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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 (Ep = 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™!, around 265 cm™! and around 345 cm™. 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
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345 cm™! 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 [I-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
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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 (1s,-1s.) 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 (E;=3.66eV, &=8.1, Meer=0.28 and
Mpere = 0.49) [15,16], QD transition energy E(1s,-1s.) 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 x 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
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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 x 20 mA, using Ni filtered Co Ko radiation of
0.1778897 nm at room temperature. Measurements were carried
out in the 20 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
100-500cm™~! 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 (2.41eV) 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 ™.

The Raman spectra of ZnS powders obtained after various
milling times, in the spectral range from 100 cm™! to 500 cm ™',
are presented in Fig. 4. Experimental Raman scattering spectra
are analyzed by the deconvolution to Lorentzian curves [24].

SEM HV: 29.0kV.
View field: 0.554 ym __Det: SE + InBeam 100 nm

WD: 3.07 mm

Fig. 1. SEM images of ZnS nanoparticles obtained after milling time of 5 min (a), 10 min (b) and 20 min (c).



J. Traji¢ et al./Journal of Alloys and Compounds 637 (2015) 401-406 403

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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Intensity [arb. un.]
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d=2.3 nm

ZnS, 20 min.
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Fig. 3. XRD spectra of ZnS powders obtained after various milling times.

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 130-180cm™!, wide structure
centered at ~265cm~! and wide structure centered at
~345cm™!, 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~! 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™!, 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 A. The cubic unit cell contains four formula units. The space

group of the cubic unit cell is F43m(T3). 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 I'), both acoustic and
optical modes are triply degenerate, and have symmetry species
I'1s(F>). 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

Intensity (arb. units)

100 200 300 400 500
Raman shift (cm™)

Fig. 4. Raman spectra of ZnS powders obtained after various milling times - 5 min:
d=1.9nm, 10 min: d =2.3 nm and 20 min: d = 2.4 nm.
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neutron scattering [25] studies: w~350cm~! and

w10 ~275 cm™ . 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 E; = 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 (I') or from the BZ boundary points
of face centered cubic lattice as: point X(Dq), point L(Csy), point
W(S,4), or critical directions as: direction X(I" toward K) [110].
Double degeneration of transversal modes in I" point results in
two traversal branches (both optical and acoustical) in direction
2. Upper branch is often assigned by index u and the lower branch
by index I. 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™! (wro) to 350 cm™!
(w10).

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, wro: the TO bulk frequency, the transverse charge, the unit
cell volume, and Br and f; 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 Df
(even) and D} (odd upon inversion). The mixed modes belong to
Do®, D1%, D58, .. .. The dipole operator responsible for FIR absorption
belongs to D" while Raman transition operator for allowed

scattering belongs to Dy® and D,® [31]. Frequencies of the spherical
(I=0) and spheroidal quadropolar modes (I =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 (I=0 and [=2, n=1, 2, 3, ...)
and FIR-active (I=1,n=1, 2, 3, ...) modes, | and n being the spheri-
cal quantum numbers.

The most important contribution to one-phonon Raman scatter-
ing corresponds to =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:

2 2
o} = ofy - 47 (1) 1)

wio is the LO bulk frequency (wio=350cm™! in ZnS), d is the
diameter of the sphere, u, is the n-th node of the Bessel spherical
function j; ((1 < p2 < ps <...). Frequency shift (difference between
o, and wp) for fixed d depends on . . =2.610>m/s for bulk
7ZnS. w, increases as the dimension of the dot (d) increases, and in
the limit: d - oo frequencies w, converge to wo. Fig. 5 presents
dependence of optical vibration modes frequencies (I=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 w(n=1). Exact positions, from the deconvolution of
experimental spectra, of mode at ~345 cm™! 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

350

300

d [nm]

Fig. 5. The radial dependence of | = 0 optical modes for ZnS spherical QD.
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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™' 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 ! (centered at 310 cm™!) 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 w,=330cm™! (n=2) and w;=340cm™! (n=3). Predicted
Raman intensity of these modes is much smaller than intensity
at ~345cm~! (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 ~304cm ™! and ~312cm ! are assigned as [LA + TA/]w
and [LA + TA,]w.x> [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 (&matrix = 1)
frequencies of I=1 and I =2 surface phonons are ~330 cm™! and
~334 cm ™. 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 ™. Calculated surface mode frequency (I=1, &mawix = 2.4
in their case) is 316 cm™!, 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™'.

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

Spectral structure centered at ~265 cm™ ! is of the same order of
intensity as the mode at ~345 cm™~!. Frequencies of bulk second
order ZnS Raman peaks established by calculations at
~244 cm™!, ~256 cm™! and ~257 cm™! are assigned as [2TA.]s,
[LA + TA;Jw and [LO — TA,]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~! comparable in
intensity to the structure centered at ~350 cm ™. For ZnS nanopar-
ticles of d=2.2 nm structure centered at ~256 cm™~! dominates
over the structure centered at ~350 cm ™! [35].

There is additional weak spectral feature at ~220 cm™!, 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™! is assigned as [TO — TA]X [26]. The weak
but wide feature at about 218 cm~! 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™!. 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™'. Frequencies of second
order ZnS Raman peaks calculated at ~137cm™!, ~143cm™’,

~167cm™' and ~180cm™! are assigned as: 2TA;, [TO, — LA]s,
[LO — LA]s 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 ~175cm™! is more prominent than in
the other samples, Fig. 4. Raman activity in low frequency region,
below 200 cm™', 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™! 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 ™!
(wr10) to 350 cm™! (wyp). Despite the fact that this model treats an
ideal case, measured frequency of mode at ~345 cm™' is in a very
good agreement to predicted values. This mode, few cm~! below
bulk @y, is identified as a confined LO (I = 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~' and ~265 cm™!, 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 130-180cm™' and ~265cm™' 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
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to the polarization direction due to the phase difference increase between the incoming and induced
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1. Introduction

One of the inherent phenomena related to the irradiation of
solid surfaces by ultrashort-pulse laser is the emergence of periodic
grating structures on the surface (laser induced periodic surface
structures, LIPSS). Being the topic of research for a long time, the
phenomenon has been approached from the points of view of mate-
rial types, modes of operations, beam parameters, and possible
applications [1-12]. LIPSS formation has interest both form the
fundamental point on view and also considering the change in
properties of the nanostructured surfaces.

Two types of LIPSS are reported, low spatial frequency LIPSS
(LSFL) and high spatial frequency LIPSS (HSFL) [13]. Named after
their size (magnitude of spatial frequency), their orientation in
respect to the polarization direction is not yet fully understood.
While for LSFL it is dependent on the dielectric permittivity - it
seems that LSFL orientation is perpendicular to polarization for
metals and semiconductors and parallel for dielectrics (|&'|<1)
and sometimes perpendicular - for HSFL is not well explained
[2,14-16].

The most probable causes of the LIPSS emergence are the surface
plasmon polaritons (SPP) generated on the material surface in the
irradiation area (leading to spatial periodic distribution of energy

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

http://dx.doi.org/10.1016/j.apsusc.2017.03.141
0169-4332/© 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
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objective (40x/0.65) on the specimen. The wavelength of the beam
was monitored with the fiber coupled spectrometer (Ocean Optics
HR2000CG-UV-NIR). Irradiated samples were Ni/Pd bilayers, with
five layers of each metal, deposited on the silicon (100) wafer.
The depositions were performed by the Balzers Sputron Il appara-
tus using 1.3 keV argon ions and with 99.9% of Ni and Pd targets
purity. Each layer (Ni or Pd) was of ~13 nm thickness reaching
the total thickness of bilayer group of ~130 nm. The irradiations
of the top (Ni) layer of the Ni/Pd bilayer system were performed in
air with focused femtosecond laser beam under normal incidence.
The laser beam properties were: wavelength 760-880 nm, pulse
duration ~100fs, repetition rate 76 MHz, power of 175-195 mW,
linear polarization in the horizontal plane, Gaussian-like profile,
spot diameter ~200-1000 nm. Femtosecond laser interactions have
been performed in two modes, with laser beam being static or scan-
ning. The results of the interactions have been analyzed by scanning
electron microscopy (SEM) - the TESCAN MIRA3 system.

3. Results and discussion

In order to examine the response of the material to irradiations
in both static and dynamic modes, the beam was moved from point
to point over the surface of the sample by computer-controlled pair
of galvo-scanning mirrors. When irradiating the samples, two time
intervals have been used as experimental parameters: the “dwell
time”, or the time the beam is at the same point, and the “flight
time” or the time for travelling between two points. The pattern
drawn by the scan of the beam is a matrix, consisted of 80 points
in the 8 by 10 scheme (Fig. 1).

The beam was positioned in the center of the area - central hole
inFig. 1, where it dwelled for predefined dwell time. It then scanned
during flight time to the top left point (top left hole) and waited
for dwell time. Point by point, the beam scanned and dwelled, thus
engraving the pattern in the predefined area. The distance between
two points was 7.5 pm in the direction parallel to the polarization
direction and 8.5 wm in the direction perpendicular to the polar-
ization direction.

The sample has been irradiated with femtosecond beams of
single-pulse fluences below 146 mJ/cm? which is single-pulse
ablation threshold for 5x(Ni/Pd)/Si multilayer system [20]. For
single-pulse fluences below the ablation threshold and shorter
expositions, the LIPSS are typically formed. For longer expositions,
the accumulation of pulses would lead to melting in some materials,
but in some materials the LIPSS would remain stable.
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Fig. 1. Upper left part of the pattern (double arrow indicates polarization direction);
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 pum (direction
parallel to polarization) and of 8.3 wm (direction perpendicular
to polarization). The laser beam parameters were: wavelength
880 nm, power 175 mW, single pulse fluence ~142 mJ/cm?, dwell
time 10 ms, flight time 10 ms. Scanning rate was 830 wm/s (direc-
tion parallel to polarization), 700 wm/s (direction perpendicular
to polarization) and 4015 pm/s (direction oblique to polarization,
~38°). Static irradiation led to hole drilling, while scanning modi-
fied the material surface.

MIRA3 TESCAN| MIRA3 TESCAN|

SEM HV: 7.0 kV WD: 2.00 mm
View fleld: 11.0pym  Det: SE + InBeam 2 pm
SEM MAG: 50.5 kx _ Date(midly): 05/27/15

Performance in nanospace Performance in nanospace

Fig. 2. SEM micrographs of irradiated areas (wavelength 880 nm, power 175 mW, dwell time 10 ms, flight time 10 ms, double arrow shows polarization direction): a) scanning
perpendicular to polarization direction; b) scanning parallel to polarization direction; c) scanning oblique to polarization direction.
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View field: 219 ym  Det: SE + InBeam 500 nm
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Fig. 3. SEM micrographs (higher magnification) of irradiated areas presented in Fig. 2 (wavelength 880 nm, power 175 mW, dwell time 10 ms, flight time 10 ms, double arrow
shows polarization direction): a) corresponding to Fig. 2a; b) corresponding to Fig. 2b; c) corresponding to Fig. 2c.

During dwell time of 10 ms the spot area was irradiated with
760,000 pulses (static). For scanning rate of 830 wm/s, the same
area was irradiated with ~92,700 pulses, which is ~8 times
less accumulated energy. For scanning rates of 700 wm/s and
4015 pm/s, the number of pulses was 110,000 and 19,200, respec-
tively.

The image analysis (Gwyddeon program) from the figures shows
that the LIPSS height is 15-35 nm (Fig. 2a), 4-12 nm (Fig. 2b) and
10-15nm (Fig. 2c) above the average level measured at the unmod-
ified area, while the LIPSS depth is 5-10nm (Fig. 2a), 2-4nm
(Fig. 2b), and 5-9 nm (Fig. 2¢) below it.

Optical penetration depth for Ni depends on the irradiation
wavelength and is ~18 nm [21,22]. Thermal penetration depth,
while being high for high fluences, for low-fluence regime is close to
the optical penetration depth [23]. Due to the exponential decrease
of the intensity, it is most likely that only the first (top) layer (Ni)
is affected in LIPSS formation.

In Fig. 2 is presented that static irradiation not only enabled
drilling, but also melting and the molten material dispersion around
the crater as well. The HSFL are more prominent for scan direc-

e

SEM HV: 20.0 kV WD: 3.43 mm
View field: 3.98 ym Det: SE +InBeam 1pm
SEM MAG: 139 kx  Date(m/dly): 07/08/16

MIRA3 TESCAN

Performance in nanospace

SEM HV: 20.0 kV
View field: 10.2 ym
SEM MAG: 54.1 kx Date(m/dly): 07/08/16

b)

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.
2aand 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 m]J/cm? 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 wm of distance between two consecutive
points. The single pulse fluence of 175 mJ/cm? and 36500 pulses,
delivered to the area equivalent to the spot area in static irradia-

WD: 3.44 mm MIRA3 TESCAN|
Det: SE +InBeam 2 pym

Performance in nanospace

Fig. 4. SEM micrographs of the HSFL generated by: a) scanning oblique to polarization, wavelength 800 nm, power 188 mW, dwell time 500 ms, flight time 5ms and b)
scanning oblique and parallel to polarization, wavelength 760 nm, power 180 mW, dwell time 40 ms, flight time 2 ms.
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Fig. 5. SEM micrograph of hole drilled by the beam of parameters: wavelength 880 nm, power 175 mW, fluence 135 mJ/cm?, dwell time 20 ms, flight time 20 ms; a) crater

and surroundings, b) magnified central area of the crater.

tion, generated the HSFL of spatial frequency of ~170 nm during
oblique scanning.

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

Higher magnification (Fig. 5b) of the hole shows that the newly
formed smaller nanoparticles (diameter <40 nm) have even smaller
nanoparticles (diameter<10nm) on their surface. For lesser sin-
gle pulse fluences (16.3 mJ/cm?, Fig. 6), the effects of modifications
were strongly suppressed. Only during static irradiation the mate-
rial showed the emergence of the surface modification in the
irradiation area. The original grain structure of ~200 nm (smooth
grains) changed. At the surface of each grain, smaller grains of less
than 40 nm, appeared (Fig. 6b and c).

