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ABSTRACT: Compartmentalization and integration of molecular Lcremcance  a——-—
processes through diffusion are basic mechanisms through which
cells perform biological functions. To characterize these mecha-
nisms in live cells, quantitative and ultrasensitive analytical methods
with high spatial and temporal resolution are needed. Here, we
present quantitative scanning-free confocal microscopy with single-
molecule sensitivity, high temporal resolution (~10 us/frame), and
fluorescence lifetime imaging capacity, developed by integrating
massively parallel fluorescence correlation spectroscopy with
fluorescence lifetime imaging microscopy (mpFCS/FLIM); we
validate the method, use it to map in live cell location-specific
variations in the concentration, diffusion, homodimerization, DNA
binding, and local environment of the oligodendrocyte transcription
factor 2 fused with the enhanced Green Fluorescent Protein (OLIG2-eGFP), and characterize the effects of an allosteric inhibitor of
OLIG2 dimerization on these determinants of OLIG2 function. In particular, we show that cytoplasmic OLIG2-eGFP is largely
monomeric and freely diffusing, with the fraction of freely diffusing OLIG2-eGFP molecules being f5.. = (0.75 + 0.10) and the
diffusion time 73, = (0.5 + 0.3) ms. In contrast, OLIG2-eGFP homodimers are abundant in the cell nucleus, constituting ~25% of
the nuclear pool, some f3,a = (0.65 + 0.10) of nuclear OLIG2-eGFP is bound to chromatin DNA, whereas freely moving
OLIG2-eGFP molecules diffuse at the same rate as those in the cytoplasm, as evident from the lateral diffusion times 75, = 78e. =
(0.5 + 0.3) ms. OLIG2-eGFP interactions with chromatin DNA, revealed through their influence on the apparent diffusion behavior
of OLIG2-eGFP, 713 4 (850 + S00) ms, are characterized by an apparent dissociation constant dj;gz'DNA = (45 + 30) nM. The
apparent dissociation constant of OLIG2-eGFP homodimers was estimated to be KS%}{G“GFP)Z & 560 nM. The allosteric inhibitor of
OLIG2 dimerization, compound NSC 50467, neither affects OLIG2-eGFP properties in the cytoplasm nor does it alter the overall
cytoplasmic environment. In contrast, it significantly impedes OLIG2-eGFP homodimerization in the cell nucleus, increasing five-
fold the apparent dissociation constant, dg;;%g@gfg% ~ 3 uM, thus reducing homodimer levels to below 7% and effectively
abolishing OLIG2-eGFP specific binding to chromatin DNA. The mpFCS/FLIM methodology has a myriad of applications in
biomedical research and pharmaceutical industry. For example, it is indispensable for understanding how biological functions emerge
through the dynamic integration of location-specific molecular processes and invaluable for drug development, as it allows us to
quantitatively characterize the interactions of drugs with drug targets in live cells.
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dipoles, are equally important despite being so weak that they
can be broken with energies that are within the range of
thermal fluctuations. At the molecular level, weak interactions
define macromolecular configuration and conformation, and
hence, their function.” At the cellular level, they are critical
determinants of the overall organization of the cellular interior
and significantly contribute to compartmentalization, i.e., the
formation of distinct local environments (often called
membrane-less organelles), where particular interactions
between relevant biomolecules are enabled to efficiently
proceed.”™” The evolution of mechanisms that harness weak
cooperative interactions was recently shown to render living
organisms more capable of robustly undergoing evolutionary
changes, and it appears that such mechanisms have been
repeatedly positively selected during the evolution of
increasingly complex organisms.® The quest to deploy weak
cooperative interactions is also of relevance for designing new
drugs, in particular for the development of so-called allosteric
drugs.”~"" Allosteric drugs exploit a fundamental mechanism,
initially identified in multisubunit/multimeric proteins,'*~"*
which was later observed also in monomeric, intrinsically
disordered proteins.”> They bind to a distant binding site,
inducing rearrangements in the network of weak cooperative
interactions that propagate across comparatively long dis-
tances, eventually rendering the active site more/less amenable
for orthosteric ligand/drug binding.'® Efforts to develop
allosteric drugs focus on understanding the function of natural
molecules that act as allosteric modulators,'” rely on the use of
computational approaches to identify allosteric binding sites
that can be specifically targeted,'®'” and are inseparable from
the advancement of experimental techniques to understand
detailed molecular mechanisms that underlie allostery”” and to
characterize the effects of prospective allosteric drug
candidates.”’ Experimental techniques designed to probe
these processes in the cellular milieu need to be sensitive
over a range of timescales (nanoseconds-to-seconds) and
length scales (nanometers to microns).

Fluorescence correlation spectroscopy (FCS) and its dual-
color variant fluorescence cross-correlation spectroscopy
(FCCS) are the only presently available techniques that can
nondestructively measure the concentration, diffusion, and
binding of fluorescent/fluorescently labeled molecules in live
cells with single-molecule sensitivity and high, sub-micro-
second, temporal resolution.”> However, the same feature of
FCS/FCCS that enables the ultimate, single-molecule
sensitivity—the possibility to probe a minute observation
volume element, thereby significantly reducing the background
and improving the signal-to-background-ratio, confers also a
serious limitation. Thus, conventional FCS/FCCS is of limited
overview, i.e., measurements are restricted to a single-point
location, probing in the cell a tiny volume of (0.2—2) X 107"
12372 To overcome this limitation, FCS was “amalgamated”
with imaging-based methods, yielding new experimental
techniques, such as temporal image correlation spectroscopy
(TICS)27 and raster image correlation spectroscopy
(RICS),”®* which rely on raster scanning of the laser beam
to illuminate a larger area; and single-plane illumination
microscopy-based FCS (SPIM-FCS)*°™*® and massively
parallel FCS (mpFCS),**™® which deploy different illumina-
tion strategies to cover a larger area. While these new
techniques enable location-specific mapping of molecular
concentration and diffusion in cells, they also entail some
limitations. For example, the temporal and spatial resolution of

TICS are inversely related and one is improved at the expense
of the other—spatial resolution of TICS increases when the
temporal resolution is in the millisecond range, due to long
image plane acquisition time by raster scanning. This renders
TICS either ill-suited for the study of fast processes or confers
low spatial resolution.”” Similarly, RICS sacrifices spatial
resolution to determine the diffusion and the number of
molecules,”*”*” as averaging over a relatively large number of
pixels (>64) is needed to allow an accurate spatial correlation
analysis. It also has significant problems when analyzing
heterogeneous samples since the presence of bright speckles
significantly deforms the autocorrelation curve. SPIM-FCS,
which relies on the use of light-sheet illumination and a 2D
camera to examine larger areas, can achieve high temporal
resolution—recently reaching 6 us for a reasonably short
(~100 s) measurement duration using the Swiss single-photon
avalanche diode array (CHSPAD) camera.’”*® SPIM-FCS is,
however, inherently hampered by the nonuniform thickness of
the light sheet, which widens toward the edges, thus forming
larger observation volume elements. Furthermore, scattering of
the light sheet in heterogeneous environments and the
presence of opaque compounds within the specimen alter
the light-sheet intensity and can even completely block the
incident light, which is recognized by the appearance of dark
stripes in SPIM images. In SPIM-FCS, this translates to
nonuniform illumination and hence a nonuniform signal-to-
noise (SNR) ratio across the image. mpFCS relies on the
spatial modulation of the incident laser beam by a diffractive
optical element (DOE) to generate a large number of
illumination spots, and a matching SPAD camera to detect
in a confocal arrangement of the fluorescence intensity
fluctuations from a large number (1024 in a 32 X 32
arrangement) of observation volume elements, providing
single-molecule sensitivity and high spatial (~250 nm) and
temporal (21 ps) resolution.”**>**** mpFCS was shown to be
widely applicable, for the analysis of fast diffusion processes of
eGFP-fused functional biomolecules in live cells” and in live
tissue ex vivo.”” The broad applicability of the mpFCS for
functional fluorescence microscopy imaging (fFMI) was a
motivation for us to go a step further and develop a new fEMI
modality, mpFCS integrated with fluorescence lifetime imaging
microscopy (mpFCS/FLIM). The fluorescence lifetime of a
fluorophore or a fluorescently labeled macromolecule provides
information on the environment local to the fluorophore (e.g.,
refractive index, polarity, pH, PO, Ca®"). It can provide
complementary insights into nanoscale (1—10 nm) macro-
molecular interactions or conformations via Forster resonance
energy transfer (FRET) and dynamic quenching on the
nanosecond timescale.

Here, we present an integrated massively parallel FCS and
FLIM system (mpFCS/FLIM) on the same microscope frame.
This enables massively parallel measurements to quantitatively
characterize the location-specific concentration, mobility and
interactions (via FCS), and local properties of the immediate
surrounding of biomolecules (via fluorescence lifetime). We
demonstrate the capabilities of mpFCS/FLIM for quantitative
live cell biochemistry and cellular pharmacology by character-
izing the effect of test compound NSC 50467 on
oligodendrocyte transcriptional factor 2 (OLIG2) dimeriza-
tion. OLIG2, a basic helix—loop—helix transcription factor in
the central nervous system, plays an important role in neuronal
cell differentiation during development,41 adult neurogenesis,42
and glioblastoma development.”’ Substances that target
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Figure 1. Optical setup for mpFCS/FLIM. (A) Schematic drawing of the mpFCS/FLIM optical setup. The 482 nm laser beam with elliptical cross-
section is transformed into a circular beam using an anamorphic prism pair and expanded using a Kepler telescope setup (L1 and L2) with a
pinhole in its focus. The expanded circular laser beam is focused by the focusing lens (L3) mounted on an xyz translation stage, which is positioned
in front of the diffractive optical element (DOE) that can be translated along and rotated around the z-axis. The illumination matrix consisting of
16 X 16 (256) spots, which are generated in the image plane of the back port of the microscope, is imaged by the microscope relay optics (L4) and
the objective lens to the object plane. Fluorescence is detected by a single-photon avalanche diode (SPAD) camera that can be translated along the
z-axis and tilted at two angles (pitch and yaw) or a digital single-lens reflex (DSLR) camera. (B;) Image of the illumination matrix visualized by the
DSLR camera using a thin fluorescence layer as a specimen. (B,) Enlarged image of a single illumination spot shown in (B,). Inset: Fluorescence
intensity (FI) distribution through the center of the spot (white dashed line) and the best-fit Gaussian curve (red solid line). Spot roundness,
assessed by measuring the spot radius in different directions: horizontal (0°; white dashed line), 45, 90, and 135°, showed that the ratio of spot
radius over the spot radius at 0° was 1.00, 1.02, 0.96, and 1.04, respectively. (B;) Histogram of spot radii for all 256 spots in the confocal image of
the illumination matrix is shown in (B;). The average spot radius, Tipot = (17 + 2) pm, was determined from a half of the full width at half-
maximum (FWHM) of the best-fit Gaussian curve. (B,) Histogram of peak fluorescence intensity for all spots in the confocal image of the
illumination matrix is shown in (B,). The average peak fluorescence intensity, FI;;5x = (90 + S) au. (C,) Scanning-free confocal image of the same
specimen as in (B,) acquired using the SPC®> SPAD camera. Here, each SPAD in addition to being a photodetector also acts as a 30 nm pinhole. Of
note, every other SPAD in the centrally positioned 32 X 32 SPADs of the 64 X 32 SPC® SPAD camera was used. Unilluminated SPADs (dark
blue), on the sides and in-between the illuminated ones (yellow—red ones), are clearly distinguishable by fluorescence intensity. (C,) Histogram of
fluorescence intensity, i.e., photon count rates (CR) measured in all illuminated SPADs shown in (C,). The average fluorescence intensity was

