дела, и прераде, ако се 
наведе име аутора на начин одређен од стране аутора или даваоца лиценце, чак и у комерцијалне 
сврхе. Ово је најслободнија од свих лиценци. 

 

2. Ауторство – некомерцијално. Дозвољавате умножавање, дистрибуцију и јавно саопштавање дела, и 
прераде, ако се наведе име аутора на начин одређен од стране аутора или даваоца лиценце. Ова 
лиценца не дозвољава комерцијалну употребу дела. 
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3. Ауторство – некомерцијално – без прерада. Дозвољавате умножавање, дистрибуцију и јавно 
саопштавање дела, без промена, преобликовања или употребе дела у свом делу, ако се наведе име 
аутора на начин одређен од стране аутора или даваоца лиценце. Ова лиценца не дозвољава 
комерцијалну употребу дела. У односу на све остале лиценце, овом лиценцом се ограничава највећи 
обим права коришћења дела. 

 

4. Ауторство – некомерцијално – делити под истим условима. Дозвољавате умножавање, дистрибуцију 
и јавно саопштавање дела, и прераде, ако се наведе име аутора на начин одређен од стране аутора или 
даваоца лиценце и ако се прерада дистрибуира под истом или сличном лиценцом. Ова лиценца не 
дозвољава комерцијалну употребу дела и прерада. 

 

5. Ауторство – без прерада. Дозвољавате умножавање, дистрибуцију и јавно саопштавање дела, без 
промена, преобликовања или употребе дела у свом делу, ако се наведе име аутора на начин одређен од 
стране аутора или даваоца лиценце. Ова лиценца дозвољава комерцијалну употребу дела. 

6. Ауторство – делити под истим условима. Дозвољавате умножавање, дистрибуцију и јавно 

саопштавање дела, и прераде, ако се наведе име аутора на начин одређен од стране аутора 
или даваоца лиценце и ако се прерада дистрибуира под истом или сличном лиценцом. Ова 
лиценца дозвољава комерцијалну употребу дела и прерада. Слична је софтверским 
лиценцама, односно лиценцама отвореног кода.  