The scanning direction parallel to the polarization direction
causes the HSFL to be of higher spatial density (~135 nm, though
not so pronounced) compared to oblique (~180 nm), and especially
to perpendicular direction (~300 nm spatial period), Figs. 2a-c and
3a-c. The cause might be linked to the causes of the HSFL direc-
tion. When the beam scans in various directions over the periodic
distribution of energy at the material, the phase difference of the

SEM HV: 20.0 kV. WD: 3.43mm

Det: SE + InBeam 2 um

MIRA3 TESCAN| SEM HV: 20.0 kV. WD: 3.43 mm

View field: 13.4 ym
SEM MAG: 41.4 kx _ Date(midly): 07/08/16

a) b)

Fig. 6. SEM micrograph of areas irradiated by the beam of parameters: wavelength 800 nm, power 195 mW, dwell time 250 ms, flight time 5 ms.

View field: 2.72 ym
SEM MAG: 203 kx _ Date(midly): 07/08/16

Performance in nanospace

Det: SE + InBeam 500 nm

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-

MIRA3 TESCAN| SEM HV: 200 kV. WD: 3.43 mm MIRA3 TESCAN|

View field: 0.574ym  Det: SE +InBeam 100 nm
SEM MAG: 964 kx _ Date(m/dly): 07/08/16

<)
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ing. In this case, possibly the processes of non-thermal melting
took place. The presence and the characteristics of the underneath
layer play an important role in the formation of parallel structures.
The evolution of the surface morphology upon the irradiation of
a femtosecond laser beam into a LSFL via HSFL and the difference
between LIPSS formation on the single layer and on the multi-layer
surfaces is explained in [32].

Ni and Pd have similar thermo-physical properties suggesting
that the heat would smoothly transfer from one layer to the other.
However, slightly lower thermal conductivity of the underneath
layer would support the propagation of heat along the interface
(laterally) [20]. The differences in electron-phonon coupling lead
to different evolution of the reflectivity and absorption coefficients
during the irradiation [33]. While quickly transferring the energy to
the electrons of the inner layer, excited electrons of the upper layer
couple less effectively with the lattice inducing the increase of the
lattice temperature of the interface and lateral propagation of heat.
A delay in response between the layers is induced with the reflec-
tion of light at the internal interface. The interplay between heat
localization and transferring the heat away from the interaction
zone forms the lattice temperature.

4. Conclusion

We have irradiated the multilayer Ni/Pd thin films by the low-
fluence femtosecond laser beam. The beam induced the SPP on the
surface, which most probably generated the sub-wavelength peri-
odic structures on the surface, the HSFL. The scanning direction in
respect to the polarization direction influences the spatial period
of the HSFL: the period increases for the phase difference increase
between the incoming and induced oscillations; this increases
as the scanning direction approaches the perpendicular direction
towards the polarization. The HSFL structures are most probably
caused by the SPP, where the mechanisms of dry dewetting and
non-thermal melting took place.
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Bismuth germanium oxide BijGeO,o (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.

Optical properties
Optical spectroscopy

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As a member of sillenite single crystals, Bismuth germanium
oxide, Bi;2GeOyg (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
GeOg4 tetrahedron is foundation for many interesting properties
such as photoconductivity, magneto-optical effect, electro-optical
effect, piezoelectricity, electrogyratory effect and photorefractivity
[1-3]. These properties are applicative in the fields of optical sen-
sors, optical memories, holography, etc. [4—8]. 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 [9—11].

Using BGO powder as reinforcement for creating composite

* Corresponding author. Tel.: + 381 11 3218585.
E-mail address: brajovic@grf.bg.ac.rs (L.M. Brajovic).

http://dx.doi.org/10.1016/j.jallcom.2016.10.140
0925-8388/© 2016 Elsevier B.V. All rights reserved.

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
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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 Bi;,GeO»o-PMMA and
Bi12GeO2o-PS composite systems has not been previously reported
in the literature.

2. Experimental
2.1. Materials

Bi12GeOyp 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 Bi;03 (99.999 wt%) and GeO; (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 (Mw = 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 um 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 (15 min) and magnetic stirring for 24 h.
The mixture was then poured into 50 mm diameter 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 (15 min) and magnetic 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 0.02—2000 pm. 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 (TESCAN MIRA

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 CuK, radiation and
Bragg-Brentano focusing geometry. The patterns were taken in the
10°< 26 < 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™, 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 UV—VIS spectrometer
(300—1100 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 distribution was
relatively narrow (span = 2.243) where 10% of particles, d (0.1),
have diameter smaller than 0.125 um, 50% of particles possess
diameter of d (0.5) = 0.240 pm, while 90% of particles, d (0.9), are
smaller than 0.670 pm.

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 pm.

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.l, the particle and aggregate sizes are up to 4 um 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 pm.

Additional SEM micrographs 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 pm 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 26 = 15°, 30.2° and 42.2° as reported
in the literature [ 14]. The specific broad diffraction peaks of pure PS
around 26 = 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 nol and no3, but some peaks
(20 = 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, 965—999 (broad peak), 1180, 1237, 1450 cm™' 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~ !, belong to pure PS, as it is described in Refs. [18—20].

The frequencies of the peaks observed in Raman spectra of the
yellow Bi;pGeOyo single crystals and the symmetry types of

100

d(0.5)= 0.242 um

d(0.9)= 0.666 um - 60

Number (%)

L 40

Cumulative frequency (%)

20

0.01 0.1 1 10 100 1000
Particle size (nm)

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™~! both of symmetry A which
shows “breathing” of Bi and O1 and 02 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 ™, of symmetry E, which shows Bi and
01, 02, 03 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 x 4 mm x 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.l1 and no.2
reassemble to pure PMMA measured spectra. Although the samples
no.1 and no.2 have the same initial BGO mass fraction 1 wt% 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



844

S . > S
MIRAS TESCAN  SEM HV: 41 KV
View field: 494 ym  Det: SE-+ BSE
SEM MAG: 11.3 kx  Date(m/dly): 03/21/14

WD: 695 mm
Det: SE + BSE
Date(midly): 0321/14

SEMHV: 41 KV
View field: 89.7 ym

SEM MAG: 617 kx Performance in nanospace

SEMHV: 41 KV wo:285mm |
View field: 136 ym  Det: SE +InBeam 21
'SEM MAG: 4.08 kx _ Date(midiy): 12/10/13

MIRA3 TESCAN  SEM HV: 4.1 KV.
View fleld: 22,0 m
'SEM MAG: 251 kx _ Date(midly): 12/10/13

WD: 2.86 mm

Performance in nanospace

“woisssmm |

Det: SE + InBeam 5 pm

L.M. Brajovic et al. / Journal of Alloys and Compounds 695 (2017) 841—849

o

irmhvmin|

-
MIRA3 TESCAN|  SEM HV: 4.1 KV. WD: 5.94mm

View fleld: 139m  Det: SE + BSE

'SEM MAG: 40.0 kx _ Date(midly): 03/21/14

MIRA3 TESCAN|

Performance In nanospace

MIRA3 TESCAN|  SEM HV: 4.1 KV. MIRA3 TESCAN|
View field: 660 ym  Det: SE +InBeam 2 pm
'SEM MAG: 83.9 kx _ Date(midly): 12/10/13

WD: 2.86 mm

Performance In nanospace Performance in nanospace
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Fig. 4. SEM micrographs of the sample no.3 with different magnifications.

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 ny, for some electromagnetic
radiation of wavelength g in vacuum the scattering cross section
depends on: size parameter which compare dimension of a particle
and medium wavelength, given as y = 2-7-R-npy/Ao, for spherical
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Fig. 7. Raman spectra of BGO single crystal and composite samples.

particle, and from the ratio of indices of refraction of particle and
medium given as m = 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 ppyva = 1.18 g/cm?, mass density of PS
pps = 1.0 g/cm® and mass density of BGO ppco = 9.23 g/cm>. Based
on those data the total volume fraction fy of BGO in composite
samples is calculated based on equation (1):

Ppol'fW
(1 —=fw)-peco + Ppor-fw

fv= (1)

In the equation (1) ppel denotes mass density of used polymer
(ppmma or ppsy and fiy denotes mass fraction of BGO powder in the

Table 1
Statistics parameters of PSD in composite samples based on SEM analysis.
Sample N min d, pm max d, pm mean d, pm st. dev., pm d (0.5), pm d (0.9), pm
no.1 484 0.044 9.34 0.802 0.897 0.532 1.65
no.2 483 0.082 3.61 0.389 0.280 0.325 0.659
no.3 425 0.071 7.93 0.960 0.796 0.639 2.25
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Table 2
Raman frequencies observed in single crystal BGO [13] and samples.

1

BGO single crystal wave number, cm™ Symmetry type  Sample no.1 wave number, cm~'  Sample no.2 wave number, cm~!  Sample no.3 wave number, cm™~!
168 A 166—170

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 + 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.

R 100
3 80 e TSSO
s / -
£ 60 i
E 40 1 /.7 —— single crystal BGO a)
% - — -pure PS
= 204 —-—-pure PMMA
0
T T L T 4 T 3 1
200 400 600 800 1000 1200
——sample no. 1 Wavelenght, nm
52 18- - - sample no. 2
< —-— sample no. 3
o
c 10
S e "
= g
£ 5. A~ =T
@ s SRy
c et e
o ——
- -
= o T s
T T L5 T ! T 2 1
200 400 600 800 1000 1200

Wavelenght, nm

Fig. 8. Transmission spectra of: a) single crystal BGO, pure PMMA and pure PS, b)
composite samples.

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 ajy were calculated for spherical
particles of diameter dj, where d; was taken in the range 100 nm -
0.8 um at 20 nm steps and in the range 0.8 pum—10 pm at 0.1 pm
steps for each of those three wavelengths.

Assumed that the number of particles with diameter d; is N;j, the

3
total volume of those particles was calculated as N;V; = Nmr%.
Using total volume fraction of BGO in the sample from equation (1)
the number concentration n; of particles having diameter dj is:

N
S NV @

where K is the number of different diameters of particles used in

calculations. The scattering coefficient of the polymer composite
sample at one wavelength vs is than obtained as:

K
Ys =D NiTim 3)
i1

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 Iy 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:%:e’VS‘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 same width and for
the same wavelength. 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 polymer matrix 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 ”ideal”
case, i.e. the case that particle size distribution in the polymer
composite is the same as in the powder, the values for N; and d;,
were taken from the paragraph 3.1. The transmissions were calcu-
lated for L = 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 d; of the particle. The results are pre-
sented in Table 3. The obtained values for samples no.1 and no.3
differ significantly from measured 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
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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 pm
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 better measured 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. So with not known number concentrations
of particles, as a main 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 [25—28]. 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 c¢; equals the half of their measured longest
dimension dj and their perpendicular axis g; is in average twice

Table 3

shorter than ¢ i.e. di = 2¢; = 4a;. In this case the spheroid particle

volume can be calculated as Visgp = %"2. In literature [28] the scat-
tering efficiency Qsgp 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 y = cj/a; of the spheroid. For the par-
ticles in sample no.3 this factor was taken as y = 2. The size pa-
rameters for wavelengths %9 = 500, 600 and 700 nm were

calculated as y; = 2”%’:0‘0)% where nps (Ag) was index of refraction

of PS for the wavelength Ag. From the PSD based on SEM analysis for
the sample no.3 values of y; were mostly bigger than 3 except for
the particles that have dj smaller than 0.4 pm. The relation of
scattering efficiencies for the spheroid and the sphere versus ¥;
taken from the literature (graph in Fig. 12b from Ref. [28]) was fitted
with the curve

Qo = G2 — -5 (5)
for 0.1<y; < 4, where A = 159903, and B = 0.32823. For y; > 4,
based on the same literature [28], Q¢ = 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 ojsgp was calculated as

isrp = 2 Qrel* Tim (6)

The equations from (2)—(4) were applied for spheroids in a way
that Visgp is used instead of V; and gjsgp instead of gjy 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 def, and so the concentration of particles with

the volume fraction fy became ng; = de3 . Scattering coefficient of
o

6
such material is yseff — Nef-Tierr and using previously calculated

scattering cross sections ogjy for different diameters as oiefr, the
dependence vysefr versus degr could be calculated based on (3) for
each wavelength. Comparing those values with obtained vys from
measured transmission using equation (4), deff for each sample

Measured and calculated optical transmission of the composite samples for three wavelengths.

Sample Method of obtaining results Transmission T,%
Wavelength A, nm
500 600 700
no.1 Measured 11.63 12.03 12.56
Calculated (Mie-spheres) Based on powder PSD 16.91 16.86 17.42
Based on PSD from SEM 42.6 42.5 421
no.2 Measured 2.3 2.6 3.0
Calculated (Mie-spheres) Based on powder PSD 16.9 16.9 174
Based on PSD from SEM 4.46 39 3.96
no.3 Measured 33 4.6 6.2
Calculated (Mie-spheres) Based on powder PSD 16.8 184 19.1
Based on PSD from SEM 319 34.7 373

Based on PSD from SEM and 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 de¢ for sample
no.1 is 1.41 + 0.11 pm, for sample no.2 the corresponding value is
0.87 + 0.11 um and for sample no.3 is 0.79 + 0.05 um. The value of
defr for sample no.2 is similar to its d (0.9) value from Table 1. In case
of sample no.3 obtained def 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 with milled 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 also more round
than in PS. Two methods of dispersion and deaggregation of BGO
powder were used in this study (filtration and sonication) and next
research will 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 samples was 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.
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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,
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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.

1. Introduction

Dye coated metallic nanoparticles (NPs) exhibit interesting opti-
cal properties provided by the interaction between the metal core
and dye shell. Depending on the interaction mechanism between
the two, the optical properties of dye molecules and NPs can be
changed separately or jointly within the adsorbate-NP complex [1].
For example, the NP surface plasmon frequency can be changed
by the presence of adsorbate while the dye fluorescence can be
quenched or enhanced by the NP [2,3]. Ultimately, under special
conditions, these complexes can exhibit unique characteristics dif-
ferent than those of either isolated dye molecules or NPs. Owing to
the variety of mechanisms by which dyes can interact with met-
alic NPs, dye-NP complexes can lead to applications ranging from
nanoscale sensing [4] to advanced composite materials for novel
active and nonlinear optical devices [5].

Many of the recent studies have been focused on dyes which
are able to self-assemble in highly oriented structures called J-
aggregates on the surface of the NPs [6-14]. J-aggregates have a

* Corresponding author.
E-mail address: isicg@ipb.ac.rs (G. Isi¢).

https://doi.org/10.1016/j.apsusc.2017.10.148
0169-4332/© 2017 Elsevier B.V. All rights reserved.

strong and narrow excitonic absorption band that is red-shifted
withrespect 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-
graphicindustry [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]
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show that the capping anions can influence the mechanism of the
adsorption process and therefore its efficiency.