12013 https://doi.org/10.1021/acs.analchem.1c02144
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Figure 1. continued

determined, CR = (440 + 35) kHz. (C;) Scatter plot showing spot peak intensity measured using the SPC* SPAD camera (C,) as compared to the
spot intensity measured using the DSLR camera (B,). While a unimodal distribution is observed, six SPADs with disparate values were identified.
(D,) 256 single-SPAD autocorrelation curves (ACCs) recorded in an aqueous buffer solution of eGFP, c.grp = 4 nM, with the corresponding
average ACC (black). (D,) ACCs acquired in the same solution as in D; by mpFCS (black; same as in D;) and spFCS ACC (red). The dashed
gray line shows G(7) = 1. (D3) ACCs shown in D, normalized to the same amplitude, G(10 us) = 1 at 7 = 10 ys, acquired using the spFCS (red)
and the mpFCS (black) systems. The dashed gray line shows G,(z) = 0. In all images, scale bar is 10 ym.

OLIG2 are attractive candidates for the development of
therapeutic agents for glioblastoma.”* However, identification
of such molecules is not trivial due to the large and complex
surface through which OLIG2 interacts with itself and other
partners, which is uncharacteristic and with no hydrophobic
pockets.'”"” The NSC 50467 compound was identified in silico
using the so-called “combined pharmacophore approach” and
was predicted to act as an allosteric inhibitor of OLIG2
homodimerization* ™" thus impeding OLIG2 homodimer
binding to the enhancer box (E-box), which is the canonical
bHLH transcription factor binding site.”~*’

B EXPERIMENTAL SECTION

Optical Setup for Massively Parallel Fluorescence
Correlation Spectroscopy Integrated with Fluorescence
Lifetime Imaging Microscopy (mpFCS/FLIM). The optical
design of the mpFCS/FLIM system and important features are
shown in Figure 1A—C;. Information about optical alignment,
calibration, data acquisition, analysis, image rendering, and
fitting of temporal autocorrelation curves (ACCs) using eq S1
is provided in the Supporting Information (Section S1, Figures
S1-S5).

Software for mpFCS/FLIM. mpFCS/FLIM data acquis-
ition, analysis, and graphical presentation were carried out
using our own software, into which the Micro Photon Device
(MPD) software for running the 2D SPAD array was
integrated. The software was written in Embaracadero C++
Builder 10.2 (Embarcadero Technologies). Detailed informa-
tion about data acquisition, analysis, and image rendering are
given for mpFCS in Section S1b and for FLIM in Section Slc.
Phasor plot analysis is presented in Section S1d.

Cell Culture and Transfection. Procedures for cell
culturing and transfection for mpFCS/FLIM measurements
(Section S2a), pharmacological treatment of cells (Section
S2b), and cell culture for FRET-FLIM measurements (Section
S2¢) can be found in the indicated sections in the Supporting
Information.

Dissociation Constant Assessment. Procedures for
calculating the apparent dissociation constants of OLIG2-
eGFP dimers (Section S3) and Olig2-eGFP—DNA complexes
(Section S4) can be found in the indicated sections in the
Supporting Information.

Standard Solutions for mpFCS/FLIM Calibration.
Relevant information about standard solutions used for
mpFCS/FLIM system calibration can be found in Section SS.

Statistical Analysis. All values are presented as mean =+
standard deviation (SD). Two-tailed Student’s t-test was used
to compare two groups. The correlation analyses were reported
using the probability value (p-value). Differences between two
groups were considered to be significant when p <0.0S.
Pearson’s sample correlation coefficient r was used to assess
the strength of a linear association between two variables.
Statistical analysis was performed using the Origin 2018
program for interactive scientific graphing and data analysis

and/or Excel. During data analysis, data from a few pixels
(<5%) were disregarded due to the extremely high background
in these SPADs. The results were replicated in three
independent experiments, starting from cell transfection,
culturing, treatment, and measurement. Similar trends were
observed in all three experiments. Figures show representative
data acquired in a single cell.

B RESULTS

Validation of mpFCS/FLIM System Performance for
FCS. The sensitivity and temporal resolution of the mpFCS/
FLIM system are unprecedented, enabling us to perform
measurements in a buffered aqueous solution of the enhanced
Green Fluorescent Protein (eGFP; Figure 1D,—Dy). Of note,
the amplitude of the average ACC acquired by mpFCS is half
the amplitude of the ACC acquired using conventional single-
point FCS (spFCS), largely due to a higher background in the
mpFCS system than in the spFCS system (Figure 1D,). In
contrast, normalized autocorrelation curves nicely overlap
(Figure 1D;), revealing that the observation volume elements
(OVEs) in the mpFCS and the spFCS systems are of similar
size. We also show that the ACC can be fitted with the
acceptable signal to noise using eq S1, a = 1,i=1, T =0
(Figure S4A,B) and that the axial ratio is not diverging (s = w,/
@,y = 4.6), which indicates that the assumption of a 3D-
ellipsoidal Gaussian OVE is applicable. Finally, we show by z-
stack imaging that the fluorescence intensity profile in the axial
direction is Gaussian with a half width at half-maximum,
HWHM = (1.15 + 0.09) um (Figure S4C).

Validation of mpFCS/FLIM System Performance for
FLIM. To characterize the performance of the mpFCS/FLIM
system for fluorescence lifetime (7;) measurements, the
instrument response function (IRF) was measured and
single-exponential decay fitting of FLIM curves was compared
to convolution fitting with the IRF (Figure S6); effects of the
gate width and the step size between gates on 7; were examined
(Figure S7); the precision with which 7; of pure species can be
determined was assessed using solutions of molecules with
known fluorescence lifetimes (Figures 2 and S8); and the
ability of our system to resolve two lifetimes using measure-
ments at a single frequency was evaluated using a series of two-
component solutions with different relative contributions of
the two component (Figures 2 and S9). The most important
results are summarized in Figure 2.

Briefly, Figure 2A; shows 256 simultaneously recorded
fluorescence decay curves in a phosphate buffer solution of
eGFP. Analysis using the single-exponential decay model (eq
S2) yielded a histogram of fluorescence lifetimes from which
eGFP fluorescence lifetime was determined, 7;.gpp = (2.5 +
0.02) ns (Figure 2A,). This value agrees well (ie., to within
10%) with the values obtained in other laboratories.**™>°

Using a 2.0 ns gate width and a 0.2 ns gate step time, 7; was
measured for several standards in solution, covering a 7; range
from 1 to 10 ns (Figure 2B;,B,). The agreement between
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Figure 2. Fluorescence lifetime imaging microscopy (FLIM) using
the integrated mpFCS/FLIM system. (A;) 256 simultaneously
recorded eGFP fluorescence decay curves in aqueous phosphate
buffer. (A,) Corresponding histogram of fluorescence lifetimes
obtained using a one-component exponential decay model to fit the
fluorescence decay curves. From a best-fit Gaussian curve, the
fluorescence lifetime was determined, zfgpp = (2.50 % 0.02) ns. (B,)
Fluorescence decay curves recorded in aqueous solutions of different
fluorescent dyes: ATTO495 (black), Rhodamine B (RhB; red), eGFP
(blue), Rhodamine 6G (Rh6G; green), ATTO488 (cyan), BODIPY
FL (magenta), Rubrene (dark yellow), and the Instrumental
Response Function (IRF; gray), all acquired using the same SPAD
in the SPC3 camera. (B,) Comparison of fluorescence lifetimes
measured using the mpFCS/FLIM system with literature values.
Pearson’s correlation indicated that there was a significant positive
association between the measured and literature values (r(7) = 0.999,
p < 0.001). The red line indicates perfect agreement. (C;) Normalized
fluorescence decay curves for Rh6G, eGFP, and their mixtures made
so that a specified number of photons originates from Rh6G, e.g., 50%
Rh6G indicates that 5S0% of photons are from Rh6G: eGFP (0%
Rh6G; dark gray), 25% Rh6G (red), S0% Rh6G (blue), 75% Rh6G
(green), and 100% Rh6G (violet). (C,) Comparison of the relative
contribution of Rh6G, as determined from fluorescence lifetime
measurements using a two-component exponential decay fitting
model with fixed fluorescence lifetimes: 7¢.grp = 2.5 ns and Tgpye6 =
3.8 ns (black dots), with its actual concentration in a two-component
mixture. Pearson’s correlation indicated that there was a significant
positive association between the measured 7; and values found in the
literature (r(S) = 0.995, p < 0.01).

expected and measured fluorescence lifetimes, which can be
gleaned from Figure 2B,, is excellent (r = 0.999, p < 0.001).

Given that 7; can be considered a “molecular fingerprint,”
allowing detection and discrimination between multiple species
that emit fluorescence over the same spectral window, we
tested the capability of our instrument to distinguish
fluorophores that emit in the same spectral region and have
discernible lifetimes, Rhodamine 6G (Rh6G), 7;gpsc = (3.80 %
0.04) ns, and eGFP, 7¢.gpp = (2.50 £ 0.02) ns. To this aim, we

mixed Rh6G and eGFP solutions at different proportions
(Figure 2C,,C,). As expected, the total 7; increased as the
proportion of the species with the longer 7; (here Rh6G) was
increased (Figure 2C;). A fit of the data to an exponential
decay function by two processes (eq S3; with 7; for eGFP and
Rh6G fixed and amplitudes floated) yielded relative amplitudes
that matched well the calculated relative contribution of the
components in the mixture (Figure 2C,).

Since attempts to fit the data with a two-component-
exponential decay model with free-floating 7; and their relative
contributions did not lead to extraction of the correct
component lifetimes and their relative amounts (Figure
S9A,,A;), phasor analysis® ~>® was used to analyze the
simultaneously acquired fluorescence decay curves, assuming
that two lifetime components were common to all of the
curves. By deploying phasor analysis, which uses the Fourier
transform to decompose experimentally measured fluorescence
decay curves into complex-valued functions of the modulus
(m) and the phase angle (6,.,) (eqs S4—S21), global analysis of
a two-component system is reduced to algebraic calculations in
the phasor space (Figure S9B;). Following calibration
experiments (Figure S8), we computed by phasor analysis 7¢
and components’ fractions with dramatically improved
accuracy and precision (Figure S9B,,B,).