The influence of capping anions on the adsorption process can
be studied on a nanoscopic level by exploiting very strong localized
plasmonic fields at the NP surface and employing surface-enhanced
Raman scattering (SERS) [27,28]. SERS has already been used for
identification of TC J-aggregates and for studying their dynamics
on the surface NP clusters in solutions [29-36].

In view of the significance of the dye-to-NP adsorption mech-
anism, here the mechanism of TC dye adsorption on the surface
of AgNP clusters with citrate anion stabilization is investigated. In
order to probe the presence of TC dye molecules on the nanoscale
(i.e. onindividual AgNP clusters), Ag colloids are mixed with TC dye
solutions, and subsequently drop-cast onto freshly cleaved mica
or SiO, substrates and, after drying, investigated using colocalized
Raman microspectroscopy and atomic force microscopy (AFM). The
key mechanism used for the identification of a small amount of TC
dye molecules adsorbed on AgNP clusters is SERS [32]. The mea-
surements are complemented by rigorous numerical simulations of
plane wave scattering on AgNP clusters, showing that the electro-
magnetic enhancement of the Raman signal originates dominantly
from the nanogaps between adjacent AgNPs within the clusters.
The analysis of the SERS spectra acquired at the AgNP clusters on
mica substrate and the fact that the majority of the SERS signal
comes from the nanogaps indicate that the citrate anions impede
the efficient dye adsorption.

2. Materials and methods
2.1. Chemicals

Silver nitrate (AgNO3), potassium chloride (KCl), and sodium
borohydride (NaBH,) trisodium citrate (Na3CgH50- x 3H,0) of the
highest purity were purchased from Sigma Aldrich and used as
received.

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

2.2. Samples

Aqueous solutions of borate- and citrate-capped AgNPs
were synthesized by NaBH4 reduction of AgNOs3, as described
in Refs. [12,14]. For the synthesis of citrate-capped AgNPs,
Na3zCgH507 x 3H,0 was used as a stabilizing agent. The solution
of borate-capped AgNPs was prepared immediately before use as
the colloid is stable only up to a few hours. Oppositely, the solu-
tion of citrate-capped AgNPs is stable for a longer period of time,
measured in months, due to the protective citrate anion mantle.
The average diameter of both borate- and citrate-capped AgNPs is
around 10 nm (see Section S1 of the Supplementary information).
The nominal concentration of citrate-capped AgNPs in water solu-
tion is cag =16 nM (see Fig. S1 for the related absorption spectra).

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

The Ag colloid and the TC dye solution are mixed, and the
resulting mixture (see Fig. S1 in the Supplementary information
for the related absorption spectra) is drop-cast on a substrate.
The adsorption of TC molecules on the surface of borate-capped
AgNPs happens almost instantaneously [13,12], and the mixture
was therefore drop-cast on the substrate a few minutes after mix-

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 SiO, 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 SiO, 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 nmis used. The laser power was varied from 2 to
0.2 mW within the ~0.3 x 0.3 wm 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 SiO, 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 o,()), scattering og(A) and extinction gext(A)
cross sections are calculated as a function of wavelength A,
according to their well-known definition [39]. The electric-field
enhancement f{r, 1) is defined as the squared ratio of magnitudes of
the local electric field E(r, A) and the incoming electric field Eg(A),
with r denoting the coordinate at which the former is evaluated.
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Following Kerker et al. [40], the SERS enhancement factor is defined
as F(r, Ajpe, A) =f(x, Ainc )A(x, L) with A and A denoting the laser and
Stokes wavelength, respectively. Since the measured PL/Raman sig-
nal being reported in this paper originates from large (relative to
a cluster), diffraction limited, spots of 300 nm approximate diame-
ter, it cannot be directly related to the spatially-resolved field and
SERS enhancement factors. Instead, we consider their integrals over
the cluster surface S and the corresponding cluster-averaged SERS
factor (F(Ainc, A)) defined as

1
(F()‘ino k)) = § /F(l‘, )"il’lcv k)ds (1)
S

3. Results and discussion

3.1. Surface-enhanced Raman spectroscopy of pristine
citrate-capped AgNPs

Fig. 1(a) shows an AFM topograph of pristine AgNP clusters
on mica surface. The corresponding PL/Raman map is shown in
Fig. 1(b). The intensity of every pixel in the PL/Raman map is
obtained by dividing the sum of PL/Raman intensities across the
entire spectral range (100-2000cm~!) with the number of spec-
tral points. The color bar in panel (b) thus enumerates the average
photon count. Bright areas in Fig. 1(b) represent the regions of
enhanced signal, henceforth referred to as hotspots. These regions
coincide with AgNP clusters consisting of a large number of AgNPs
(with diameters in the 10-50 nm range), as seen by comparing the
PL/Raman map with the AFM topography image. In fact, we find
that the hotspots are dominantly formed within larger AgNP clus-
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ters, such as those in Fig. 1(a), regardless of the substrate which is
used (mica, SiO, 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 wW/wm?2. 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™!
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),
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Fig. 1. (a) AFM topograph of pristine AgNP clusters drop-cast onto a freshly-cleaved mica substrate. (b) Corresponding PL/Raman map. (c), (d) Typical SERS spectra acquired
within two hot spots in panel (b). The spectra were measured consecutively with a 40s time 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 wW/wm?. (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
component perpendicular to the AgNP surface (dashed, red) both taken over the entire cluster surface. (For interpretation of the references to color in this legend, the reader

is referred to the web version of the article.)

as a function of the incident wavelength. For the considered cluster,
the scattering cross-section is negligible with respect to the absorp-
tion cross-section and therefore oex; ~ 0,. The two peaks observed
at 365 and 435 nm, represent the single particle and cluster surface
plasmon, respectively. Below we find that the wavelength of the
former is virtually independent on the presence of other AgNPs,
while the cluster plasmon wavelength redshifts with increasing
cluster size. Upon the excitation of a cluster plasmon, the electric
field is resonantly enhanced over the entire cluster. Although the
distribution of resonant fields is highly dependent on the details of
AgNP arrangement [41], the highest enhancement is known [42,43]
to be invariably reached within the gaps between adjacent AgNPs,
which is corroborated by our numerical simulations of many ran-
dom AgNP arrangements.

The inset of Fig. 2(b) shows the spatial distribution of the elec-
tric field magnitude in the plane containing the NP centers, excited
at 532 nm which is far from the cluster plasmon at 435 nm. This
hints that the highest field enhancements are reached in NP gaps
for any wavelength and not just for resonances. Fig. 2(c) shows the
surface integral of the field enhancement evaluated over: (i) the
entire cluster surface, consisting of the surfaces of all AgNPs and
(ii) over the entire gap area, consisting of the sum of gap areas of
individual AgNPs, defined as parts of the NP surface located very
close to the adjacent AgNP, as indicated by the (red) shading in
Fig. 2(c) inset. According to this definition, the surface over which
the (ii) integral is evaluated is a small fraction of the (i) integral.
However, the spectra in Fig. 2(c) show that these integrals have
virtually the same value away from surface plasmon resonances.
The difference around the cluster plasmon wavelength is also not
significant, being of the order of 10%. This shows that regardless of
the cluster geometry, the majority of the SERS signal of any species
adsorbed 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-
ters is their orientation with respect to the AgNP surface, as

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, 1) 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(Ajnc, A)) 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(Ai,c, A)) 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(Ainc, A)) increases, meaning that the actual SERS signal enhance-
ment given by S x (F(Ajnc, A)) 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
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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
shows a histogram of the average Raman enhancement calculated at the emission wavelength 550 nm for all 150 cluster variants. In all calculations normal incidence at a
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to either increase or decrease the average Raman enhancement,
depending on the relative position of the incident wavelength and
the cluster (chain) plasmon.

In Fig. 3(b) we consider the role of the spacing d between adja-
cent AgNPs. For a cluster comprising 8 AgNPs decreasing d from
5nm down to 0.5 nm is seen to result in drastic changes of (F(Ajsc,
A)). The cluster plasmon is rapidly blueshifted and approaches the
single-particle plasmon as the AgNPs are moved further apart (see
also panel (c) of Fig. S3 in the Supplementary information). Simi-
lar conclusions have been previously reported for the AuNP linear
chains embedded in a dielectric medium [42,45]. Meanwhile, the
peak values of (F(Aj,c, A)) are seen to decrease very rapidly since
the gap field enhancement becomes less effective with increasing
d. For example, the lowest considered minimal distance of 0.5 nm
yields SERS enhancements as high as 104 in the 532-600 nm range.

Lastly, by evaluating the average Raman enhancement at
the excitation and Stokes wavelengths of 532nm and 550 nm,
respectively, for a 150 randomly generated 8 AgNP clusters, we
evaluate how the cluster morphology affects the non-resonant SERS
enhancement value. The variety of clusters that have been consid-
ered in the 150 member ensemble, is represented by 25 typical
members sketched in the left panel of Fig. 3(c). The histogram
of (F(Ajpc, A)) values is shown in the right panel, where the col-
umn colors are selected so that they correspond to the color of the
associated cluster in the left panel. The distribution is quite wide,
spanning the range from 50 to 600. By comparing the two panels
of Fig. 3(c), we see that the highest enhancements are reached in
chain shaped clusters having the chain axis aligned with the inci-
dent electric field, such as the one illustrated in Fig. 3(c) by filled
circles. The effect of disorder of the linear AuNP chain on the Raman

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(Ajnc, A)) 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 40s 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
acquired spectra, and the Raman spectra of the drop-cast TC dye. (For interpretation
of the references to color in this legend, the reader is referred to the web version of
the article.)

excitation resonant with the absorption of either aggregated or
non-aggregated dye molecules [32,47]. Here we use a non-resonant
laser line at 532 nm which does not allow identification of differ-
ent dye conformations. However, AgNP clusters are very efficient
enhancers at this wavelength, as it is shown in Section 3.1 and thus
through the SERS effect alone we are able to determine if the TC
dye molecules are adsorbed on AgNPs or not.

Comparison of the AFM topograph and the corresponding
Raman map in Fig. 4(a) and (b) reveals that the hot spots are located
within the larger AgNP clusters, as in the case of pristine AgNPs
in Section 3.1. The SERS spectra acquired at these hot spots can
be unambiguously categorized in two groups: one featuring stable
Raman bands during successive measurements and the other hav-
ing blinking Raman bands. The wide background from the AgNP
clusters exists in this case as well. Fig. 4(c) and (d) shows the two
distinct spectra types. The recording time step is 40 s and the laser
intensity is ~200 pW/um?2.

The consecutively measured SERS spectra having stable Raman
bands are reminiscent of the drop-cast TC dye Raman spectrum.
The similarity between the two becomes even more convincing
after summation of ten consecutively measured spectra, six of
which are displayed in Fig. 4(c). By applying markers to the three
wave-number regions, I (300-1000cm~1), I1 (1050-1250cm~1), I1I
(1400-1600 cm~1), where the TC dye has its characteristic Raman
bands (see Fig. S2 in the Supplementary information), we find
that in region I around 600 cm~! the summed SERS spectrum has

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~! and 900 cm~! are, however, absent in the related
TC dye SERS. In the remaining regions Il 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~! 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, shownin the lower part
of Fig. 4(d), reveals certain SERS bands in region Il and IIl 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,
Il 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
0.01cc=0.5pM, 0.1crc=5pM, and 0.5crc=25pM 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 0.01crc=0.5 wM, 0.1crc=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
0.5crc =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 SiO,, which is ther-
mally grown on the Si wafer. Meanwhile, the borate-capped AgNPs
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Fig. 5. Blinking and TC dye SERS spectra (acquired by consecutive measurements with 40 s time step) at hotspots on the samples made by varying the TC concentration in
TC-Ag NP mixture: (a) 0.5 wM, (b) 5 wM and (c) 25 M. All shown spectra were taken under the same conditions using 532 nm laser with intensity of 200 pW/wm?.

are unstable with the average lifetimes of the order of couple of
hours in the colloid dispersion and are usually stabilized by sodium
citrate (or rather by the citrate anions which replace the borate
anions while conforming to the surface of the AgNPs), as explained
in Ref. [14]. The related lifetimes are much shorter upon deposition
of these AgNPs on a substrate. The SiO, surface is hydrophobic, and,
therefore, promotes formation of closely spaced clusters larger than
those observed on mica, since the droplet drop-cast of the former
dries over a certain area rather than spreading all over the surface.
Such an arrangement, along with the enhanced contrast between
the SiO, surface and the clusters, is absolutely necessary for fast
acquisition of the SERS signal from the unstable, dye/borate-capped
AgNP clusters.

Fig. 6(a)-(c) shows the three Raman maps corresponding to:
(i) AgNP clusters deposited on mica from a solution having
a (citrate-capped) AgNP to the TC dye concentration ratio of
22nM/17 pM~1.3 x 103, (ii) AgNP clusters deposited on mica
from a solution having a (citrate capped) AgNP to the TC dye con-
centration ratio of 16 nM/25 uM =~ 0.64 x 103, (iii) AgNP clusters
deposited on SiO, /Si from a solution having a (borate-capped) AgNP
to the TC dye concentration ratio of 10nM/16 pM=~0.63 x 103,
respectively. The (red) diamonds mark the spatial positions within
the hotspots where the blinking type of Raman spectra is observed,
whereas the (green) squares mark the pixels having the TC dye type
of Raman spectra. These maps share the color bar which is located
below them. Panels (d), (e) and (f) of Fig. 6 display examples of the
spectra collected at the hotspots within the corresponding maps
in panels (a), (b) and (c), respectively. For comparison, the concen-
trated TC dye Raman spectra is plotted in each panel, below all the
other spectra.

The dye/borate-capped AgNPs deposited on the SiO,/Si, form a
higher number of larger clusters than the dye/citrate-capped AgNPs
on mica, as seen by comparing the Raman maps in panels (a), (b)

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 KCI, 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 57! and kappz =0.11s71). 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 pM~ 1.3 x 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 uM ~0.64 x 10-3 (c) clusters deposited on SiO/Si from a
solution having a (borate capped) NP to the TC dye concentration ratio of 10nM/16 uM = 0.64 x 10-3. (d)-(f) Examples of the blinking and dye SERS spectra observed in the

Raman maps, displayed below the corresponding Raman maps.

scattering on random silver nanoparticle clusters on various sub-
strates has shown that, for the investigated nanoparticles and the
532 nm excitation laser, typical enhancement factors in the range
of 102-103 can be expected. The highest field enhancement factors
are reached at collective nanoparticle plasmon resonances, which
lie in the 400-500 nm range for medium sized clusters (around 20
nanoparticles), and become redshifted in elongated clusters with
an increasing number of particles. From an inspection of electro-
magnetic field distribution on nanoparticle surfaces, a conclusion is
reached that at least 90% of the SERS total enhancement originates
from nanogaps between adjacent nanoparticles, implying that the
experiments are sensitive only to adsorbates located in these gaps.

Combined AFM and PL mapping of citrate-capped AgNP clus-
ters with dye molecules adsorbed from solutions of variable TC
concentration have shown that, even at highest TC concentrations,
not all hotspots exhibit Raman signatures characteristic of TC dye
molecules, indicating that the clusters are only partially covered
by dye molecules. In contrast, the control experiment carried out
with borate-capped AgNP clusters, with similar nanoparticle and
dye concentrations, has shown a complete dye-coverage of AgNP
clusters.

These results are a direct demonstration that the citrate anions,
while useful for stabilizing the colloid, impede the efficient TC dye
adsorption.
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Highlights

e Low Angle Grain Boundaries (LAGBS) present in Spark plasma sintered Sh-doped
BaSnO:s.

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

e Doping of BaSnOsz with Sb led to linearization of I1-U characteristic.

e BaSno.02Sho.0sO3 can be used as linear resistor even at higher temperatures.

Abstract


mailto:jelena.vukasinovic@imsi.bg.ac.rs

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 BaSn1xShxOs 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 BaSno.92Sho.0sO3 exhibit non-linear 1-U
characteristic, typical for semiconductors with potential barrier at grain boundaries. Low
angle grain boundaries found only in BaSno.2Sho.0sO3 caused the loss of potential barrier at
grain boundaries which was confirmed by AC impedance spectroscopy measurements.
Consequently, BaSno.g2ShoosOz showed the lowest electrical resistivity and linear 1-U
characteristic. UV-Vis analysis confirmed the increasing of band gap (Burstein—Moss shift)

values in all doped samples.

Keywords: BaSnOs; 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 1-U characteristic in a wide voltage range, the formation of potential

barrier should be avoided [1].



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, BaSnOz (BSO), belongs to the perovskite-type alkaline earth stannates,
ASnOz (A = Ca, Sr, Ba) [5, 6 — 9] and it crystallizes in an ideal cubic perovskite structure
(space group: Pm3m). The larger Ba?* cations coordinated with twelve O? anions form a
cubic close-packed lattice, while smaller Sn** cations occupy octahedral holes formed by
oxygen anions. As a result, the crystal structure of BSO consists of a 3D network of corner-
sharing [SnOs] octahedra with Ba?* 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 BaSnOs in electronics,
especially in Field-effect transistors as an active channel material [20]. For all
aforementioned purposes, BaSnOs 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



BSO into a proton conductor [33]. On the other hand, after replacement of Ba** with La®* (A-
site doping) or Sn** with Sbh®*, BSO becomes n-type semiconductor with high electrical
conductivity at 25 °C [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 Sh-rich secondary phase and inhibiting
the grain growth [34]. High Sb concentration present in the system can also result in the
formation of BaSh,Os 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 Ba>SnO4, 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 SiO. [4, 6, 9, 25]. In order to overcome these problems, an
alternative sintering method should be used. The spark plasma sintering (SPS) technigue,
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 BiFeOs, BaTiOs, SrTiOz [36 — 38] including La-doped



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

The attention has been previously focused on the structural, electrical or optical properties of
BaSnOgz-based ceramics, but with the lack of information about the microstructural
properties, especially for the Sb-doped BaSnOs [2, 4, 8, 14, 16, 21 — 23]. The aim of this
work was to prepare BaSnixShxOs ceramics with linear 1-U characteristic, large electrical
conductivity and higher density. The precursor powders obtained from mechanically
activated BaCO3z, SnO> and Sh>Os were sintered using SPS technique. In this process, the low
melting point of Sh,O3 (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.xSbyxO3 ceramic
samples were performed. For the first time, 1-U characteristics of the obtained ceramics were
observed at temperatures above 25 °C and the electrical conductivity of BaSnixSbyOs
ceramics was investigated. The correlation between structural, microstructural and electrical

properties was established.

2. Materials and methods

The precursor powders of BaSn1xSbxO3z, (x = 0.00, 0.04, 0.06, 0.08, and 0.10) were prepared
by mechanical activation using BaCOz (99.95 %, Alfa Aesar), SnO2 (99.9 %, Alfa Aesar) and
Sh203 (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.



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 CuKa radiation (A = 0.154 nm) from 20 ° to 90 ° (26) with a step-width of 0.02 ° 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 °C 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 pm. The discs were then dimpled down to 20 um 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 °C 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 x 2 mm x 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 = Vy/l, was found to be linear with
magnetic field B for all samples and the Hall coefficient was obtained as Rn = Vyx t/(IB),

where 1 is the current and t the sample thickness.



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 BaSn1xShxOs powders consist of cubic BaSnOs
(space group: Pm3m, PDF # 89-2488), with the presence of small amounts of unreacted
SnO: (space group: P4,/mnm, PDF # 88-0287) and BaCOs (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
BaSno.96Sho.os) 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. Sn*" can be reduced to Sn?* 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, Tn (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



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 BaSnixSbxOz ceramic samples
after the SPS treatment. They reveal the presence of the cubic BaSnOs (space group: Pm3m,
PDF # 89-2488) as a dominant phase, and tetragonal Ba2SnO4 (space group: [4/mmm, PDF #
74-1349) as a secondary phase, with no reflections belonging to SnO2 or BaCOs. 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 Ba>SnQa.

Fig. 2.

In comparison with the undoped BaSnOs, all reflections of doped samples are shifted towards
lower 268 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 Sn** (r = 0.069 nm) lies between the values of Sb** (r = 0.072 nm) and Sb®* (r = 0.060 nm)
ionic radii, one could assume that the unit cell expansion is a result of Sb** 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 BaSni14SbhxOs. 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 BaSnO3z cause repulsive forces between Sn and O upon Sh-doping [27].



The values of crystallite size for BaSn1xSbxO3z 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 Sh-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
Ba>SnOs4, 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.xShxO3 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



inhibition could be correlated with the structure defects and Sh 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 Ba>SnO4 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
Ba>SnO4 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 BaSnOs 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
BaSn;,SbhxOs (x = 0.00, 0.04 and 0.08) ceramic samples with densities higher than 85 %.
TEM analysis of the undoped BaSnOs 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



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 BaSno.96Sho.0403 sample (Figure 6a). HRTEM micrograph of BaSno.96Sbo.0403 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 Pm3m).
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
Pm3m is 54.74 °, we can conclude that the angle between these two grains is close to 54 ©,
forming the HAGB.

Fig. 6.

Figure 7 presents TEM micrograph of BaSno.g2SboosOssample 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,



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 BaSno.92Sho.0sO3 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 °[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. LAGB:s 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 BaSn;xSbxOs samples
confirmed the assumption that Sb-doping can improve the electrical properties of BSO.
As mentioned previously, the BaSn1xSbxO3 (x = 0.00, 0.04 and 0.08) samples were selected

for further examination.



The undoped BaSnOs revealed non-linear 1-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 1-U characteristics was observed for the
BaSno.92Sho.0sO3 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 BaSno.g2ShoosOs sample [45]. The DC electrical resistivity of all ceramic samples,
measured at 25 °C, 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 Qcm.

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 °C. Electrical resistivity of BaSn;.xSbxOs
(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
BaSnOs 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, BaSno92SboosOs sample showed the lowest electrical resistivity, which
remained almost constant in the specified temperature range (Figures 10b and 10c).

Fig. 10.



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 BaSn1xShxOs 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 BaSnogsSbho.0sO3 samples. The
equivalent circuit used for fitting consisted of two resistors (Rp and Rgp, 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 BaSno.92Sho.0sO3 could not
be fitted since all measured resistivity values in the applied frequency region were almost
identical, and amounted about 1.12 Qcm. 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 BaSni1.xSbxOs ceramic samples show n-type
conductivity indicating the replacement of Sn** with Sb>* in the BaSnOs 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



electric transport. Its density n and mobility x« can then be obtained from room temperature
bulk resistivity pn, Hall coefficient Ru, and electron charge e as n=1/|e Ru|, £ =|Ru/ po
(Table 6). In this simplified picture the decreased resistivity of polycrystalline
BaSno.92Sho.0sO3 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 BaSno.s2Sho.0sO3 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 2.43x10° Qcm and 0.66x10° Qcm, 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 1.65x10?* cm® and electron mobility of 1.75
cm?/Vs were found in the BaSni«SbxOs 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
BaSn1xShxOs (x = 0.03) single crystals obtained by molten flux [20, 27], reached 1.02x10%
cm3and 79.4 cm?/Vs, respectively.

Table 6.

3.4. UV-Vis spectroscopy

UV-Vis Diffuse Reflectance Spectra of BaSn1.«ShxOs pulverized ceramic samples are shown
in Figure 12 as a Tauc plot, which presents a modified Kubelka-Munk function
[F(R)hv]"2, versus photon energy hv. (Kubelka-Munk function is given by F(R) = (1-

R)¥2/2R, where R represents measured reflectance relative to a standard [48, 49]). For each



sample Eq 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 BaSn:«ShxOs 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 BaSnOz-based materials [2, 14, 27, 51]. Upon doping with
Sh, 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 (Er) moves to the higher energy values [51]. But,

for the BaSngeSho1SbO3 sample the Fermi level is shifted to the lower energies in
comparison with the BaSng.92Sho.0sShOs. 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 BaSno.9Sho.1O3 ceramic sample and the loss of linearity in its I-
U characteristic.

In our samples, as the Hall measurements confirmed, Sh-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



that presented doped BaSn;xSbxOs can’t find application as a transparent conducting oxide.
However, Sb-doping increased the electrical conductivity of BaSn;«SbxOs samples, and it led
to the linearity of 1-U characteristic, making the BaSn:.xSbxOs samples good candidates for
linear resistors.

Fig. 12.

4. Conclusions

Spark plasma sintering method enabled the preparation of Sh-doped barium stannate
ceramics in shorter times and at lower temperatures in comparison with the conventional
sintering processes. Well densified polycrystalline samples of BaSn1xShxOs (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.

Sh-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 1-U characteristic typical for semiconductors having potential barriers at grain
boundaries. On the other hand, BaSnoo2ShoosOs 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
BaSno.92Sho0s0s. Doping with Sb increased the band gap values, revealing the Burstein—
Moss shift (i.e., blue shift) in all doped samples. Hence, BaSno.92Sho.0sO3 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 BaSn1xShxO3 powders calcined at 900 °C for 4 h in air.
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Figure 2. (a) XRD patterns of the pulverized BaSn1xSbxO3z ceramic samples after the SPS

treatment; (b) Shifting of the strongest (110) reflection of BaSn1xSbxO3 ceramic samples.







Figure 3. FESEM micrographs of the fractured cross-sections of BaSn;.xSbyxO3 ceramic

samples: (a) x = 0.00, (b) x =0.04, (c) x =0.06, (d) x =0.08 and (e) x = 0.10.



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 BaSnOs 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).



Figure 6. (a) TEM micrograph of the BaSno.06Sho.0403 pellet, (b) HRTEM micrograph of the
BaSno.96Sho.0403 pellet (The insets present FFT, of Grain 1 oriented along [001] direction and

Grain 2 out of zone axis).
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Figure 7. TEM micrograph of BaSno.s2Sbo.0sO3 sample. The inset shows SAED pattern of

grain oriented along [111] direction.



Figure 8. HRTEM micrographs of the BaSno.s2Sho.0sO3 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).
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Figure 9. I-U characteristic of BaSn1xShxOs (x = 0.04 and 0.08) ceramic samples measured

in air at 25 °C. Inset: 1-U characteristic of undoped BSO ceramic sample measured under the
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Figure 10. Electrical resistivity as a function of temperature for BaSnixShxOs samples: (a) x

=0.00; (b) x = 0.04 and 0.08. (c) I-U characteristic of BaSng.92Sho.0s03 sample, measured in



the temperature range (25-150) °C. Inset graph: 1-U characteristic of BaSno.s2Sho.0sO3 sample

in the range of (0.7-1.1) V/cm.
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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.
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Figure 12. Tauc plots of pulverized BaSn1xSbxOs (x = 0.00 — 0.10) ceramic samples.

Table 1. The phase content of cubic BaSnOs; phase, unit cell parameter (a), average crystallite size, grain size,
and relative density for BaSn;.,SbxO3 ceramic samples.

BaSnOs3 Unit cell Crystallite size Grain Rel.
BaSn1xSbxO3  phase content parameter, a size density
[t %] (A] [nm] [hm]  [%TDY]
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




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..ShxO3 samples.

BaSn:SbxOs moll?; :r:tri]o: tSht()eor. m?lir: rsar'][iijsit():P
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.
Atomic % of elements

Spectra
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.«SbxO3 ceramic

samples.
BaSn1.xSbxO3 x=0.00 x=0.04 x=0.08
DC electrical resistivity 5681 4197 1.09
[Qcm]

Table 5. The calculated values for bulk resistivity (o), grain boundary resistivity (o), capacitance (P),
coefficient of constant phase element (p) and total electrical resistivity (p) for BaSn1.«SbxO3 ceramic

samples.
Blé!k_t Grarlensii)gt\jirlillary Capacitance Coefficient el(;l;(t):?clal
BaSnixShy0s oo ;V' y b P Of CPE  istivity
P P [NF] CPE-p
[Qcm] [Qcm] p[Qem]
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




x=0.08 -

1.12

Table 6. The values of electrical bulk resistivity, Hall coefficient, charge carrier density and mobility for
BaSn14Sh,O3 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.

Thin films Single
Ceramic materials [29] crystals
[20, 27]

Sb-content, x [mol] 0.00 0.04 0.08 0.07 0.03
Electrical bulk 5.10 277 1.12 243x10°  0.66%x10°
resistivity, pp [Qcm]
Hall coefficient 0801  -0.64+0.02 -0.33+0.02 i i
[cm®/C]
Carrier density 3
(10 o] 821 9.740.3 19+1 1.65 x 10 102
Carrier mobility 0.16+0.02  0.231+0.007  0.29+0.02 1.75 79.4

[cm?/Vs]
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ARTICLE INFO ABSTRACT
Keywords: The purpose of this study was to investigate the influence of different radiopacifiers on the physicochemical and
Endodontic surgery biological properties of novel calcium silicate based endodontic ceramic enriched with bioactive nano-

Strontium fluoride
Bismuth oxide
Zirconium dioxide
Radiopacifier
Hydroxyapatite

particulated hydroxyapatite - ECHA. Namely, ECHA was used as a basis for mixing with the following radio-
pacifiers: strontium fluoride (SrFs), zirconium dioxide (ZrO;) and bismuth oxide (BixO3). 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 + BiyO3 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 + ZrO; 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 + BiyO3 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. SrF, presents a novel promising radiopacifying
agent for dental cements manufacturing.