Spatial Mapping of Fluorescence Lifetime in a Fixed
Specimen. To demonstrate spatial mapping of 7, a fixed plant
specimen, the acridine orange stained section through the
rhizome of the lily of the valley (Convallaria majalis) was used
(Figure 3).

Fluorescence images acquired using a spot-wise, 16X16,
illumination and the DSLR camera (Figure 3A,B;) show cells
in the central parenchyma made visible owing to the
fluorescence signal from the cell wall. The fluorescence
image of the same cell as in Figure 3B, acquired using the
SPC® SPAD camera is shown in Figure 3B,. Fluorescence
decay curves simultaneously recorded in 256 individual SPADs
(Figure S10), exemplified in Figure 3C, when fitted using a
two-component exponential decay model (Figure 3D)),
yielded a short, 7¢,; = (0.6 % 0.1) ns (Figure 3D,) and a
long fluorescence lifetime component, 7¢,,;, = (2.9 + 0.2) ns
(Figure 3D;). Importantly, the thus determined 7; provided
significant image contrast (Figure 3E,E,), and even a
“ratiometric” image could be obtained revealing the relative
contribution of the component with the short fluorescence
lifetime (Figure 3E;).

Spatial Mapping of Concentration, Diffusion, and
Fluorescence Lifetime in Live Cells. To demonstrate
spatial mapping of the concentration, diffusion, and lifetime
in live cells (Figure S11), we first performed measurements on
fluorescent proteins, eGFP (Figures 4 and S12) or eGFP
tetramer (eGFP,,; Figures S13 and S14), as nonreactive
molecular probes.

Our data show that for similar eGFP concentrations in the
cell, c.gpp & 20 nM, and in the aqueous buffer solution, c,gpp &
4 nM, the mean diffusion time of eGFP was about 2.5 times
longer in the cell than in the aqueous buffer, 7p .gp,co = (260
+ 60) Us VS TpGeppuier = (110 % 10) ps, consistent with
previous studies,” whereas the molecular brightness and
fluorescence lifetimes were similar CPSM,ggp, oy = (1.0 + 0.3)
kHZ and CPSMeGFP,buffer = (10 =+ 02) kHZ) Tf,eGFP,cell = (250 =+
0.05) ns and T¢.gpppufrer = (2.50 % 0.02) ns. However, the
relative standard deviations (RSD) of all measured variables
were higher in the living cell (Figure 4B,,C,,D,,E,) than those
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Figure 3. Spatial distribution of fluorescence lifetime in a fixed section of the rhizome of lily of the valley (C. majalis). (A) Fluorescence image of a
spot-wise, 16 X 16, illuminated cell (green) overlaid on a wide-field transmission image (gray) of a region in the central parenchyma recorded using
the DSLR camera. (B,) Zoomed fluorescence image of a spot-wise illuminated cell in the central parenchyma recorded using the DSLR camera.
(B,) Fluorescence image of the same cell as in (B;) acquired using the SPC* SPAD camera. Fluorescence intensity is given in photon counts (PC),
exposure time 46 ms. (C) Fluorescence decay curves recorded in individual SPADs at distinct intracellular locations: cell wall (black squares) and
inside the cell (red circles). All fluorescence decay curves are shown in Figure S10. (D;) A fluorescence decay curve recorded in an individual SPAD
at the cell wall (black squares) fitted using a two-component exponential decay model (eq S3, red line). Inset: Corresponding residuals. (D,)
Histogram of the short fluorescence lifetime component in the plasma membrane and the best-fit Gaussian curve yield 7¢,,,;; = (0.6 + 0.1) ns. (D;)
Histogram of the long fluorescence lifetime component in the plasma membrane and the best-fit Gaussian curve yield 7;, ., = (2.9 + 0.2) ns.
(E,_3) FLIM images of the cell in (B,) rendered visible by mapping the: short (E,) and long (E,) fluorescence lifetime component and the relative

contribution of the short component (E;). In all images, the scale bar is 10 ym.

in the homogenous solution (Figure S3B—E), indicating that
the cell environment presents a spatial variation in local
concentration, local diffusion processes (Figure S15), and local
excited-state decay (environment). Correlation maps (Figure
S16) showed that no correlation was observed between the
concentration (number of eGFP), molecular brightness, and
lifetime, ruling out any spatially dependent concentration
quenching in the fluorescence lifetime and absence of
diffusion-influenced lifetime quenching. Taken together,
these results are largely consistent with the view of eGFP
being a biochemically inert, monomeric protein, able to roam
largely unimpeded inside the cellular milieu. The broadened
distribution functions observed here (relative to homogenous
aqueous buffer) reveal that the cellular interior is not uniform
and that eGFP is not totally confined to the cytosol but is also
found in cytoplasmic organelles.

In contrast to eGFP, which can access the entire cell, a
fluorescence image of a HEK cell-expressing eGFP, reveals
distinctive fluorescence intensities in the cytoplasm and the cell
nucleus (Figures S11B and S13A). Furthermore, the large RSD
of the diffusion time for eGFP,, in the cytoplasm is of
particular note, as it is ten-fold larger than the corresponding
value for the monomeric eGFP in the cytoplasm. Because the
eGFP,, is 4 times larger than eGFP (4 nm long axis
dimension), this suggests that obstacles in the size range of
10 nm or more in the cellular environment affect eGFP,,,

12016

dynamics, as revealed using the anomalous diffusion model (eq
S1, @ # 1)>°™7 to fit the experimentally derived ACCs and
determine the anomalous diffusion exponent («; Figure S15B).
Furthermore, and in contrast to the diffusion time, the
fluorescence lifetime was homogeneous in cells expressing
eGFP,,, (Figure S13E,). FLIM curves in the nucleus showed
lower photon counts but revealed similar decay rates (Figure
S14C,_;). The histogram of fluorescence lifetime quantified
Trerptet = (2.4 £ 0.05) ns in the cytoplasm and similarly in the
nucleus (Figure S13E,).

Spatial Mapping of Transcription Factor OLIG2-eGFP
in Live Cells Before and After Treatment with
Compound NSC 50467: an Allosteric Inhibitor of
OLIG2 Dimerization. To demonstrate spatial mapping of
the concentration, diffusion, and lifetime of interacting
molecules in live cells, intracellular localization and dynamics
of OLIG2 was characterized (Figures S, S11C,D, and S17—
$25).

OLIG?2 is known to bind as a homodimer to the enhancer
box (E-box), the canonical bHLH transcription factor binding
site. ™" It is predominantly localized in the cell nucleus
(Figures SA; and S11C), but is known to shuttle between the
nucleus and the cytoplasm (Figure S11D), with the actual
localization pattern emerging from a dynamic equilibrium that
is predominantly governed by the nuclear export signal.*®
Spatial mapping of the number of OLIG2-eGFP in untreated
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Figure 4. Spatial map of eGFP concentration, diffusion, brightness,
and fluorescence lifetime in a live HEK cell. (A;) Fluorescence image
of an eGFP-expressing HEK cell acquired using a spot-wise, 16 X 16,
illumination and a DSLR camera. The hand-drawn dashed line
highlights the cell border visualized by transmission light imaging.
(A;) Count rate map. Corresponding ACCs and FLIM curves are
shown in Figure S12. (B,) Spatial map of the average N,gpp in the
OVE. Of note, the apparently high average number of molecules in
the cell surrounding is an artifact of the near-zero amplitude of the
ACCs in the cell culture medium (see Figure S12A,). (B,) Histogram
corresponding to B;. The best-fit Gaussian curve yields N ggp = (4.22
+ 0.92), corresponding to c.qpp & 20 nM. (C,) Spatial map of 7p .gep-
(C,) Histogram corresponding to (C,) yields the average eGFP
diffusion time, 7p gpp = (260 % 60) ps. (D,) Spatial map of eGFP
brightness as reflected by counts per second per molecule (CPSM).
(D,) Histogram corresponding to (D,) yields average CPSM gpp =
(1.0 + 0.3) kHz. (E,) Spatial map of eGFP fluorescence lifetimes.
(E,) Histogram corresponding to (E,) yields the average eGFP
fluorescence lifetime, 7.qep = (2.50 + 0.05) ns.

cells revealed that the concentration of OLIG2-eGFP in the
cell nucleus is higher than in the cytoplasm (Figure SA,); the
diffusion time, determined from the full width of the ACC at
half maximum, is significantly longer in the cell nucleus than in
the cytoplasm, 7' = (250 + 300) ms vs z3* = (0.9 + 1.5) ms
(Figure SA3E), and the fluorescence lifetime map revealed a
significantly longer lifetime states in the cell nucleus,
fluorescence lifetime, 7{${igyecer = (3.0 = 0.3) ns vs
TE811G2-ecrp = (2.7 £ 0.2) ns (Figure SF), reflecting differences
in the local environment surrounding the eGFP probe of
OLIG2-eGFP in these cellular locations (Figure SA,). Given
the unexpectedly large experimental errors for diffusion times,
we further examined ACCs. This analysis revealed two
characteristic decay times in both, the cytoplasm (Figures
SC; and S18B;,C;) and the cell nucleus (Figures SC, and
S18B,,C,), with the fast-decaying components being, within
the experimental error, indistinguishable between these
compartments, 785 = Thgee = (0.5 % 0.3) ms, while the
relative amplitude and the diffusion time of the second
component were larger and much longer in the cell nucleus

than in the cytoplasm, fBfoung = (0.65 % 0.10) vs fBhouna =
(0.25 + 0.10) and 7R} oung = (850 = S00) ms vs T3}4una = (60
+ 30) ms, respectively. (Of note, fluorescence intensity time
series (Figure S18A;,A;) show that the signal intensity is
unchanged over time and is not distorted by photobleaching.
Rather, the ACCs recorded in the cell nucleus do not settle at
1 because the decay time of the second component is
comparable to the signal acquisition time length (20 s).)
Finally, OLIG2-eGFP molecular brightness in the cytoplasm,
CPSM 1gaecrr = (1.0 + 0.7) kHz (Figure SG), was within
the experimental error indistinguishable from that of eGFP in
live cells, CPSM.qrp = (1.0 £ 0.3) kHz, measured under the
same conditions, suggesting that OLIG2-eGFP is monomeric
in the cytoplasm. In the nucleus, average molecular brightness
is higher, CPSM{cs-ccrr = (1.4 + 0.7) kHz (Figure SG and
Table S1), suggesting that a dynamic equilibrium between
OLIG2-eGFP monomers and dimers exists.