1. Introduction endodontics and root-end surgery [1]. The first CS-based dental EC —
mineral trioxide aggregate (MTA) was developed at Loma Linda Uni-

The invention of calcium silicate (CS)-based endodontic ceramic versity in the early 1990s, received acceptance by the US Food and Drug
(EC) has led to great progress in treatment of tooth diseases in 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 cm?/g and bismuth oxide
(Bix03) 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)5) 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 Bi,Os with alter-
native radiopacifiers such as barium sulphate (BaSO4) [6,7], titanium
dioxide (TiO2) [6], gold (Au) [6,7], calcium tungstate (CaWOy) [8,9],
zirconium dioxide (ZrOjy) [8-10], ytterbium fluoride (YbFs3) [11],
tantalum pentoxide (TayOs) [12] and niobium pentoxide (NbyOs) [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 MPCA; and another composed of CS, calcium carbonate
(CaCO3) and BixO3 — ALBO MPCA,. 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 YbFj3 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
(SrFy) 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: SrFy, as poten-
tially bioactive radiopacifier, ZrO,, as biologically inert ceramic
material and Bi»O3, 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
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chloride pentahydrate (CaCly-5H0) (Merck, Germany) and silica sol
obtained by hydrothermal treatment were used. The stoichiometric
quantities of CaCly-5H20 (42.41 g) and silica sol (15 g of 30% sol so-
lution), corresponding to the ratio tricalcium/dicalcium silicate C3S/b-
CyS = 2:1 (C=Ca0, S=Si0s, C3S = 3Ca0-Si0, C>S = 2Ca0-Si05), were
used to obtain silicate active phase (CS). Aluminium acetate (Al
(CH300)3) was added to the mixture to provide the production of a
small amount (3.01%) of active tricalcium aluminate (C3A) phase
(C=CaO0, A = Al,03, C3A = 3Ca0-Al,03). The nHA was produced by a
hydrothermal method from the shells of chicken eggs using a two so-
lutions procedure: Ca(OH)y (solution 1) and diammonium hydrogen
phosphate (NH4)oHPO4 (solution 2). Detailed procedure of used CS and
nHA synthesis is given in the Supplement 1 and elsewhere by Jokanovi¢
and colleagues [21,22]. The nHA was added into CS mixture using C3S to
C,S 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: SrFs
(Sigma-Aldrich, St. Louis, Missouri, USA), ZrO (Sigma-Aldrich) and
BizO3 (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/zD?

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 (pCT) 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 pm isotropic resolu-
tion and 2048 x 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 (pm) and the number of closed pores per volume (1 /mm?®). Five
specimens per group were tested.

2.7. Wettability

The cements’ wettability was assessed with a contact angle (CA)
analyser (Vinca Institute, Belgrade, Serbia). The CAs of the glycerol and
human blood plasma were measured by placing the 2 pl 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
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medium (DMEM; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA,
USA) supplemented with 5% fetal bovine serum (FBS), 2 mM i-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% CO,. Cells were prepared for experiments using the
conventional trypsinization procedure with trypsin/EDTA and seeded in
96-well flat-bottom plates (5 X 10° 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% CO», 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 pl of medium with 1 x 10* cells
was carefully placed. Plates containing roots with seeded apical papilla
cells were cautiously placed in the CO incubator for 30 min allowing
cells to attach on the apical root surface, after which 500 pl of growth

28915



D. Antonijevi¢ et al.

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
p-glycerophosphate and 50 pg/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 mm?®, CA of glycerol and human blood
plasma and pH data for 30 min, 1 h, 3h, 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 + BiyO3 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 >

ECHA+SrF-

ECHA+ZrO:

ECHA+BI20s PC
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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 + ZrO5 (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 + BiyO3 (8 + 4%) that was statistically significant in comparison
to ECHA + ZrO, and MTA (p < 0.05), but statistically insignificant in
comparison to ECHA + SrFs and PC (p > 0.05). The lowest value of
closed porosity was found for ECHA + ZrO; (0.3 £+ 0.1%) that was
statistically different only when compared to ECHA + SrFs (3 + 2%) (p
< 0.05). Regarding the pore size, there were no significant differences
among the investigated cements (p > 0.05). The ECHA + Bi;O3 group
presented the greatest number of closed pores per mm?® (1.5 + 0.3) x 107

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, 3h, 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; ZrOo, zirconium
dioxide; Bi»O3, bismuth oxide; SrF,, strontium fluoride; MTA, mineral trioxide
aggregate; PC, Portland cement.

ECHA + ECHA + ECHA + PC MTA
SrF, Zr0O, Bix03
Setting Initial 7.7 £ 5+ 0° 8.3 + 46 +7¢ 41 + 4°

time 0.6% 0.6%

(min)  Final 33 +1° 334 7° 35.3 + 190 + 107.3 +
1.2% 10° 1.6°
Compressive 25+09 27+ 3.8+ 27 + 8° 23 +17°
strength (MPa) a 1.3% 1.9%
pH 30 min 7.50 + 8.5+ 7.60 + 10.73 + 10.76 +
0.02° 0.3° 0.05% 0.02° 0.02¢
1h 8.38 + 8.73 + 8.18 + 10.58 + 10.83 +
0.09° 0.17° 0.02° 0.07¢ 0.06°
3h 8.97 + 8.98 + 8.92 + 10.70 + 10.99 +
0.03? 0.12° 0.03? 0.07° 0.06°
6h 9.33 + 9.47 + 9.67 + 10.57 + 10.82 +
0.06" 0.05? 0.03? 0.12° 0.19"
12h 9.36 + 9.40 + 9.62 + 10.76 + 11.2 +
0.02? 0.02? 0.06° 0.07° 0.3¢
1 day 9.24 + 9.67 + 9.78 + 10.6 + 10.84 +
0.11° 0.11° 0.05% 0.3° 0.13°
7 days 8.95 + 9.4+ 9.08 + 8.94 + 9.15 +
0.03° 0.3>¢ 0.04¢ 0.01° 0.08%¢

MTA

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; SrF», strontium fluoride; ZrOs, zirconium dioxide; Bi,O3, bismuth

oxide; PC, Portland cement; MTA, mineral trioxide aggregate.
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and it was statistically higher than in other groups (p < 0.05), among the statistical difference was found only between ECHA + Bi2O3 and PC
which the statistical difference was not noted (p > 0.05) (Fig. 2). (p < 0.05), while other three investigated cements were not different

Experimental cements exhibited statistically higher CA of glycerol neither among themselves nor from ECHA + Bi»O3 and PC (p > 0.05)
than PC and MTA (p < 0.05). Using blood plasma as a reference liquid, (Fig. 2).

A

CSHA+SrF: CSHA+ZrO: CSHA+BI20s

CSHA+SIF CSHA+ZrO: CSHA+BI:0: PC MTA
CSHA+SrF,  CSHA+ZrO,  CSHA+BI,0; PC MTA

Total porosity (%) 84 >od 1.7£06* 10+3 **° 545 ¢ 32 29
Open porosity (%) 544 3¢ 14087 8+4 °c 4x4 € 1.3x16°
Closed porosity (%) 3+2 bed 0.3+0.1° 2+12¢ 1.1£0.9*  1.5+0.4 *¢
Pore size (um) 60+20° 2045 ° 60+40 * 5050 * 1449 ®
Number of closed (1.540.4) (2.1£1.1) (1.540.3) (20%30) (2.6+1.8)
pores per mm’ x10°* x10*? x10"® x10*2 x10*?

18+4°°

o
e
o
o
2
()

3 £ 49903 g 4570 8 . 36280 566" 412002

o8 b'—‘f— S P — e A S .

oo S e L. R b | B
CSHA+STIF: CSHA+ZrO: CSHA+BI:0s PC MTA

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; SrF,, strontium fluoride; ZrO,, zirconium dioxide; Bi>O3, bismuth oxide; PC, Portland cement; MTA, mineral trioxide aggregate.
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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, 3h, 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
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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 +
ZrOy and ECHA + BiyOg 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,

150 150
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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; SrF,, strontium fluoride; ZrO,, zirconium dioxide; Bi>O3, bismuth oxide; PC, Portland cement; MTA, mineral trioxide aggregate.
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the presence of ECHA + SrFy mixture eluent in 1:2 dilution potentiated
proliferation of 1929 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 +
ZrO4 reduced cell viability after 48 h and 72 h, while ECHA + BiyO3
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 + SrFy
and ECHA + ZrO, 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 1.929 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 x magnifica-
tions). Extended cytoplasmic processes and filopodia were observed to

ECHA+ZrO:

EA+Ser
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spread between coronal dentine and cement material (2000 x 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 + BiyO3 (6.7 mmAl). This is expected as Bi absorbs
x-rays much more efficiently than Zr and Sr due to its higher atomic

ECHA+BIz0s

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; SrF», strontium fluoride; ZrO,, zirconium dioxide;

Bi,03, 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 + ZrO; (5.3 mmAl)
was slightly higher than that found recently for CS with 30% ZrO, added
(4.2 mmAl) [9]. The radiopacity of ECHA + BiyO3 (6.7 mmAl) was lower
than that previously found for CS+30%Bi>O3 (~11 mmAl) [6], but close
to that of CS+25%Bis03 (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 mmaAl) [41,42]. The influence of SrF; 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 x 1 cm were rather employed than usually used 4 x 6 mm to adjust
measurements with used universal testing machine force range. The
reduced compressive strength of ECHA -+ Bi,O3 mixture is in compliance
with a previous study where Bi;O3 was added into PC [48], but in
contrast to another study where excluding/eliminating Bi;O3 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 ZrO, (43-46%) in Endocem [10,45]. The
consequences were similar since, for instance, the addition of
low-reactive/inert ZrO, 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 + ZrO,) mainly refers to the mechanical
resistance of materials whereas lower values of open porosity (ECHA +
ZrOy 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 ZrO,
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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
pm to 20 pm [52]. For porosity evaluation by micro-CT, specimens’ size
is not defined by ISO standard. The specimens’ size of 5 x 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 SrFs
over ZrO, and Bi»O3 for manufacturing EC due to the higher activity of
the cement surface, which is expressed as a lower CA of glycerol. Indeed,
ECHA + SrFy and ECHA + ZrO; resulted in superior wettability in
comparison with MTA, PC and ECHA + BiyOg 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 + ZrO, 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), [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);, 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
(Cay[SiO2(0OH)2]2) and Ca(OH), [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 x 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 3h, 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 + ZrO; are also in rough agreement to those observed for CS +
ZrO, 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 + ZrO, and
ECHA + BiyO3 was detected only after 72 h, while ECHA + SrF; 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 + ZrO3 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 ZrO, addition to CS [9]. While the ECHA + BiyO3 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 x 3
mm [69,70],5 x 2mm [42],5 x 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 x 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 + SrF, and ECHA +
ZrO3 1:4 eluents induced significant proliferation of L929 cells (>20%)
after all time points. Finally, it should be pointed out, that ECHA + SrF,
mixture had no toxic effect and showed the highest ability to induce the
L1929 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
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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 SrF, 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]. SrFq 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 SrFs 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 + SrF; than in ECHA +
ZrO2 and ECHA + BiyO3 mixtures after glycerol and human blood
plasma testing favour the use of SrF, 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 SrF; can be a
novel promising radiopacifying agent for manufacturing CS-based
dental ceramics. The full spectrum of SrFy’s beneficial effects in EC
formulations should be investigated in future studies.
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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 pm) 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 (Stanic 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 Bahiilo, 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 (Alc) (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

Fig. 1. Morismus asper funereus: a longicorn beetle whose most prominent
features are black body and greyish elytra with four prominent black patches.
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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 pA, 530 ms, rotation step 0.2° (pixel size 13.5 pm).
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 Mollmann, 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 pm (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.

Thermal )

camera

elytron
Absorber with deep

cylindrical hole

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 pm). 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 (H202) 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 pm 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 pm). 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
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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-pum 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 pm 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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200 um

(b)
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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). (¢) 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.

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 ton=1.2 +
i - 0.0343, within 3-5 pm, and n = 1.35 + i - 0.13, within 8-12 pm.
Optical constants of insect cuticle at thermal infrared are not very well
known and we used data extracted from Shi (2018) — within 3-5 pm
complex refractive index was n = 1.57 + i - 0.005 and within 8-12 pm, n
= 1.57 4+ 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 pm 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 pm 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
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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.

200 pm

BB microlens microchannel

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.

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 ym CO» 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 pm
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microchannel

- 100 plﬁ '

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.

(a)

(b)

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.

in diameter at its base and 3.8 pm 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/pm,
corresponding to the average 10-pm 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-uym 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:

A=2d/N

where d is a grating period, N is an integer, assuming the normal angle of
incidence. For the 10 pm average period of microtrichia and N = 2, the
Bragg wavelength is 10 pm, right in the middle of an 8-12 pm atmo-
spheric window. Additionally, for N = 4, the Bragg wavelength
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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.

Chitin (n = 1.57) Chitin (n = 1.57)

water (n = 1.351)

Fig. 11. Ray tracing through a microlens and microchannel (blue rays are
incoming at normal incidence, while red and green rays obliquely, at +20° and
—20°, illuminate the elytron). Calculations were done at 3 yum, where refractive
indices are as indicated in figure.

corresponds to another window at 3-5 pm, 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 (Milosevic
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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 pm (image at 10 pm is
shown) and (c) 3-5 pm (image at 4 pm is shown).

Insect body

Grazing incidence

thermal radiation microtrichie

clytron

Fig. 13. M. funereus elytron and body with air filled gap acting as a hollow
waveguide for grazing incidence thermal radiation.

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,
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(b)
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Top view

Direction of
illumination
4_—

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.

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 pm with the corresponding Bragg
wavelength of 8-10 pm. 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
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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/pm, corresponding to the average 10-ym distance

between microtrichia.

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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Abstract
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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

2040-8978/15/025402+06$33.00

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

© 2015 I0OP Publishing Ltd  Printed in the UK
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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 mg1™". 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

mirror

fiber with
collimating lens

spectrometer

water or
aqueous Ag
colloidal solution

Cutarget

computer

rotating stage
platform

A g

Figure 1. Schematic illustration of the experimental setup for
synthesis of NPs by pulses laser ablation in liquids.

process was stopped. A Nd:YAG laser pulse (z=12ns),
operating at a repetition rate of 1 Hz and at the fundamental
wavelength (4=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 mlJ, corresponding laser
fluence was approximately 6.8 Jcm™ 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 30min. 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 200400 nm, with a resolution of 0.2 nm. This
method relies on the fact that intense plasma background
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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.

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 (~10mJ), 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 wusually 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, Cu,0 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
A=450nm) 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
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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).

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

Size distribution by intensity
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0.1 1 10
Size [nm]

100 1000 10000

Figure 4. DLS NP size distribution analysis of copper, silver and
copper-silver colloidal solution.

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
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Figure 5. SEM microphotographs of: a, b-copper NPs; and c, d-
bimetal CuAg NPs.
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Figure 6. SEM microphotograph of CuAg-NPs with scheme/view of
core—shell structure.

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
Agr12Cuszge [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 15nm, 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.
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Abstract

Commercial collagen membranes are used in oral surgical procedures as scaffolds for bone deposition
in guided bone regeneration. Here, we have enriched them with graphene oxide (GO) via a simple
non-covalent functionalization, exploiting the capacity of oxygenated carbon functional moieties of
GO to interact through hydrogen bonding with collagen. In the present paper, the GO-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 leak GO in the bulk solution, and to change some features of the
membrane, such as stiffness and adhesion between the membrane and the atomic force microscopy
(AFM) tip. Moreover, the presence of GO increases the roughness and the total surface exposed to the
cells, as demonstrated by AFM analyses. The obtained material is biocompatible, and does not induce

inflammation in the tested cells.

Introduction

Barrier membranes 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 collagen membranes
by coating them with graphene oxide (GO).

©2017 IOP Publishing Ltd
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Graphene is a flat monolayer 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 ug ml ™", These two concentrations were chosen on
consideration that GO-coated porcine bone granules
treated using a concentration of 50 g ml~' [22] have
been demonstrated to release an appreciable amount
of imperfectly adsorbed GO into the surrounding
tissue.

Methods

Materials
Synthetic Graphite ~200 mesh, 99.9995% powder was
purchased from Alfa Aesar. Collagen membranes
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(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 of GO

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 0.6g 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 brown mixture obtained
was filtered through a sintered-glass filter (pore size
15-40 pm), and rinsed three times with 5% HCI 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 15min 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,
(-potential, TEM and SEM techniques [22].

Enrichement of collagen membranes

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 ug ml!. Then, the membranes
(20 x 30 mm lateral dimensions) were cut with a
cutter to obtain square pieces of membrane (5 X 5 mm
lateral dimensions). Half of these samples were
covered with 100 pl of the 2 ugml™" GO solution,
while the other half were covered with 100 pl of the
10 ugml~" 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 the GO-enriched material

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
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Figure 1. Photograph of bare membrane (A), 2 yig ml~' GO-
enriched membrane (B) and), 10 zug ml~! GO-enriched
membrane (C).

Multimode 8 Bruker AFM microscope with Nano-
scope V controller, and using commercial silicon tips
(cantilever resonance frequency of 75kHz and
nominal elastic constant of 3N m™ ') 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
pointacrossa 1 um X 1 um sized area of the prepared
samples, the Peak Force QNM mode with ScanAsyst™
in air was used. The deflection sensitivity and tip radius
were calibrated for each probe prior to use, against
standard sapphire. AFM images were analyzed with
the WS x M software [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 of HGFs

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,
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MI, Italy) for at least 1h, 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) CO,. Cells were processed after 4-8
passages. All the experiments were realized with cells
obtained from two different donors and each assay was
performed in triplicate. 24 h before cell seeding,
membranes were immersed in medium. HGFs were
seeded at 7.5 x 10> cm™ concentration in 48-well
non-treated plates containing the membranes and
cultured for one, three and seven days.

Sterilization of membranes

Both bare and GO-enriched membranes were UV
irradiated (UV lamp 15 W) for 2 h in order to sterilize
the samples. The stability of the irradiated membranes
was monitored via spectrophotometric measurements
in analogy to measurements performed on non-
irradiated membranes.

Alamar blue cell viability assay

For the Alamar blue assay, three membranes for each
experimental group at each time point were used.
HGEF 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 (LDH assay)

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 and PGE2 secretion
IL6 and PGE2 secretion in the culture medium at the
different experimental times for all samples was

3
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Figure 2. AFM images of tridimensional topography of the pristine collagen membrane (A) and the GO-enriched membrane (B).
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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 405nm
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 by Alamar 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 shows membranes coated with 2 yig ml ™"
and 10 ;g ml~" 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 of GO has been obtained by Han et al
by using a much higher lamp power (500 W) [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-
factory mechanical and biocompatibility properties.

AFM analyses allowed us to obtain molecular ima-
ging (figure 2), as well as quantitative nanomechanical
mapping of the coated membranes. In figure 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
the GO-covered material 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 pg ml~' 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 coated membrane (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
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Figure 3. AFM images of bare membrane (upper images) and 10 zg ml~' GO-enriched membrane (lower images). Panels A and E
report peak force error; panels B and F report adhesion; panels C and G report dissipation and panels D and H report deformation.
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Figure 4. Stability measurements of GO-coated (2 and 10 ug ml~") and uncoated (blank) membranes. The membranes were
immersed in milliQ water under static or shaked conditions and before and after UV irradiation. The absorbance of the bulk solution

(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 the GO flake 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 A, 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
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Figure 5. SEM images of bare and completely dehydrated membranes (upper images), 2 fzg ml~' GO-enriched membrane (central
images) and 10 pg ml~' GO-enriched membrane (lower images). Panels on the left report a magnification of 1.01 k, central panels a
magnification 0f4.05 k and right panels a magnification 0f 46.1 k. Scale bars are consequently 100 ysm, 20 gmand 12 pm from left to right.

2GO

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 the final membrane.

HGFs were cultured on uncoated collagen mem-
branes (control) and on 2 yg ml~' GO and 10 ug ml ™~
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 g ml~' GO and 10 g ml ™"
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 culture medium. At day 3 the IL6 secretion
level was significantly lower in cells cultured on mem-
branes coated with both 2 ugml™' and 10 ugml ™'
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 g ml~! GO (figure 8(b)).

Discussion

Collagen membranes were easily coated with GO by
simply drop casting the aqueous GO solution of
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proper concentration on the membrane. The GO
demonstrated good distribution across the surface,
although AFM analysis indicated that GO did not form
a continuous film. SEM analyses highlighted the
presence of some frustules on the surface of 2 ug ml™*
GO-coated membrane, which disappeared in the
10 ug ml~" 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 R; = 62.8 nm,
R, =50 nm, image Ry, 401 nm, Sgq 40.6°, Sy, 32.3%.
for the bare membrane (see figure S12 in the supple-
mentary data) and Ry = 177 nm and R, = 141 nm,
image Rp.x 973 nm, Sqq 45°, Sar 42.4% for the GO-
coated sample (see figure S13 in the supplementary
data), where R, is the roughness least square value; R,,
the average of the absolute values of the surface high
deviations; image R, the maximum vertical dis-
tance between the highest and lowest data points in the
image following the plane fit; Sqq, the root-mean-
square of the surface slope, and Sg,, the developed
interfacial area ratio. In terms of R, and R,, the non-
coated membrane showed a lower roughness, as
compared to the GO-coated sample, with slightly
lower peaks, as confirmed by image R, values. The
surface indexes were in agreement with the previous
data because S4, and S4q, which were expected to give
the surface enlargement induced by the presence of
roughness and an idea of the steepness of the peaks,
showed more 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.
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The value of dissipation energy for the bare mem-
brane (i.e. 120 & 30 eV) is in agreement with the value
previously measured 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, they may be affected by water
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 bonds with GO rather than with water.

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.
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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).
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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
& Schiffermiller, 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 7Tri-
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

©2017 American Physical Society


https://doi.org/10.1103/PhysRevE.95.032405

DEJAN PANTELIC et al.

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.
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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-um 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-mm? 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

100

80—- ‘1 m——"

60

40

Reflectivity [arb.units]

20 Diachrysia chrysitis

T T T T T T T T T T 1
400 500 600 700 800 900
Wavelength [mm]

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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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 o (or the imaginary part of the
complex index of refraction k = «X/4m), 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 um). 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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(b

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).

upper lamina
outer surface

upper lamina
inner surface

lower lamina
outer surface

lower lamina
inner surface

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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2 pm

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

1850
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100 2
© T akeees i an)

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%.
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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 7y and reflectance Ry = 1 — Ty of an ideally flat
surface, when Fresnel equations hold. Accordingly, the haze
transmittance 7y ()) and reflectance Ry (1) of a rough surface
are described by [31]

2mo 2
Ty(A) = To(l —exp {—[T(ni coSs ¢; — n; cos q)t):l }),
(D

: |: 4ro ?
RH(}‘-) = RQ 1-— eXp —(Ti’l, COS ¢,> s (2)

where Ty and R, are the transmittance and the reflectance of
a perfectly flat surface, respectively; A is the wavelength in
vacuum; ¢; and ¢, are the angles of incidence and refraction;
n; and n, are corresponding refractive indices; o is the surface
RMS roughness.

A simple calculation, based on Egs. (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 (¢; = 0), RMS roughness ¢ = 20 nm, and
the refractive index of chitin n; = 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 4n?, 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 6 = 40° and
scale laminae thickness is D = 75 nm; then the beam spread
is defined by 2Dtg(6/2) = 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 A;,, inside the
planar layer can be described by

4n? Tine

A = e
M T + 4n2al

3)
where « is absorption coefficient, # is the refractive index, Ijn.
is incident light intensity, / is the layer thickness, and T, is
a fraction of light transmitted through the interface. ¢ 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 « = 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

]}HC TCSC

Fogoe = ——M.
ST T + 4n2al

“)

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

L_JRs
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! S

Ground scale

N\

////////// /////////////// ///// v

\\\\\\\\\\

///

7

Wing membranes

///

(@)

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 Ry (A) and Ty (A) diminish
Fresnel coefficients Ry and Ty by the amounts RyRy(X) and
To Ty (X). The resulting transmission and reflection coefficients
are described by Ry — RyRy(X) and Ty — ToTy(1).

Incident intensity
Iy

Reflection

Reflection h
aze

Iy Ro(1 - Ru(A) Iy Ry Ry(A)

IyTy(1-Ty(A) Iy Ty Tu(2)

Transmission

Transmission
haze

(b)

FIG. 9. (a) Geometry of the model used to simulate the wing of D. chrysitis. Rs and R, are reflectance of a scale and a wing membrane,
respectively. T is a transmittance of a single scale. (b) Reflection and transmission through the interface, as treated in a model. Incident intensity
I, is split into four components: Fresnel reflectance (Ry), Fresnel transmittance (7p), reflection haze (R ), and transmission haze (Ty).
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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

o Melanin absorption parameter, Eq. (5)  0.23 (1/nm)
A Melanin absorption parameter, Eq. (5) 90 (nm)
Ao Melanin absorption parameter, Eq. (5) 380 (nm)
o 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 o was modeled with an exponential
function (assuming that the residual pigment is most probably
melanin):

B A — Ao
o« =apexp | ———— |. )

All parameters of the model are summarized in Table 1.

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 Rg and transmittance Ts were found.
Similarly, the reflection from the double wing membrane
was treated coherently (with the resulting reflectance Ryy).
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 = Rg+ TsRsTs + T¢Ry T2 (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 Egs. (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 aresult, 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.

0.6

0.5r 1

Reflectance [relative units]

400 500 600 700 800 900
Wavelength [nm]

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.
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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 Egs. (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 2n” 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 Eqgs. (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
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reflection is really small, because it is dispersed over the 47
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
aresidual 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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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 [,

1.

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 (Alc) []. 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 (N°: 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.



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 pA, 530 ms, rotation step 0.2° (pixel size 13.5 um).

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 um (FLIR SC7200, 320 x 256 pixels, noise equivalent temperature difference
better than 20 mK, spectral range 1.5-5.1 um) and 8-14 um (FLIR SC620, 640 x 480 pixels,
40 mK thermal resolution, spectral range 7.5-13um). 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 1.5J) 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 um resolution (see Fig. 2(a)), revealing an almost uniform thickness (30-40
um) 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 um, 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-um 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 um thick, 20 pm wide and 100 um 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 um (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 um (Fig. 6(c)), corresponding to the atmospheric infrared
windows (3-5 um and 8-14 um).



(a)

scales

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).



(c)

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.



(a) (b)

Fig. 4: (a) An individual scale of R. alpina, recorded on a FEGSEM. (b) 1-zm period
grating-like structure and a herringbone shaped sub-wavelength grating, observable on the
R. alpina scale at higher magnification.
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Area covered Rugged cuticular
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(b)

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.



3.2.Measurement and modeling of thermal properties of R. alpina elytra

Two thermal cameras (sensitive within 1.5-5.1um and 7.5-13um 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 1.5-5.1um and 7.5-13um
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 1.5-5.1um (in line with []), and 0.85 at7.5-
13um.

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 um (measurements at 1.5-5.1um 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°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?. 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°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:

oT (z,1) _ 1

. C[ga(T(z,t)“ ~T,')+h(T(Z,)~T,) +kV,T(z,1) | (1)
yoiq

where T and T, are material and environmental temperature, respectively, z is the spatial
coordinate, t is the time variable and o is a Stefan-Boltzmann constant. Material is described
by its thickness zand several constants: material density p, 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.
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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 7.5-13um.



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:

am __ 1

[w(m)“—To“)+h(T(t)—To)+5<T(t)—m} @
dt pTC T

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 zin 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°K (at 21°C)
surface emissivity & 0.85

thickness t 3.25x10°% m

density p, [, ] 1.560 g/cm®

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°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)).
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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° 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.

40 um

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.



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 um) 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 8-14um range) and
from 0.013 to 0.0016 (within a 3-5 um 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.
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Fig. 10: (a) Characteristic pattern on the R. alpina scale. The letter A designates the low-
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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.