Treatment with the allosteric inhibitor of OLIG2 dimeriza-
tion did neither change the concentration, nor the diffusion
time, nor the fluorescence lifetime, and nor the molecular
brightness of OLIG2-eGFP residing in the cytoplasm; p> 0.05
for all measurements (Figures SC;, D—G, S17A,_; and
S19A,_,). However, it significantly perturbed the motions
and the local environment of OLIG2-eGFP in the cell nucleus,
causing, on the average, a decrease in the diffusion time by 4
times (from 850 to 200 ms; Figures SC,,E and S19B,, p = § X
107%), and reduced the fluorescence lifetime (Figure SF, p =
1.5 X 107®) and the molecular brightness (Figures SG, S17B;
and S19B,, p = 7 X 1073), while leaving the overall OLIG2-
eGFP concentration unchanged, as reflected by the number of
OLIG2-eGFP molecules (Figures SD and S17B;, p > 0.0S).
Moreover, the positive correlation between local OLIG2-eGFP
molecular brightness and the local diftusion, which was strong
in the cell nuclei of untreated cells, was significantly reduced
(Figure S19B, ,3.,).

Finally, mpFCS measurements enabled us to assess the value
of the apparent dissociation constants for OLIG2-eGFP
binding to chromatin DNA before, d,;l;;gz’DNA = (45 + 30)
nM, and after treatment, Kgfk}s%g&g;* = (130 = 40) nM (Figure
S19C,_;). Also, mpFCS measurement of OLIG2-eGFP
concentration and molecular brightness revealed that in
untreated cells about 25% of OLIG2-eGFP molecules are
homodimers and that treatment with NSC 50467 effectively
reduced OLIG2-eGFP homodimer levels to below 7% (Table
S1). This, in turn, enabled us also to infer apparent OLIG2-
eGFP homodimer dissociation constants in untreated cells

OLIG2-eGFP)2 ~ $60 nM, which upon treatment becomes

Q]
’OE}EGZ—eGFP)Z
Kaapp,NsCso467 = 3 UM.

Taken together, the mpFCS data indicate that treatment
with the allosteric modulator NSC 50467 does not significantly
alter OLIG2-eGFP properties in the cytoplasm, whereas in the
cell nucleus OLIG2-eGFP dimers are not efficiently formed in
the presence of NSC 50467 and OLIG2-eGFP binding to the
chromatin DNA is significantly abolished.

We then used Forster resonance energy transfer (FRET) via
FLIM (FRET-FLIM), to further characterize NSC 50467
effects on OLIG2-eGFP dimer formation. To this aim, cells
expressing OLIG2-eGFP, with eGFP acting as a FRET donor,
and dark yellow fluorescent protein ShadowY tagged OLIG2
molecules (OLIG2-ShY), with ShY acting as FRET acceptor,
were used. For a positive FRET control, a tandem dimer of
eGFP and ShadowY (eGFP-ShY) was transfected into cells. As
expected, robust FRET was observed with the positive FRET
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Figure S. Spatial map of OLIG2-eGFP concentration, diffusion, brightness, and fluorescence lifetime in a live HEK cell before and after treatment
with NSC 50467. (A,, B;) Fluorescence images of an untreated (A;) and a treated (B;) HEK cell-expressing OLIG2-eGFP, acquired using a spot-
wise, 16 X 16, illumination and a DSLR camera. The hand-drawn dashed lines that highlight the cell border (white) and the cell nucleus (orange)
were visualized by transmission light microscopy. Corresponding fluorescence intensity fluctuation time series and ACCs are shown in Figure S18.
(A, B,) Spatial map of the average number of OLIG2-eGFP molecules in an OVE, recorded in an untreated (A,) and a treated (B,) cell. (A, B;)
Spatial map of OLIG2-eGFP diffusion times recorded in an untreated (A;) and a treated (B,) cell. (A, B,) Spatial map of fluorescence lifetimes
recorded in an untreated (A,) and a treated (B,) cell. Corresponding FLIM curves are shown in Figure S18. (A, Bs) Spatial map of OLIG2-eGFP
brightness (CPSM) recorded in an untreated (A;) and a treated (B;) cell. (C,, C,) Single-pixel ACCs normalized to the same amplitude, G(20 ps)
=1 at 7 = 20 s, recorded in the same pixel in the cytoplasm (C,) and the same pixel in the cell nucleus (C,) before (black) and after (red)
treatment. Two-component 3D free diffusion model fitting to the ACCs recorded in the cell nucleus and the cytoplasm in the untreated (green)
and the treated (blue) cell. (D—G) Effect of treatment on the number of molecules (D), diffusion time (E), average fluorescence lifetime (F), and

average molecular brightness (G).

control probe, with a FRET efficiency of 55% (as determined
by phasor analysis of the FLIM data, Figure S20). Phasor plots
recorded in cells expressing OLIG2-eGFP and OLIG2-
ShadowY showed evidence of emission from a mixture of
FRET and non-FRET states including the FRET contribution
from the OLIG2 dimer (Figure S21A). In the context of a
FRET/non-FRET state model (involving donor, acceptor, and
FRET states), our analysis delivered an amplitude fraction of
FRET to be (0.3 & 0.1) in the absence of allosteric inhibitor,
which decreased to (0.07 + 0.06) upon treatment with the
inhibitory compound, also observable at other cells (Figure
S21B,E,F). As expected, the decrease in the FRET fraction was
accompanied by an increase in the contribution of non-FRET
states. This data provides evidence for the efficient inhibition
of OLIG2 dimer formation by the inhibitory compound. Since
the RSD of the amplitude of the FRET fraction of OLIG2
without compound is larger than that of the tandem dimer of

12018

fluorescent proteins (eGFP-ShY), we can conclude that
OLIG2 dimerization in the nucleus was in addition to
OLIG2 dimerization inhibition also affected by the nuclear
environment (e.g., genome DNA structure).

B DISCUSSION

In this work, we present two important achievements, the
development of a new functional fluorescence microscopy
imaging (fFMI) modality attained by integrating massively
parallel fluorescence correlation spectroscopy with fluores-
cence lifetime imaging microscopy (mpFCS/FLIM) and
demonstrate its use to characterize the action of a compound
with potential therapeutic effects that target OLIG2.

Our instrument is a quantitative scanning-free confocal
fluorescence microscope with single-molecule sensitivity; it has
similar confocal volume elements with single-point FCS and 10
us/frame temporal resolution and can map fluorescence
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lifetimes from 1 to 10 ns. The instrument builds on our
previous work,”> but we have now improved to longer signal
acquisition duration, ~10 s from previous 2.7 s, with a higher
temporal resolution, ~10 us/frame from previous ~21 us/
frame, toward tracking faster dynamic processes. In addition,
the SNR was dramatically improved. In particular, the number
of particles ratio against spFCS reduced 10 times, from 50 to 5
for fluorospheres (d = 100 nm). Also, single-pixel autocorre-
lation curves in eGFP and QDS25 in water agree to within
10% with spFCS. Importantly, the system integrated with
FLIM enabled us to perform mpFCS and FLIM at the same
position in the cell. This is a significant improvement
compared to current practice, where considerable time lags
are introduced when moving the specimen from one
microscope to the other. At the same time, the time needed
for finding the same cell after moving the specimen from one
microscope to the other is entirely abolished. Our dedicated
software provides mono- and two-component exponential
decay fitting for all 256 SPADs nearly instantly, rendering a
fluorescence lifetime image in a few seconds. Implementation
of phasor analysis makes multicomponent analysis in FLIM
easily achieved without the need to fit multicomponent
exponential decay curves.

In comparison with other presently available 2D FCS
instruments, such as FCS based on total internal reflection
(TIR-FCS™ %) and single plane illumination microscopy
(SPIM-ECS*°~**), our approach is more versatile. The main
limitation of TIR-FCS is its restriction to an investigation of
processes at the basal plasma membrane. SPIM-FCS, on the
other hand, enables us to visualize the inside of cells and
perform measurements there, but it is hampered by an
inhomogeneous illumination and is characterized by a
relatively larger observation volume (~1 x 107'° 1).
Advantages of our approach are optical sectioning, homoge-
nous illumination and detection, and small confocal volume
elements (~0.35 X 107" 1), which is particularly important
since larger observation volume elements average local
differences in concentration, mobility, and intermediate
surrounding of molecules in a live cell. Thus, the integrated
mpFCS/FLIM system uniquely enables us to map with great
precision the molecular numbers and mobility via mpFCS and
characterize the local environment immediately surrounding
fluorescent/fluorescently labeled molecules via FLIM. Instru-
ment performance was stringently assessed in a series of
validation experiments using well-characterized samples. Most
notably, we have demonstrated that we could measure the
concentration and diffusion of eGFP in a dilute aqueous
solution (c.gpp = 4 nM, Figure 1D;—Dj;) and showed that it is
uniform (Figures S3 and S15). We have also shown that
noninteracting molecules smaller than 5 nm, e.g., eGFP, diffuse
without significant hindrance through the entire cell (Figures 4
and S15), while molecules/molecular complexes that are larger
than 10 nm, such as eGFP,,, largely reside in the cytoplasm
where their diffusion is hindered by internal membranes in the
cytoplasm (Figures S13 and S15). These findings are in line
with experimental findings reported in the literature and with
theoretical findings showing that the cytoplasm behaves to a
very large extent as a liquid phase for length scales shorter than
100 nm and as a dynamically structured macromolecular
matrix for longer length scales.”” They are also important for
the validation of our instrument performance.

Importantly, the integrated mpFCS/FLIM system enabled
us to characterize in live cells the heterogeneous reaction-
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diffusion landscape of transcription factor OLIG2-eGFP and
provided important new insights into its intracellular
organization. It also enabled us to characterize in great detail
the effects of the allosteric inhibitor NSC 50467 on OLIG2-
eGFP homodimerization and interactions with chromatin
DNA. The possibility to quantitatively characterize in live
cells location-specific differences in transcription factor
concentration, homodimerization, and DNA binding and the
effect of pharmacological agents on these determinants of
transcription factor function opens transcription factors to
experimental therapeutics. Here, we have shown that the
therapeutic compound NSC 50467 targeting OLIG2 homo-
dimerization efficiently abolishes OLIG2-eGFP binding to
chromatin DNA. We have also shown that this compound does
not affect OLIG2-eGFP levels in the cytoplasm and its
distribution in cytoplasmic organelles/membrane-less micro-
domains. The possibility to perform such detailed, previously
intractable measurements may significantly facilitate new
therapeutic discoveries.