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 um and 8-14um 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))).
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3.5.Radiative balance of R. alpina

Here we present a detailed energy balance, assuming the maximum insolation (1kW/m?) of
an insect. Total visible light energy absorbed by the elytra of R. alpina is equal to:

Py = P,(ApSp + AS;) (3)

where P4, is the total absorbed power, Ps is the solar constant, Ag is the absorption coefficient
of the black patch, Sgis 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:

Py = 2mS; ey f,, EQATYdA+ & [, E(4,T)da] (4)

where Pegis total energy emitted by the elytra within two IR atmospheric windows, St is the
total area of the cuticle (St = Sg+Sg), am is the emissivity within the mid-infrared
atmospheric window (M = 3-5 um), & is the emissivity within the far-infrared atmospheric
window (F = 8-14um), A and T are wavelength and absolute temperature, respectively, while
E(4, 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 = Pg). By equating (3) and (4) we get:

P.(ApSp + AcSc) = 2mSr ey [, EQ,TYdA + & f, EA,T)dA] (5)
and, after a slight rearrangement:

S N
P, (As &+ Ag ;) = 2m[ey [, E(A, T)dA+ & [, E(A,T)dA] (6)

We found that black patches occupy approximately one third of the whole elytral area
(Se/S7=0.33), while the rest of the elytra is gray (S¢/St=0.67). Experimentally measured
emissivities for the mid-infrared range and far-infrared were gy=0.95 and &=0.85,
respectively, while the absorptance of the black patches was Ag=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. Inthe visible part of the spectrum black patches absorb almost all the radiation
3. Inthe IR whole elytra efficiently dissipate radiation
4. We suggest biomimetic application in thermal management
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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-um 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.o
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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 details'—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 um. 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.? 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).*> Chitin represents a
water-insoluble polysaccharide whose molecules are long-chain
sugars consisting of N-acetyl-glucosamines bonded with beta-
glucosidic linkages.” It was extensively studied using a range of

*Address all correspondence to: Dejan V. Panteli¢, E-mail: pantelic@ipb.ac.rs
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techniques: scanning electron microscopy, atomic force micros-
copy, confocal fluorescent microscopy,® transmission electron
microscopy,’ and classical optical microscopy (polarizing inter-
ference and transmission).®

Traditionally, insect morphology was studied by bright field
microscopy. Confocal fluorescence microscopy was also used to
observe the structures and organs of insects,”'? 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 found" 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
melanin'®). This was used for remote insect monitoring.'’

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

0091-3286/2015/$25.00 © 2015 SPIE
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wings). They are depigmented or have a weak yellow color,
transparent, and the cuticle is thinned, with homogeneous chi-
tin.'® These adaptations allow them to survive in the moisture-
saturated atmosphere in caves.!” 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.?® It should be
mentioned that other model organisms have been analyzed
using NLM: nematode Caenorhabditis elegans (Maupas
1900),%! as a model in molecular and developmental biologies,
and insect D. melanogaster*>*] 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.”> 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

Camera Filter
Yb KGW laser fuee &
8 G
£ > Scanner
Ti-sapphire laser [— : Tube lens
_;_O<C| Dichroic
:

Pump laser

y <—> Objective

+z
Driver Stepper Sample
s motor -z

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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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-uym 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, 40X,
0.65 NA (with 815-um 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-pm 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 40X 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. Curd&i¢, Schénmann, Brajkovié, B. Curti¢ & Tomié, 2004)
were analyzed. We used commercially available chitin [poly
(N-acetyl-1,4-p-p-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 Kucajske Planine
Mts. in Eastern Serbia.?® As with a majority of cavernicolous
invertebrates, this species is without pigments.?’?® 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.
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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. Vidli¢ in Southeastern Serbia.? The cuticle of this spe-
cies is thin as in other troglobitic arthropods, chitinous, almost
depigmented, and pale yellow.*° 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
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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.

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.’'
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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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Fig. 4 Fluorescence time of chemically purified chitin.

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,®? 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 /cm?. 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
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Fig. 5 Autofluorescence spectrum of chemically purified chitin.
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Fig. 6 (a) Decrease of the TPEF signal due to chemically purified chi-
tin photo-bleaching (at 5.3 MW /cm? 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 SHG mode. Both images were taken by 40x /0.65 objective.

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.”%* The close correspondence
of the evolution and geological record confirms cave-dwelling
insects as an important study system for historical biogeography
and molecular evolution.”® They are best suited for testing many
hypotheses concerning adaptation strategies during colonization
of empty places on Earth.*® These insects are very precious to
the natural biodiversity of the world, because single species can
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Fig. 7 (a) Plusiocampa christiani; and (b) Pheggomisetes ninae (photographs by Dragan Antic).

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.”® Apart from a certain amount of proteins,
the outer nonliving layer of the insect (cuticle) is regarded as a
highly chitinized (sclerotized) structure.** 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

100 pm
—

(b)

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 um. (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 40x/0.65 objective. Bright

field microscopic images are in insets.
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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

100 pm
—

100 pm
—t

(b)

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 25x /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 40x/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.JB0O.20.1.016010.2].

Journal of Biomedical Optics

016010-6

(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 25X 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 ym 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 & Schiffermiiller, 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
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(a)

(©

(b)

100 um
/ :
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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 |, 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 25x/0.8 water/glycerin immersion objective.

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.?”*® However, we have found that
the polarization effects were pronounced both under SHG (840-
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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
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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).

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

100 um

100 pm

(a) (b)

Fig. 14 The tip of P. Christiani antenna recorded at two orthogonal
polarization states. (a) Horizontal polarization, (b) vertical polarization
of excitation light.

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.

100 #m

(b)

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.

Journal of Biomedical Optics

016010-8

January 2015 « Vol. 20(1)



Rabasovi¢ et al.: Nonlinear microscopy of chitin and chitinous structures. . .

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 um. 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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ABSTRACT

Cerium oxide (Ce0,.3) ultrafine nanoparticles, with the lower (CeO,.3-HT) and higher (CeO,_3-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@Ce0O,_;-HT and PANI-
ES@Ce0,_5-SS) were obtained. The interaction between CeO,.5 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 CeO,.3), 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 ~294Fg~! (PANI-ES), ~299Fg~! (PANI-ES@Ce0,_5-HT) and ~314Fg~' (PANI-
ES@Ce0,_3-SS), was measured in 1 M HCl, at a common scan rate of 20 mV s~ L The high adhesion of PANI
with cerium oxide prevents the oxide from its slow dissolution in 1IMHCI 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 CeO,_; characteristics.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The linkage of diverse metal oxides (TiO,, CeO,, ZnO, graphene
oxide, SiOy, FeyOy, MnO, ...) 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 [1-5]. 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
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Studentski trg 12—14, 11158, Belgrade, Serbia.
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degree of PANI‘s protonation or different oxide structures (obtained
through numerous synthesis procedures), make their study
inexhaustable.

While the investigations of composites with TiO, were quite
diverse and numerous, the studies on PANI/CeO; nano-composites
have mostly directed to the development of sensor technology
including H,0, sensors, humidity sensors, biosensors, gas sensing
materials [6—11]. The positive influence of CeO, 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 [15—17]. 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 CeO surface via its —OH and
—NCO functionalized groups improves both electrocatalytic and
capacitive performance of PANI. By mixing CeO, with 10% of PANI,


mailto:milica.vujkovic@ffh.bg.ac.rs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2019.03.135&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2019.03.135
https://doi.org/10.1016/j.electacta.2019.03.135
https://doi.org/10.1016/j.electacta.2019.03.135

B. Kuzmanovic et al. / Electrochimica Acta 306 (2019) 506—515 507

Maheswari et al. [15] have significantly improved charge storage
properties of oxide in HCl, from a very high value of 927 Fg~! (for
pure oxide) to the extremely high one amounting to 1452 Fg~! for
the CeO,/PANI composite. Also, Gong et al. [16], have recently
prepared nickel doped cerium oxide nanospheres at PANI
(Ni—CeO,@PANI) as an electrode material for supercapacitors,
which provided a very high capacitance of 894Fg~! (at 1Ag™1),
thanks to the defective nature of Ni—CeO,. The excess of reactive
oxygen vacancies was achieved by doping CeO, with nickel
atoms, whereas the Ni—CeO,@PANI nanocomposite was prepared
by in situ chemical oxidative polymerization of aniline in
presence of Ni—CeO, 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 CeO5_;,
containing different fraction of oxygen vacancies (without metal
doping), in order to compare how the O-vacancy population in-
fluences the PANI-CeO, 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 CeO,.3 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-CeO,_; 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, 0.18 mL of two
times distilled aniline monomer was injected into 7 mL of 2 M HCI
solution. 0.45 g (NH4)2S04 (previously dissolved in 2 mL of deion-
ized water) was dropped to the solution and stirred magnetically at
25 °C. After filtration, the precipitate was washed (with 2 M HCl and
deionized water followed by ethanol) and dried at 60 °C in the oven
for 36 h.

2.1.2. Hydrothermally synthesis of CeOy.s

The CeO,_; nanoparticles with a lower amount of oxygen va-
cancies were prepared by the hydrothermal treatment (CeO,.3-HT),
according to the procedure presented in Ref. [19]. In a typical
synthesis, 2 g of polyvinylpyrrolidone (Sigma Aldrich) was dis-
solved in 40 mL of deionized water, continuously stirring on a
magnetic stirrer (at room temperature T = 25 °C) until a homoge-
neous solution was obtained. 6 mmol of Ce(NOs3)3-6H,0 (Acros
Organics 99.5%), previously dissolved in deionized water V =40 mL,
was slowly added to the resulting solution, with constant stirring.
During the synthesis, the pH of the solution was not adjusted and
value was pH = 4. The prepared solution was put into a Teflon-
lined stainless steel autoclave (capacity ~80 mL), 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 CeO5._s
Solid-state reaction at room temperature was used for the

synthesis CeO;-5 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 (~10 min) 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 NaNOs. The final product was transferred into petri dish
using ethanol and dried at 60 °Cin a drying oven overnight. The final
result of the synthesis obtained is a light yellow powder CeO,_s.

2[(Ce(NO3)3 x 6H0] + 6NaOH + (1/2-3)05 — 2Ce05.3 + 6NaNO3 -+
15H,0

2.14. PANI@CeO,.; synthesis procedure

The PANI@CeO,_5 composites were prepared in the same way as
PANI-ES, in presence of cerium oxide. Namely, 0.18 mL of distilled
aniline monomer was injected into an aqueous solution of 2 M HCl,
containing 50 mg of CeO,_3-SS or Ce0,_3-HT ultrafine nanoparticles.
The acidic solutions of cerium-oxide nanoparticles were previously
treated by ultrasound to prevent aggregation of nano-CeO, parti-
cles. The oxidizing agent (NH4),S,0s (0.45 g), previously dissolved
in 2 ml 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@Ce0O,.; composites, labelled as
PANI-ES@Ce0,_5-SS and PANI-ES@CeO,_s-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
100 mg of Ce0,-3-SS and 9 mg, 50 mg and 100 mg of TiO, 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 375 MPa.

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~",

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 nm was used for all measurements. The scattered
light was analyzed by the spectrograph with a grating of 600 lines
mm~! and a spectrograph aperture of 50 um slit. The laser power
was kept at 0.5 mW 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™! resolution in the wavenumber range 4000—400 cm™ L,

2.3. Electrochemical measurements

Electrochemical measurements of examined samples were
performed at Gamry PCI4/300 Potentiostat/Galvanostat, in the
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typical three-electrode configuration. The reference electrode was 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 5 wt% 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
1.7mgcm~2 for all examined electrodes. The electrolyte was
1 mol 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@Ce0,_3-SS and
PANI-ES@CeO,_3-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 25—700 °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 300—700 °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@Ce0,_3-SS) and
~95.8% (PANI-ES@Ce0,_3-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@CeO,_3-
SS) and 4.5% (PANI-ES@CeO,_3-HT). Somewhat higher content of
hydrothermally synthesized oxide in the composite was obtained.
This is in the correlation with the higher concentration of Ce** ions
i.e. higher fraction of oxygen atoms in the CeO,_3-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 300—700 °C. The position of the first DTA peak
(appearing at 384 °C) is the same for PANI-ES and PANI-ES@CeO;_3-
SS, while its values for PANI-ES@Ce0O,_3-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@CeO,-
5-SS), 512 °C (PANI-ES@ CeO,_3-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
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Fig. 1. TG (a) and DTA (b) curves of PANI-ES and PANI-ES@Ce0O,_; samples.

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 CeO,_3 with the lower
fraction of oxygen vacancies. Furthermore, the declining slope of
the PANI@CeO,_5 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 CeO,_3-HT and Ce0;_3-SS are shown in
Fig. 2a and b. Nanodispersed, nearly spherical particles, 20—40 nm
in diameter, prevail on the Ce0,.3-SS surface (Fig. 2a) while the
Ce0,-3-HT sample is composed of monodispersed spherical parti-
cles, 0.7—1.1 um in diameter (Fig. 2b). Interestingly, these sub-
micron/micron CeO,.3-HT spheres are huge agglomerates of
nanoparticles 20—40 nm in diameter, which are similar to CeO5.
5—SS 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@CeO,.
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Fig. 2. SEM micrographs of Ce0,.5-SS (a), CeO,_3-HT particles (b), PANI-ES (c), PANI-ES@Ce0,_3-SS (d) and PANI-ES@CeO,_5-HT (e).

5 composites (Fig. 2d and e) indicate that the presence of ultrafine
nanodispersed CeO,_; 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 [23—30]),
is presented in Supplementary Data. The spectrum of PANI-
ES@Ce0O,_3 sample is almost the same as the spectrum of pure PANI-
ES since the characteristic CeO,.3 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
low amount of cerium oxide in the composite. It can only be noticed
that the intensity ratio of 1306/1244cm~! bands (which are
assigned to C—N stretching modes) changes in the presence of the
oxide being 1.25,1.28 and 1.29 for PANI-ES, PANI-ES@Ce0-_3-SS, and
PANI-ES@CeO,_5-HT, respectively. These changes are in correlation
with the measured 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-
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Fig. 3. FTIR spectrum of PANI-ES (a), PANI-ES@Ce0,_3-SS (b) and PANI-ES@CeO,_;-HT
(c). FTIR spectra of pure Ce0,_3-SS and CeO,_5-HT are given in inset.

documented [27,31—36]. It can be seen in Supplementary Data.
Raman spectra of PANI@CeO,_; composites (Fig. 4b and c) show
all characteristic modes of PANI-ES, but CeO,_3 vibrations cannot be
distinguished. The Ce0O,.3 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™~! cor-
responds to the Fyg vibrational mode of fluorite CeO,.5 structure.
Interestingly, this high intensity mode is not visible in the spectra of
composites. This confirms that the CeO, is encapsulated into
polymer chains thus forming the core-shell structure, via the
polymerization of aniline adsorbed on the cerium oxide as a
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nucleation core. A weak broadband (at ~ 606 cm™~!) in the spectrum
of Ce0,_3-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 CeO,_3-SS sample.