In conclusion, the methodology presented here is a versatile
tool with myriads of applications in biomedical research. In its
current realization with 256 (16 X 16) OVEs, simultaneous
sampling in cellular organelles is limited to a handful of
locations. This, however, can be improved using another DOE
(e.g, (32 X 32), as we have previously shown®”). Also, while
we have demonstrated the agplication of our method for
studies in live tissue ex vivo,”> our approach is better suited
for studies in cell cultures, where the background from
scattered fluorescence is lower than in tissues/small organisms.
Despite these limitations, the strength of our approach lies in
the user-friendly instrument design and the capacity of our
methods to characterize both, compartmentalization of
molecular processes, by measuring local excited-state decay
via FLIM, and their dynamic integration, by measuring
diffusion/active transport using mpFCS. Compartmentaliza-
tion and dynamic integration of molecular processes are
opposed yet coexisting and intertwined principles essential for
normal cellular physiology as they enable location-specific
processing of information and integral whole-cell response.
Our methodology is thus paving the way to better under-
standing how biological functions emerge from underlying
spatially confined chemical processes.
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Graphene is an excellent material to anchor metal nanoparticles due to its large surface area. In this paper, we
report the use of electrochemically exfoliated graphene as support to anchor gold nanoparticles (Au NPs). Au NPs
are synthesized via the reduction of chloroauric acid under gamma irradiation at low doses of 1, 5, and 10 kGy
and directly deposited onto the graphene surface, making this procedure simple and fast. Good water dis-
persibility of exfoliated graphene, due to the presence of oxygen-containing functional groups in the structure of
graphene, provides long-term stability of Au NPs - graphene composite dispersions. The majority of the Au NPs
obtained by this method have sizes of up to 40 nm, while the increase in the applied dose leads to an increase in
the amount of smaller nanoparticles. The increase of temperature of the prepared composite material upon
irradiation with an 808 nm continuous wave laser was monitored. All samples show a temperature increase
between 21.5 and 25.6 °C for 10 min of the laser exposure, which indicates that Au NPs - graphene composite can

effectively be used in photothermal treatment for cancer therapy.

1. Introduction

The unique structure of graphene put this material in the focus of
scientific interest in the past years. Its fascinating electrical, mechanical,
thermal, and optical properties are thoroughly investigated for the po-
tential application in electronics as the new-generation electronic de-
vices [1,2], sensors [3,4], and energy storage devices [5,6], as well as in
biomedicine for bioimaging [7], drug delivery [8,9], and photothermal
therapy [10], to name some. However, a major challenge in the pro-
cessing of graphene lies in its poor dispersibility in water and other
commonly used solvents. This issue can be solved by covalently modi-
fying graphene’s chemical structure by strong oxidants to introduce
polar functional groups and make it water dispersible. The procedure
generally involves the use of strong oxidants in acidic environments and
elevated temperatures. As obtained material, denoted as graphene oxide
(GO), is rich in oxygen-containing functional groups, but graphene sp?
honeycomb structure becomes highly disrupted which negatively affects
its performance. An additional step is required to reduce graphene
oxide, but the structure becomes only partially restored leaving a large

* Corresponding author.
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number of structural defects. A good alternative is electrochemical
exfoliation of graphite [11,12], which reduces the oxidation degree of
graphene and preserves its structural and electronic properties. Briefly,
hydroxyl ions created from the reduction of water during electro-
chemical process bind to graphene edges and weaken van der Waals
forces in graphite allowing the intercalation of electrolyte ions between
graphene layers. In the next step, the reduction of intercalated ions and
expansion of gas bubbles occur and graphene layers become detached.
Since hydroxyl ions covalently bond graphene sheet only in the initial
stage of the exfoliation, graphene structure is well preserved but with a
sufficient number of attached polar groups to make graphene water
dispersible. Following this approach, it is possible to obtain a high-yield
of single- and few-layer graphene with large flake size. Compared to
well-established methods for the production of graphene oxide, elec-
trochemical exfoliation of graphite does not require harsh chemicals,
making the procedure cost-efficient and environmentally friendly.

The large surface area of graphene could be easily used for the
adsorption of various molecules and nanoparticles (NPs), creating
graphene-based composites and hybrid materials [13,14]. Of particular
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interest are metal nanoparticles, which have mechanical, thermal, op-
tical, and magnetic properties different from their bulk counterparts due
to the effects that emerge from their size. Currently, various synthetic
strategies are being developed for their production and a majority of
them imply the reduction of metal ions to their zero-valent state. To
prevent agglomeration and overgrowth of a freshly formed NPs, a sta-
bilizing agent is introduced to the reaction mixture during synthesis. The
role of the agent usually has sodium citrate, which deactivates the sur-
face of formed nanoparticles, and polymers such as polyvinyl pyrroli-
done (PVP) [15,16] or cetyltrimethylammonium bromide (CTAB)
[17,18], which acts as a capping agent and anchors metal nanoparticles
on its surface. Graphene oxide was used as a support for the synthesis of
Ir NPs [19], as well as Pt—Ru NPs for the electro-oxidation of methanol
and ethanol [20] and Au NPs for glucose biosensor [21,22] and for the
development of surface-enhanced Raman spectroscopy (SERS) platforms
[23]. Additionally, metal NPs have great potential to be applied in
photothermal therapy for cancer treatment [24-26]. Photothermal
therapy has emerged as a promising strategy for cancer treatment due to
the selective hyperthermia of tumor tissue. The strategy involves se-
lective delivery of various nanoparticles into tumor tissue and the irra-
diation of the tissue with wavelengths that correspond to the near-
infrared or therapeutic window. The electrons in the conduction band
tend to oscillate under the irradiation and the absorbed light is con-
verted into heat, which further leads to the irreversible damage of the
tumor tissue. Among different nanoparticles that can be implemented in
this strategy, gold nanoparticles are of particular interest because they
absorb light in the near-infrared region and their optical properties can
be easily tuned by varying their dimensions and structure [27,28].

Compared to classical chemical approach, gamma irradiation pro-
vides fast and clean route to perform reduction reactions at room tem-
perature. To date, various metal nanoparticles were synthesized
following this method. Wang et al. prepared Ag NPs - reduced graphene
oxide (RGO) hybrids at doses of 50 and 160 kGy [29]. RGO was used as a
support for Pt—Au nanocomposite prepared a dose of 150 kGy [30], and
Ag—Au alloy nanoparticles at doses in a range from 29 to 115 kGy [31].
Ag NPs - GO nanocomposite was prepared by Zhao et al. at a dose of 150
kGy [32]. Beside GO and RGO, there is no report in the literature of the
use of electrochemically exfoliated graphene as a support for the syn-
thesis of metal nanoparticles under gamma irradiation.

In this work, for the first time electrochemically exfoliated graphene
was used as a support to anchor Au nanoparticles. Au NPs were syn-
thesized in one step by means of gamma irradiation at low doses (1-10
kGy) from chloroauric acid as a precursor in graphene dispersion in the
absence of any stabilizing agents. The absence of reductants and poly-
mers as stabilizing molecules preserves the chemical environment of
metal NPs and consequently their performance, which makes this pro-
cedure simple and fast. The morphology of the obtained composite
material was thoroughly investigated and the size distribution of the
synthesized Au NPs was determined. The temperature elevation under
an 808 nm laser irradiation of the Au NPs - exfoliated graphene was
measured and the potential of this composite material for photothermal
therapy is demonstrated.

2. Experimental procedure
2.1. Sample preparation

Electrochemical exfoliation of highly oriented pyrolytic graphite
(HOPG, Vinca Institute of Nuclear Sciences, Serbia) was performed in a
two-electrode system using graphite rods as both the counter and the
working electrode, with the constant distance of 4 cm between the
electrodes. The electrolyte solution was prepared by dissolving ammo-
nium persulfate (Alfa Aesar) in water to obtain a concentration of 0.1 M.
Direct current (DC) voltage of +12 V was applied, and the voltage was
kept constant until the exfoliation process was completed (indicated by
the total consumption of the working electrode). Exfoliated product was
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collected by vacuum filtration and washed with a copious amount of
deionized water to remove any residual salt. After washing, the product
was dispersed in water using an ultrasound bath. To remove graphitic
residuals, the dispersion was centrifuged at 2575 xg, and supernatant
was used for further procedure. Gravimetrically determined graphene
concentration in the dispersion was 1 mg/ml. In a certain volume of
graphene dispersion was added chloroauric acid (Sigma Aldrich) to
obtain final concentration of 1.25 x 10~* M and isopropyl alcohol (1:10
volume ratio), and the mixture was purged with argon for 15 min to
remove dissolved oxygen. After that, the vials are hermetically sealed
and irradiated. Irradiations were carried out by gamma-ray flux from
%0Co nuclide at a radiation dose rate of 10.5 kGy/h. Samples were
exposed to the gamma irradiation source absorbing the doses of 1, 5, and
10 kGy. Irradiation treatment was followed by filtration (0.2 pm pore
size, Isopore Membrane Filters), after which the samples were washed
with deionized water, and dried at 60 °C.

2.2. Sample characterization

Transmission electron microscopy (TEM) analyses were performed
on TEM-JEOL JEM-1400 microscope operated at accelerating voltage of
120 kV. All samples for TEM were dispersed in ethanol and a drop of
dispersion was deposited on lacey carbon copper grids (200 mesh). The
particle size distribution was determined using Gwyddion software
(version 2.44).

Atomic force microscopy (AFM) measurements were performed on
Quesant microscope operating in tapping mode in air at room temper-
ature. 50 pl of sample was dispersed in 300 pl of water and well ho-
mogenized on an ultrasound bath. A drop of dispersion was drop-casted
on Si substrate and imaged after drying. Silicon tips (purchased from
Nano and More) with constant force of 40 N/m were used. AFM images
were analyzed using Gwyddion software (version 2.44).

The UV-vis absorption spectra were measured using Avantes UV-vis
spectrophotometer (Apeldoorn, The Netherlands). Samples were recor-
ded in quartz cuvettes at room temperature.

Raman spectra were recorded by confocal Raman microscope (alpha
300 R+, WiTec, Ulm, Germany). The excitation laser of the 532 nm
wavelength and 76 pW power was focused using 100 x (NA = 0.9)
objective onto the sample surface. The confocal pinhole diameter was
50 pm and the accumulation time for a single Raman spectrum was set to
40 s. Constant background was subtracted from all measured Raman
spectra.

Fourier transform infrared spectroscopy (FTIR) spectra were ac-
quired on Avatar 370 Thermo Nicolet spectrometer. The spectral reso-
lution was 4 cm ™!, Samples were recorded in a form of KBr pellets.

XPS was performed using a Thermo Scientific K-Alpha XPS system
(Thermo Fisher Scientific, UK) equipped with a micro-focused, mono-
chromatic Al Ka X-ray source (1486.6 eV). An X-ray beam of 400 pm in
size was used at 6 mA x 12 kV. The spectra were acquired in the constant
analyzer energy mode with pass energy of 200 eV for the survey. Narrow
regions were collected with pass energy of 50 eV. Charge compensation
was achieved with the system flood gun that provides low energy elec-
trons (~0 eV) and low energy argon ions (20 eV) from a single source.
Thermo Scientific Avantage software, version 5.952 (Thermo Fisher
Scientific), was used for the digital acquisition and data processing.
Spectral calibration was determined by using the automated calibration
routine and the internal Au, Ag and Cu standards supplied with the K-
Alpha system.

For the photothermal efficiency measurements, stable dispersions of
the samples in water with concentration of 1 mg/ml were prepared.
Irradiation was conducted in quartz cuvettes at room temperature
(20.3 °C). The samples were exposed to 808 nm continuous wave laser
radiation with TEM00 mode radial distribution, slightly elliptical, with
major and minor axes of 7.14 mm and 6.35 mm, respectively. The total
laser irradiance was 2.16 W/cm?. The temperature was monitored by a
thermocouple (accuracy 0.1 °C) every 30 s. After 10 min of laser
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Fig. 1. Top view AFM images of (a) Au NPs - exfoliated graphene irradiated at 1 kGy and the corresponding height profiles (1 and 2) as indicated in the AFM image,
(b) Au NPs - exfoliated graphene irradiated at 1 kGy, (c) Au NPs - exfoliated graphene irradiated at 5 kGy and (d) Au NPs - exfoliated graphene irradiated at 10 kGy.

irradiation laser was switched off and the temperature was monitored
for the next 15 min. The photothermal efficiency () of the samples was
calculated using Roper’s method [33,34] according to the equation:

_ DS (Toar = Tams) = Qtoss
I(1 — 10-4s)

(€8]

where h is the heat transfer coefficient, S the surface area of the cuvette,
and Tpmax and Tgmp are the maximum and the ambient temperature,
respectively. I represents the laser power, Aggs the absorbance of the
samples at 808 nm, and Qs is the heat dissipated from the light
absorbed by the solvent and the cuvette. The value hS was calculated
according to the equation:

_ Zimicpi

hS (2)

Ts

where m; and Cp; are the mass and the specific heat capacity of each
component of the system, respectively. z; is the time constant that was
calculated from Fig. 8b using the equations:

T— Tamb

A o ®
and
t= —1,In(H) 4

3. Results and discussion
3.1. Au NPs synthesis

Radiolysis of water induced by gamma irradiation generates both
reductive and oxidative species [35]. In the presence of oxidation spe-
cies scavenger, such as isopropyl alcohol, reactive species produced by
water radiolysis generate isopropyl radical that is, among other gener-
ated reducing species, capable of reducing metal ions to metal in zero-
valent state. The reduction of [AuCl4]~ forms Au® which combination
further creates particle nuclei and leads to particle growth. The presence
of a stabilizing agent such as polymers or surfactants plays an important
role in the overall formation of nanoparticles. Functional groups from
those molecules serve as anchoring sites for NPs nuclei. After the syn-
thesis, it is often necessary to remove the stabilizing agent for the
maximum performance of obtained NPs. Exfoliated graphene has a large
surface area and a large number of functional groups that can anchor Au
NPs nuclei and influence particle formation. The unique 2D structure of
graphene can be effectively decorated with Au NPs to create novel
composite material with good water dispersibility, making the removing
step of the stabilizing agent redundant.

3.2. Morphology analyses

Morphology analyses were conducted by AFM and TEM. Fig. 1 shows
representative AFM images of Au NPs - exfoliated graphene composite
indicating that exfoliated graphene is mainly presented in a form of few-
layer graphene. Statistical analysis based on AFM images shows that
lateral sizes of exfoliated graphene flakes are in the range of several
hundreds of nanometers up to several micrometers, without any
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Fig. 2. TEM images of (a) Au NPs - exfoliated graphene irradiated at 1 kGy, (b) Au NPs - exfoliated graphene irradiated at 5 kGy, (c) Au NPs - exfoliated graphene
irradiated at 10 kGy (d) Au NPs irradiated at 1 kGy, (e) Au NPs irradiated at 5 kGy and (f) Au NPs irradiated at 10 kGy.
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Fig. 3. Particle size distribution of Au NPs irradiated in the presence
of graphene.

significant deviation caused by gamma irradiation at the applied doses.

TEM images of Au NPs - exfoliated graphene composites are pre-
sented in Fig. 2. As can be seen from the images, for the applied doses of
1, 5, and 10 kGy Au NPs are well distributed on the graphene surface.
Also, for all the aforementioned doses gold nanoparticles of spherical,
triangular, hexagonal, trapezoidal, and rod-shaped morphology are
observed. A variety of Au NPs morphologies attached to the graphene

sheet was previously reported and is related to the presence and the
abundance of functional groups and defects on graphene layers [36]. To
investigate this issue, we irradiated chloroauric acid at the same con-
ditions in the absence of graphene and analyzed the morphology of
obtained NPs. The reduction of chloroauric acid under gamma irradia-
tion takes place, but the final result are irregularly shaped gold nano-
wires and, to a smaller extent, irregularly shaped gold nanospheres.
Interestingly, similar Au formations were found as a product of
quenched citrate reduction of chloroauric acid [37].

Gamma irradiation is found to be an efficient synthetic route for
metal NPs because of the possibility to control the nanoparticles’ sizes
and size distribution by controlling the radiation dose [38]. According to
the statistical analysis, nearly half of the prepared Au NPs have sizes in
the 11-20 nm range for all the applied doses (Fig. 3). It is worth noting
that the increase in the applied dose leads to the increase in the amount
of smaller nanoparticles (up to 10 nm in size). The formation of Au NPs
is composed of two consecutive steps - nucleation and aggregation. At
low doses the concentration of formed nuclei is smaller than the con-
centration of the Au ions that participate in the growth step, therefore
the synthesized Au NPs are larger in size. On the other hand, at the
higher applied doses most of the Au precursor is consumed to form
nuclei which concentration becomes larger than the concentration of
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Fig. 4. UV-vis spectra of (a) Au NPs - exfoliated graphene and (b) Au NPs
irradiated at different doses.

unreduced Au ions, which consequently leads to the growth of smaller
NPs [39].

3.3. Spectroscopy analyses

While UV-vis spectrum of graphene oxide is dominated by the peak
at 230 nm, originating from rn-1* transition of aromatic C=C bonds, and
a shoulder at ~300 nm attributed to n-n* transition of C=0 bonds [40],
exfoliated graphene displays only one broad peak at 270 nm [41]. The
red shift of n-n* transition peak to the values of 270 nm is already
documented and it is attributed to the restoration of graphene’s elec-
tronic conjugation upon hydrazine reduction [42]. The peak at 270 nm
for exfoliated graphene, along with the absence of a 300 nm shoulder
peak, indicates that in the exfoliated graphene the graphene’s structure
is well preserved. UV-vis spectra of Au NPs - exfoliated graphene
composite (Fig. 4a) show one large intensity peak at 270 nm and a
smaller broad peak at 530 nm. The peak at 530 nm originates from the
localized surface plasmon resonance of Au NPs. In the UV-vis spectra of
Au NPs synthesized without graphene (Fig. 4b) this peak shows a slight
red shift with the increase of the radiation dose. Interestingly, the same
spectra show a peak at 261 nm from the electron transition from the
occupied d-level states to empty states in the conducting band above the
Fermi level [36] and is more prominent for the higher applied doses. In
the spectra of Au NPs - exfoliated graphene composites this peak over-
laps n-n* transition peak from graphene.

Reactive species produced by water radiolysis induce also the
reduction of graphene materials [43]. Prepared exfoliated graphene
dispersion in a concentration of 1 mg/ml shows long-term stability in
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water. Good graphene dispersibility in a polar solvent is due to the
presence of polar oxygen-containing functional groups attached to the
graphene surface, such as hydroxyl, carboxyl, epoxy, and carbonyl. The
changes in graphene structure upon irradiation were investigated by
means of FTIR, XPS, and Raman spectroscopy. Two dominant peaks in
Raman spectra of Au NPs - graphene composite are located at 1351 em™?
and 1591 cm ™! and are attributed to D and G band respectively (Fig. 5).
The D band is attributed to disordered sp>-hybridized carbon material
from defects and functionalities, while the G band is related to well-
ordered sp? graphite-type structures [44]. Besides, peaks at 2695 cm ™!
and 2938 cm ™! are also observable and can be attributed to 2D band and
(D + G) combination mode. For all the applied doses Raman peaks do
not show any shift. The intensity ratio of D and G bands (Ip/Ig) gradually
increases with the increase of the irradiation dose from 1.14 for non-
irradiated graphene to 1.30 for Au NPs - graphene composite irradi-
ated at 10 kGy. This could be the consequence of Au NPs bonding to the
graphene sheets.

To get a better insight into the type of functional groups attached to
the graphene structure, FTIR spectroscopy was performed (Fig. 6). The
most prominent bands in FTIR spectra correspond to the stretching and
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Table 1

XPS data of the characteristic bonds from deconvoluted C1s peak.

Name Binding energy = Exfoliated graphene Graphene irradiated at 10
(eV) (at. %) kGy (at.%)

Cls sp? 284.5 9.7 26.0

Cls sp® 284.9 54.4 41.1

Cls C-O 258.7 11.8 4.0

ClsC=0 286.8 14.9 16.0

Cls O- 288.6 7.8 7.9

C=0
Cls n-n* 291.0 1.4 5.0

bending mode of hydroxyl groups (3400-3500 cm ™! and ~ 1633 em ™%,
respectively) [45]. Bands at 2930 and 2850 cm ! indicate the presence
of CH; groups. In addition, in the FTIR spectra of exfoliated graphene
bands at ~1734 cm™ ! (C=0 groups), ~1574 cm! (C=C groups) and ~
1177 em™ ! (C—O groups) can also be observed. As the irradiation dose
increases, the band at ~1574 cm™! becomes more prominent, while the
bands in the range 2930-2850 cm ™! show a decrease, which implies the
partial restoration of graphene structure.

The restoration of the graphene structure is further confirmed by
means of XPS. Deconvoluted high-resolution XPS spectra of C1s peak of
as-prepared exfoliated graphene and graphene irradiated at the dose of
10 kGy are shown in Fig. 7 and the data for the characteristic bonds are
listed in Table 1. The deconvolution of C1s XPS spectra gives features at
284.5, 284.9, 258.7, 286.8, 288.6, and 291.0 eV which reveal the
presence of sp? and sp° carbon, hydroxyl/epoxy groups, carbonyl, and
carboxyl groups, and n-n* shake up band [46,47]. From the XPS data, it

Materials Characterization 173 (2021) 110944

a) 354 & eferemce
. I Wy
A Skihy
el || I v DGy
ot
'_: 3454
3‘3 4
= Y
U
-
15 -
-
2] §
—TTT L RSA T T AT T A
0 200 400 600 K00 1000 [200 1400 1600
b Time (3)
)Zuimu 1
8 Referceace s 0
. -lk.":n ‘..‘ -
M) < A Skl ‘._.4‘
v  10LGy /
{ : "’l o
-l
— .
w4 o>
b +
=
= SN+ "’z
1 ol
JIX) - ‘f
. .,1‘
L
{=
T T | T
0 0s 10 1S 20 25 10 5.5
-In(H)

Fig. 8. (a) Temperature profiles of exfoliated graphene (reference) and Au NPs
- exfoliated graphene composites under 808 nm continuous wave laser excita-
tion and (b) linear fitting of time data versus -In(6) acquired from the cool-
ing period.

is evident the increase of the carbon sp? content after the irradiation.
Simultaneously, the carbon sp® content decreases, along with the con-
tent of C—O bonds. The irradiation induces the change in C/O ratio from
1.8 for non-irradiated graphene to 3.5 for graphene irradiated at 10 kGy.