The changes of the PANI-ES mode positions due to the presence
of CeO,_3 are not visible, but changes of the vibration modes in-
tensity can be noticed. One can notice the CeO,_; influence on the
band corresponding to the C~NVe stretching vibration of the
delocalized polaronic structure, which is also identified by FTIR.
Actually, the splitting of this band to ~1344cm™! and ~1326 cm™!
modes, which occurs in the pure PANI-ES, is more pronounced in
the composites, especially in the PANI@CeO,_3-HT sample with the
lower concentration of vacancies, and consequently, a higher de-
gree of Ce** ions. It seems that the relative ratio of 1344 cm™!/
1326 cm~! 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 C—N*
stretching bonds became weaker thus appearing at low wave-
numbers which is reflected in the decreased intensity of 1344 cm™!
band on account of the increase of 1326 cm™~! band intensity. The
change in the 1509 cm~! mode, corresponding to N—H deformation
vibrations, upon PANI-CeO,_; interaction, is also visible and is more
pronounced in the composite containing CeO,-5-SS.

The PANI-CeO,_; 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~! band (which is positioned in the vicinity of the
most intensive Ce0,-3 mode), is decreased in the composite. It can
be correlated to the stronger Fg vibrational mode of fluorite
structure of CeO,.5 which causes the strong interaction. Further-
more, the intensity ratio of bands at 585 cm™" (positioned in the
vicinity of oxygen vacancy band) and 520 cm™~! is decreased upon
Ce0-_3 action (as indicated in Fig. 4), thus following the trend PANI-
ES, PANI@CeO,_5-HT, PANI@CeO,_3-SS. So, this decrease is more
pronounced for PANI@CeO;_3-SS, which could be related to the
presence of higher concentration of oxygen vacancies. Also, the

change in the relative intensity of 718 cm~'-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-CeO,_; 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 —0.2V
vs. SCE to 0.6 V vs. SCE (Fig. 5a) [37]. This redox process is sensitive
to the presence and relative fraction of CeO,; 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 ~1 mA). On the
other hand, PANI has more than twenty times higher current
response. Theoretically, the ratio of active redox centers, such as
Ce**/Ce3* and the amino/imino centers in the composite (wWt%/M
for CeO2-5: wt%/M for CgHsNH), 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 CeO.;.
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 CeO,_3-HT leads to the very small increase of its current
(which is practically negligible), while this response became
somewhat higher in the presence of CeO,5-SS (Fig. 5a and b).
Charge/discharge capacitance expressed in F g~, were found to be
296/294 F g~ for pure PANI, 302/299 Fg™! for PANI@CeO,_3-HT and
319/314Fg~! for PANI@CeO,.5-SS, at a common scan rate of
20mvs~,

Incorporation of CeO,_3 into PANI-ES provides a slightly higher
coulombic capacity despite the fact that the conductivity of com-
posite was decreased by CeO,_3 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 CeO,_; presence [38]. Better charge
behavior of PANI@CeQ,_5-SS than PANI@CeO,_s-HT can be attrib-
uted to the differences in wettability. CeO,_3-SS surface contains a
higher amount of surface hydroxyl groups, compared to the one of
Ce0,_3-HT surface (Fig. 3). The presence of these groups improves
the wettability of both PANI's surface at its boundary with CeO,_3.

To summarize, both investigated PANI@CeO,_3 composites pre-
sent novel materials with a very large charge storage ability in an
acidic solution. The synthesized PANI-ES@CeO,_; composites are
also stable in 1 M HCl solution. This is confirmed by the stability of
the charge storage of PANI-ES@Ce0,_3-SS during the long cycling in
this acidic electrolyte solution (Fig. S2, Supp.Data). Upon cycling,
PANI@CeO,_3-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
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The voltage range was 0.2—0.6 V vs. SCE and the scan rate was 20mV s .

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@Ce0,_3-SS,
which makes this composite a very promising supercapacitor
electrode. Its stable capacitance during consecutive cycling (Fig. 5¢
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 ~0.6—0.7 V vs. SCE, results in its capacity
decrease. Because of that, the cycling behavior in the deeper
positive-going scan (beyond 0.6V 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 —0.2—1V vs. SCE during ten consecutive cycles were
shown in Fig. 6. In the first cycle, beside the main redox couple |
(positioned at 0.22/0.01V 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 0.8/0.65V vs. SCE,
corresponding to the emeraldine/pernigraniline (EM/PN) salt
transition. A small redox pair II (0.55/0.45V 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 IIl can be observed between PANI and the CeO;_3-
modified PANI. A similar current response of these anodic peaks is
observed for PANI and PANI@CeO,_3-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@CeO,_3-HT
(Fig. 6¢) 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 CeO,.3-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@CeO,.;-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@Ce0O,_3-SS (76.8% after 10 cycles and 55.6% after 30 cycles).

3.6. PANI-CeO,.s interaction

Polyaniline chains can change their redox state from a
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completely reduced form (leucoemeraldine), composed of benze-
noid units containing amine nitrogen atoms —NH—, to a fully oxi-
dizied form (pernigraniline), composed of quinoid units containing
imine nitrogen atoms —N =. 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 NH3 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 Ce** cation is surrounded by eight
0% anions, each of which is coordinated to four Ce** 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 H,O and OH groups
coexist at the reduced cerium oxide surface, so their presence can
be expected at the surface of the CeO,_3-SS and CeO,_;-HT oxides, as
confirmed by their FTIR spectra (inset in Fig. 3, O—H stretching
vibrations around 3500 cm’l). Their lower content in the CeO_3-
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 Ce0,_3-SS, at zero
point of charge (pHzpc=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

Ce—OH + H" « Ce—OHJ

Such formed positively charged cerium oxide nanoparticles can
electrostatically attract CI~ 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 CeO,_; 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, CeO,_; 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 [6,7,12,43—45]. These data showed that the interaction of
protonated form of polyaniline with CeO,.5 is usually achieved
through the formation of hydrogen bond between surface hydroxyl
(—OH) groups of oxide and hydrogen of the polymer chain
[6,44—46]. Based on both Raman and FTIR measurements, the
similar type of interaction is also identified in as-synthesized
PANI@CeO,_3 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 4—5. 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 Ce0,3-SS since the higher fraction of oxygen va-
cancies (relative to CeO,.3-HT) results in the higher amount of
hydroxyl groups. Besides, another type of oxide-polyaniline inter-
action (Fig. 8c), involving positively charged nitrogen (-N°**H-), 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 Ce** ions). Theoretical

study on CeO,.; 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 CeO;.3-HT
than in Ce0,.3-SS, and easier reduction of Ce** to Ce3* ions, one can
assume that delocalized m 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@Ce0,_3-SS and
PANI-ES@CeO,_3-HT. Also, it could be responsible for the higher
amount of bonded Ce0,_3-HT and consequently improved thermal
stability of PANI-ES@CeO,_3-HT composite. The mechanism of
PANI-CeO,_; 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@CeO,_; interface weakened the polymer
interchain bonds providing an easier attraction of electrolyte ions.
Whether the higher amount of CeO,_3 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 CeO,.; oxide during the synthesis, failed. Interestingly, PANI
was not capable to bind a higher amount of CeO,_3 (under applied
synthesis conditions) regardless to the increase of its initial amount
into reaction medium. Actually, the doubling of the initial content
of Ce0,-; (from 50 mg to 100 mg) for the aniline oxidation did not
increase the content of bonded-CeO,.5 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 9 mg, 50 mg
and 100 mg of TiO, (under same synthesis conditions), resulted in
the ~4 wt%, ~18 wt% and ~34 wt% 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 (3—4%) of either CeO,.
5 (Fig. 1) or TiO, (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 ClI~ 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 TiO; (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

c)

Fig. 8. The initial stage of polymerization (a) and hydrogen (b) and nitrogen-involved interactions (c).
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The rest of the chain

Fig. 9. Schematic illustration of the formation of PANI chains on the surface of CeO,_; nanoparticles (core-shell structure).

with nitrogen atoms of PANL It could be related to a strong ten-
dency of titanium to form coordination compounds with nitrogen
[47]. On the other hand, nano-CeO,;, 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 CeO,.
3 promotes the dissociation of chemisorbed H,0 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 Ce*t jons into crystal lattice, thus intensifying the
interaction of Ce** cation with the nitrogen of the polaron structure
(C~N*™), 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
314Fg~!, was obtained for the oxide with the higher degree of
deficient oxygen (PANI-ES@Ce0,3-SS), thus making this material
promising as electrode for supercapacitors.
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1 | INTRODUCTION optical properties of their wings covered with large number

(500-1000/mm?) of tiny, overlapping scales [2] (see
Insects have been used more than any other living creatures section 1 of Appendix S1 for a short description of their
as a blueprint for design of novel devices. Butterflies and properties). Some of them are structurally colored [3] that is,
moths (order: Lepidoptera) are particularly inspiring, due to produce colors by interference, diffraction and scattering,
vast number of species (nearly 180 000) [1] and peculiar  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
DOE:s 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 pm. 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



PAVLOVIG ET AL. JOURNAL OF 30f9
BIOPHOTONICSJ—

(A) - (B)

scale

substrate

FIGURE 1 A, Ventral side of Issoria lathonia butterfly. B, Reflection microscope (10x, 0.25 NA) image of wing scales from the silver

patch. C, Reflection microscope image (20X, 0.4 NA) image of two isolated wing-scales, removed from the wing of 1. 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)

and thicknesses of layers (Figure 2A). Each section contains layers are separated from the glass substrate by an additional
two layers of chitin, the first of which was regarded as a sub- air layer.

wavelength scattering surface, due to its irregularity and Reflection spectrum of each section was calculated using
presence of the subwavelength grating (Figure 1D). Both a transfer matrix method, modified to include the effects of
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scattering [14]. Layer thicknesses (1, f, ..

., 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
o = 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

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
1. 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

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 =+15nm 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.
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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
(2D) autocorrelation function for each color channel
separately—see details in section 4 of Appendix SI. 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 pm, while in the orthogonal direction it is
1.5 pm.

By taking into account that average dimensions of the
scales are 50 X 100 pm, we can easily calculate that there
are [50/1.5] x [100/30] = 33 x3 = 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, 10%° wing-
scales with different patterns per every channel. Thus, find-
ing a scale exactly the same as another, previously chosen,

two-dimensional

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
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on Fourier-Mellin transform (FMT) [18] which fulfills the
above requirements.

Nine 1. 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-

141 A —A— crosscorelation
/ *-] autocorelation
o/

of |

Number of image pairs

T
0.01 0.1 1
Correlation coefficient

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 pm, as shown in
Figure 4B. Damage threshold is 4.5 mW (using 40 x 1.3
NA microscope objective) and 8.0 mW (with 20 X 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 x 100 pm?), 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 X 100 = 5000 pm?
to approximately 35 x 70 = 2450 pm?). That leaves approxi-
mately [35/1.5] X [70/30] = 23 X2 = 46 colored patches

10 um

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

(numbers are, again, rounded to the nearest integer). Thus, as in
the previous section, we may estimate the number of different
wing scales at 10* (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.

S | 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
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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
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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
85-107% $. 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
L. 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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ARTICLE INFO ABSTRACT

Keywords: Morphology of the pygidial glands and chemical composition of their secretions in adults of four ground beetle
ground beetles representatives of the Pterostichini tribe (Coleoptera: Carabidae) were analysed. Molops (Stenochoromus) mon-
Pterostichini

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.

pygidial glands
gas chromatography-mass spectrometry
morphology

be sorted into the following nine major groups: hydrocarbons, aliphatic
ketones, saturated esters, formic acid, higher saturated fatty acids,

1. Introduction

A great number of insect species use chemical defense (Dossey,
2011; Unkiewicz-Winiarczyk and  Gromysz-Katkowska, 2012;
Gregorovicova and Cernikova, 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; Vesovic et al.,
2017; Muzzi et al., 2019; Vesovi¢, 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

* Corresponding author.
E-mail address: ljubaw@chem.bg.ac.rs (L. Vujisi¢).
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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; Leci¢ et al., 2014; Vesovic 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 (Vesovi¢, 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 Leci¢ 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; Vesovié, 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 (Rabasovi¢ 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
Geigenmiiller, 1987; Hurka, 1996).
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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 28™ June 2014 by S. Curéi¢ and D. Anti¢ 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 15% April
2018 (three specimens of the former taxon and nine specimens of the
latter taxon, leg. S. Curéié, N. Vesovi¢ and M. Vasovi¢) and individuals
of the former species were additionally collected on 22" April 2019
(two specimens, leg. S. Curé¢i¢ and S. Vrani¢) at the Carapicev 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 14™ April 2018 by N. Vesovi¢ on the em-
bankment of the Sava River, Novi Beograd, central Serbia, at 71 m a.s.1.

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 um film thickness) (Agilent Technologies, Santa Clara, USA). The
GC and GC-MS analyses were performed in splitless mode. The injection
volume was 1 pl, 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! 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, 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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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. Vesovi¢.

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 (Rabasovic 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 (C;; and C;3) and one long-chain (C,;) alkanes, two
long-chain (C,; and C,3) alkenes, two long-chain (Cy; and Cy3) dienes
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Table 1
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Chemical composition of the pygidial gland secretions in four Pterostichini taxa analysed by GC-FID and GC-MS.

Peak Rt (min)* Compounds Relative percentage (%)"

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 - - . 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 Heneicosene® - - - - 0.9
18 18.47 Heneicosadiene® - - - - 0.4
19 18.83 (2)-9-Tricosene - - - - 0.7
20 19.27 Tricosadiene® - - - - 0.4
21 19.80 Tricosatriene isomer 1°¢ - - - - 0.6
22 19.88 Tricosatriene isomer 2° - - - - 0.3
23 21.43 Unidentified compound - - - 0.3 -

@ Obtained from GC-MS data.

> Obtained from GC-FID peak areas.

¢ The exact positions of double bonds could not be determined.
9 Trace amounts (< 0.1%).

and two long-chain (Cy3) 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 um. In P. (F.) melas, secretory lobe
units are spherical, each about 210 pm 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
um. 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 (F