3.4. Photothermal efficiency measurements

For the photothermal efficiency measurements, the prepared Au NPs
- exfoliated graphene composites were irradiated with an 808 nm
continuous wave laser and the temperature elevation was monitored for
10 min. After that time the laser was switched off and the temperature
was monitored during the cooling period (15 min). The results of these
measurements are presented in Fig. 8a.

For successful photothermal therapy, it is important to heat the
tumor tissue at a minimum of 41 °C, which corresponds to the 4 °C
temperature increase in the body [48]. Nanomaterials that are able to
convert the absorbed light into heat and cause a temperature increase of
a minimum of 4 degrees are considered suitable for photothermal
therapy. As expected, the irradiation of pure medium (water) does not
induce the temperature increase. On the other hand, the irradiation of
exfoliated graphene, as well as Au NPs - exfoliated graphene composites,
induce the temperature increase. The highest temperature elevation of
25.6 °C is observed for Au NPs - graphene irradiated at 1 kGy. With the
increase of the irradiation dose, a slight decrease in the temperature
elevation could be observed. To determine the photothermal efficiency
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Table 2
Calculated photothermal efficiency of exfoliated graphene (reference) and Au
NPs - exfoliated graphene composites irradiated at different doses.

Sample Time constant Absorbance at 808 Photothermal efficiency
T nm (@]

Reference ~ 293.77 0.13 58.26%

1 kGy 246.99 0.13 73.55%

5 kGy 278.66 0.12 72.16%

10 kGy 243.70 0.12 70.96%

of the samples, the temperature decrease was monitored with the laser
switched off. The values of 7, were calculated from Fig. 8b using egs. (3)
and (4). Taking into account the values of hS obtained from the eq. (2),
laser incident power of 0.77 W, and the absorbances at 808 nm, pho-
tothermal efficiency (1) was calculated from the eq. (1) and listed in
Table 2. As expected, the highest value of photothermal efficiency of
73.55% has Au NPs - graphene composite irradiated at 1 kGy, while the
increase in the irradiation dose slightly decreases the photothermal ef-
ficiency of the material. These measurements demonstrate the efficient
photothermal conversion of the incident laser light of Au NPs - graphene
composites that have the potential to be used in photothermal treatment
in cancer therapy.

4. Conclusion

In this paper, one-step synthesis of graphene supported Au NPs via
gamma irradiation at low doses is demonstrated. Graphene, prepared by
the electrochemical exfoliation of highly ordered pyrolytic graphite, is
presented as few-layer graphene with lateral sizes that range from
several hundred nanometers up to several micrometers. Au NPs were
synthesized from chloroauric acid as a precursor in graphene dispersion
in the absence of any stabilizing agents at doses of 1, 5, and 10 kGy.
Polar oxygen-containing functional groups at the graphene surface
provide good water dispersibility of Au NPs - graphene composites.
Nearly half of the prepared Au NPs have sizes in the range from 11 to 20
nm, and the increase in the applied dose leads to an increase in the
amount of smaller nanoparticles (up to 10 nm in size). For all the applied
doses particles of spherical, triangular, hexagonal, trapezoidal, and rod-
shaped morphology are observed. The prepared composite material
shows the increase of temperature upon irradiation with an 808 nm
continuous wave laser, which is the most prominent for Au NPs - gra-
phene irradiated at 1 kGy. Consequently, the same sample shows the
highest photothermal efficiency. Observed temperature elevation under
laser irradiation can effectively be used in photothermal treatment for
cancer therapy.
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ABSTRACT

The structure of teeth can be altered by diet, age or diseases such as caries and sclerosis. It is very im-
portant to characterize their mechanical properties to predict and understand tooth decay, design restora-
tive dental procedures, and investigate their tribological behavior. However, existing imaging techniques
are not well suited to investigating the micromechanics of teeth, in particular at tissue interfaces. Here,
we describe a microscope based on Brillouin light scattering (BLS) developed to probe the spectrum of
the light scattered from tooth tissues, from which the mechanical properties (sound velocity, viscosity)
can be inferred with a priori knowledge of the refractive index. BLS is an inelastic process that uses the
scattering of light by acoustic waves in the GHz range. Our microscope thus reveals the mechanical prop-
erties at the micrometer scale without contact with the sample. BLS signals show significant differences
between sound tissues and pathological lesions, and can be used to precisely delineate carious dentin. We
also show maps of the sagittal and transversal planes of sound tubular dentin that reveal its anisotropic
microstructure at 1 pm resolution. Our observations indicate that the collagen-based matrix of dentine is
the main load-bearing structure, which can be considered as a fiber-reinforced composite. In the vicinity
of polymeric tooth-filling materials, we observed the infiltration of the adhesive complex into the opened
tubules of sound dentine. The ability to probe the quality of this interfacial layer could lead to innovative
designs of biomaterials used for dental restorations in contemporary adhesive dentistry, with possible
direct repercussions on decision-making during clinical work.

Statement of Significance

Mechanical properties of teeth can be altered by diet, age or diseases. Yet existing imaging modalities
cannot reveal the micromechanics of the tooth. Here we developed a new type of microscope that uses
the scattering of a laser light by naturally-occurring acoustic waves to probe mechanical changes in tooth
tissues at a sub-micrometer scale without contact to the sample. We observe significant mechanical dif-
ferences between healthy tissues and pathological lesions. The contrast in mechanical properties also
reveals the microstructure of the polymer-dentin interfaces. We believe that this new development of
laser spectroscopy is very important because it should lead to innovative designs of biomaterials used for
dental restoration, and allow delineating precisely destructed dentin for minimally-invasive strategies.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

pulp and nerves [2]. This fiber-composite-like structure provides an
anisotropic distribution of mechanical properties that support mas-

Human dentin is an organized, hard, mineralized tissue of
the tooth, composed of 70 wt% calcified tissue (hydroxyapatite),
20 wt% organic phase (mostly composed of collagen type I as well
as other fibrils), and 10 wt% water [1]. It is perfused with mi-
crotubules that allow sensory communication with the underlying
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ticatory stress concentrated in the surrounding enamel [3],[45-47].
Tooth mechanical strength can be altered by diet, age or diseases
such as caries or sclerosis [44]. It is essential to characterize the
mechanical properties of teeth to predict and understand tooth de-
cay, design restorative dental procedures, and investigate their tri-
bological behavior.

Most of the methods used for characterization have been inher-
ited from material science, and involve destructive testing such as
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compression tests [57], or nanoindentation with AFM tips or nor-
malized indenters [3,47]. These techniques have notably allowed
demonstrating the loss of hardness in caries-affected dentin [58].
Using dynamic mechanical analysis, the storage and loss moduli of
intertubular and peritubular dentin have been obtained with fre-
quencies up to 100 Hz [59]. Fatigue tests can also be deployed
to analyze the fracture behavior of teeth [60]. Recently, recording
the deformation of dentin in the vicinity of holes milled by a fo-
cused ion beam has revealed the existence of residual stresses [61].
In restorative dentistry, shear bond tests and 3-points bend tests
have allowed assessing the efficacy and durability of bonding pro-
cedures [62,63]. Due to the variety of techniques and the complex-
ity of the dentin microstructure, there is a lack of quantified con-
sensus regarding the mechanical properties of dentin [38]. More-
over, such approaches are clearly difficult to implement in vivo.
Dentinal pathological changes can be detected by visuotactile and
radiographic methods to help clinicians establish relevant diagnos-
tics, and propose adequate therapies [4]. However, such approaches
cannot give precise information on the microstructure, nor pre-
cisely delineate caries margins [5], and are highly dependent on
the clinician [6].

Acoustic techniques have long been used to probe the mechan-
ics of dentin, initially analyzing the reflection or transmission of ul-
trasonic pulses emitted from a piezoelectric transducer in the MHz
range [39]. Later implementations in tooth tissues in various sound
and pathological states used resonant ultrasonic spectroscopy, Kin-
ney et al. [38] acoustic microscopy, Maev et al. [7,9] surface waves
[10] and laser ultrasonics [11,12]. The implementation of surface
acoustic waves in acoustic microscopy has allowed probing dentin
at frequencies up to 1 GHz [8]. In these procedures, however, the
acoustic lens has to be defocused, resulting in measurements av-
eraged over a 1 mm-diameter area. Thus, they are not suited to
investigating the micromechanics of the tooth, in particular at tis-
sue interfaces. Acoustic microscopy has also been used to measure
the reflection of bulk waves and produce images of the acoustic
impedance in dentin at a resolution of 23 um [8]. With this tech-
nique, images at 1.2 GHz have also been obtained in bone at a res-
olution of 1 pm, suggesting potential for micro-imaging in dentin
[55].

State-of-the-art microscopies, such as multiphotonic and non-
linear technologies [41] can offer optical resolution but cannot
provide any information on the mechanics of the sample. Laser
spectroscopies have recently come into vogue, offering quantita-
tive imaging of the chemical structure of tooth tissues and restora-
tive materials [13-16]. In this paper we propose a new approach
to probe acoustic waves in the GHz range by laser spectroscopy,
thus offering quantitative microscopy with a contrast based on the
mechanical properties of tooth tissues.

We have developed a microscope based on Brillouin light scat-
tering (BLS) to probe mechanical changes in tooth tissues, by
measuring the characteristics of the scattered light. BLS is an in-
elastic process similar to Raman scattering. Raman-based tech-
niques rely on the scattering of light by optical phonons, and
operate at THz frequencies. They provide information on the
molecular structure of the sample. By contrast, Brillouin scatter-
ing uses the scattering of light by acoustic phonons [18]. Since
acoustic phonons have lower energies than optical phonons, Bril-
louin scattering produces frequency shifts in the GHz range that
reveal the mechanical properties of the sample. Developed in
the 1960s for solid-state physics, BLS has only recently emerged
as a key technology in life sciences due to its ability to pro-
duce non-contact, label-free microscopic images of the mechan-
ical properties of cells and tissues [19]. It has notably been ap-
plied for the analysis of biological fibers, connective tissues and
muscles [17,20,21], eye tissues [22,23], bone [24,26] and tumors
[35].

We prepared thick slices of teeth extracted in accordance with
the ethical requirements for ex-vivo studies. We obtained maps of
Brillouin frequency shift and linewidth that can be interpreted as
maps of sound velocity and viscosity. In order to illustrate the po-
tential of our approach in different areas of dentistry, we analyzed
carious lesions, the mechanical anisotropy of sound dentin, and the
structure of the dentin-resin interface. Our results first show signif-
icant changes between sound tissues and pathological lesions. Such
results allow precisely delineating deteriorated dentin, paving the
way for minimally invasive strategies. We also provide maps of the
sagittal and transversal planes of sound tubular dentin that reveal
its anisotropic microstructure with a 1 pm resolution, several or-
ders of magnitude below previous reports [38]. Our observations
indicate that the collagen-based matrix of dentin is the main load-
bearing structure, which can be considered as a fiber-reinforced
composite. In the vicinity of polymeric tooth-filling materials, we
observed the infiltration of the adhesive complex into the opened
tubules of sound dentin. We confirmed our observations with two-
photon excitation fluorescence (2PEF) and second harmonic gener-
ation (SHG) microscopies that reveal teeth microstructure due to
two-photon excited autofluorescence and collagen-specific second-
order nonlinear optical susceptibility [27]. The ability to probe the
quality of this interfacial layer could lead to innovative designs of
biomaterials used for dental restorations in contemporary adhesive
dentistry, with possible direct repercussions on decision-making
during clinical work.

2. Materials and methods
2.1. Sample preparation and staining

Teeth were collected at the Faculty of Medicine, School of
Dental Medicine, at the Department of Oral Surgery of the Den-
tal Clinic of Vojvodina, Serbia. They were extracted for medical
reasons and donated voluntarily by patients after they read and
signed the informed written consent. This study was approved by
the Ethical Board of the Dental Clinic of Vojvodina, Serbia. All types
of permanent teeth were analyzed, including incisors, canines, pre-
molars, and molars. Since extracted human teeth are difficult to
collect, different groups of teeth were included in the study. Hav-
ing previously confirmed that there were no statistically significant
differences in variances for the dentinal tissue among the various
tooth groups, we pooled together different groups in order to in-
crease the significance of statistical tests. The teeth were classified
in the following groups: sound teeth with intact hard tissues (two
subgroups - teeth cut perpendicularly to their longitudinal axis,
teeth cut longitudinally), teeth with carious lesions in dentin [score
5 on the International Caries Detection and Assessment System (IC-
DAS) scale; distinct cavity with visible dentin], restored teeth with
composite resin.

Freshly extracted teeth were kept in 0.5% chloramine solu-
tion until cutting. They were then sectioned across the sagittal
and transversal tooth axes in 0.54/—0.05 mm thick slices by a
water-cooled, low-speed diamond saw using a hard tissue micro-
tome. Samples were wet-polished with abrasive sandpaper sheets
of silicone-carbide of increasing grit numbers (400-2000). This
was followed by polishing with a diamond paste on a soft fabric,
in order to eliminate surface corrugations. The smear layer pro-
duced by polishing was removed by 10% polyacrylic acid used for
5 s, after which the samples were rinsed, slightly dry-aired and
disinfected in a 0.5% chloramine solution. After preparation, each
slice was kept in a plastic bag with 100 mL distilled water. In these
conditions, the samples kept their natural moisture until examina-
tion. However, during the measurements, the samples were tested
in dry conditions in air.
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Fig. 1. Typical spectrum. (a) Raw spectrum where the contribution of Rayleigh scat-
tering is indicated by the gray box. (b) Zoom on the Stokes (negative frequencies)
and anti-Stokes (positive frequencies) peaks for sound tissue (black, intensity mul-
tiplied by 2 for clarity) and a caries lesion (blue line). Fits by Lorentzian functions
are superimposed (red dashed lines). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Teeth restored with composite used for the imaging of the
dentin-adhesive interface were prepared according to the standard
dental adhesive placement procedure, after the etching procedure
by using 37% ortho-phosphoric acid for 15 s, rinsing, and placing
a single bond universal adhesive (3 M Deutschland GmbH, LOT
663414), before restoration with the Filtek Ultimate Body compos-
ite. For 2PEF imaging of the dentin-adhesive interface, a water so-
lution containing 0.5% eosin-Y was added in small quantities into
the adhesive in order to distinguish the adhesive from the sur-
rounding dentinal tissue.

2.2. Nonlinear laser scanning microscopy

Teeth specimens were observed by a nonlinear optical mi-
croscopy setup at the Institute of Physics in Belgrade. The home-
made nonlinear laser-scanning microscope used in this study has
been described in detail elsewhere [42,43]. Briefly, a Ti:Sapphire
femtosecond laser (Coherent, Mira 900-F) tunable in the 700-
1000 nm range and a Yb:KGW (Time-Bandwidth Products AG,
Yb GLX) femtosecond laser at 1040 nm were used as laser
light sources. The samples were imaged using a Carl Zeiss, EC
Plan-NEOFLUAR, 40 x 1.3 oil immersion objective or a Plan-
APOCHROMAT 20x/0.8 air objective for laser focusing and signal
collection. A visible interference filter (415 nm-685 nm) positioned
in front of the detector was used to remove scattered laser light
in the fluorescence images. Thus, the whole visible range was de-
tected in two-photon fluorescence images. Tooth auto-fluorescence
was excited by the Ti: Sapphire laser at 730 nm. Eosin-Y fluores-
cence was excited by the Ti:Sapphire laser at 820 nm. Narrowband
interference filters (10 nm FWHM) were used for second-harmonic
generation imaging. The SHG filter central wavelength was 520 nm
(FB520-10, Thorlabs) for the Yb:KGW laser. The SHG filter central
wavelength was 420 nm (FB420-10, Thorlabs) for the Ti:Sapphire
laser when tuned at 840 nm. The SHG excitation wavelength and
filter were selected so that fluorescence leakage to the SHG chan-
nel was minimal.

2.3. Brillouin spectroscopy

BLS uses the scattering of light by phonons. Thermal phonons
(incoherent vibrations) produce a broad peak at low frequencies
due to Rayleigh scattering, while acoustic phonons (coherent vi-
bration) with wavenumbers that fulfill the Bragg condition produce
well-defined peaks (Fig. 1). Using a monochromatic light beam of
wavelength A in a normal incidence backscattering geometry, for-
ward propagating phonons produce a positive shift at a frequency
f=2nV/A (anti-Stokes peak) with a width I' = wfv/VZ2, where
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Vis the sound velocity, v is the kinematic viscosity and n is the
refractive index. Backward propagating phonons create a negative
Stokes peak at —f.

For comparison with the literature, it can be useful to express
the loss and storage moduli. Assuming that the sample is homo-
geneous over the scattering volume, the BLS spectra can be inter-
preted as the response of a damped harmonic oscillator with fre-
quency position f and full width at half maximum I'. In this ap-
proximation, the storage modulus is / = p(fA/2n)% , where p is
the mass density. The linewidth I' is ascribed to the loss modu-
lus M” = pT f(A/2n)2. It is however not mandatory to evaluate M’
and M”, and the mechanical properties can be assessed using only
V and v.

From these equations it is clear that BLS probes the sound ve-
locity and viscosity of the sample, but f and I" both depend lin-
early on n. The mechanical properties V and v and the refractive
index n both contribute to the frequency shift and linewidth, but
with our measurement alone, we cannot distinguish their respec-
tive influences. Interestingly, we can also determine the loss tan-
gent [59] tangp = ’,‘\”T/,/ =7 that does not depend on the refractive
index. More importantly, in situations where I' (resp. f) does not
vary, i.e. both n and v are constant as in Fig. 3, variations of f
can be attributed to changes in the sound velocity (resp. viscosity).
Note that at the high magnifications we used, I" can increase artifi-
cially due to the finite solid angle of collection of the backscattered
light.

The size of the laser spot, estimated using the Rayleigh crite-
rion, corresponds to an ellipsoid of ~1 pum in the lateral direction
and ~10 pm in the axial direction. Although this is an overesti-
mation, since the penetration inside the tooth at 6471 nm is not
known, we consider that the volume of the laser spot defines a
scattering volume of ~40 pm3

2.4. Brillouin microscope

The Brillouin spectrometer is based on a tandem Fabry-Pérot in-
terferometer (JRS Scientific Instruments) [35]. In order to reduce
phototoxicity, we used a A = 6471 nm continuous-wave laser as
a light source (instead of classical designs based on a frequency-
doubled YAG laser at 532 nm) which gives a 2}‘—“ ~ 200 nm
acoustic resolution, where n = 1.6 is the typical refractive index
of dentin. The spectrometer offers a 40 GHz free spectral range
sampled with a 30 MHz sampling rate. Appropriate signal analy-
sis allows obtaining an accuracy of 6 MHz at a —10 dB noise level.
It is equipped with two sets of mirrors with 95% reflectivity, and
an avalanche photodiode (Count® Blue, Laser Components) with
a dark count lower than 10 counts/s (typically 2 counts/s) and a
quantum efficiency of 65% at this wavelength. The spectrometer
is coupled with an inverted life science microscope (Eclipse Ti-U,
Nikon) equipped with a micro-positioning stage (Mad City Labs).
The collimated linearly-polarized laser light is focused onto the
sample using a 100 x objective (NA 0.9), providing a resolution
of ~1 ym. The typical power used at the focus was 5 mW, result-
ing in a power density over the scattering volume a hundred times
smaller than that previously reported in tissues and cells, again to
ensure low phototoxicity. The backscattered light is collected by
the same objective lens and collected outside the microscope us-
ing a telescope. Particular attention was paid to comply with the
f-number (f/18) of the spectrometer to maximize photon collection
on the photodiode. Spectra were acquired by averaging over ~100
acquisitions.

2.5. Dentinal positions examined

The middle crown sections were probed by the BLS microscope.
In this area, the tubules form an "S" curve and diverge in the tooth
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crown. We selected intertubular regions manually for BLS mea-
surements. Note that these regions might also contain the signa-
ture of the peritubular wall, but not that of the tubular lumen
which does not produce any BLS signal.

For the study of caries, the tooth was cut longitudinally to show
the dentinal carious zones, including caries-infected and caries-
affected dentin. The data were collected in the sagittal plane in
the middle-dentinal crown portion. The BLS scanning passed from
the sound dentin over the histopathological carious layers to the
carious decay.

The dentin-adhesive interfaces were tested, passing over the
composite restoration, the adhesive layer, the hybrid layer, the
etched dentin, and to the completely untreated dentinal core.

2.6. Data analysis

Raw spectra sampled at 30 MHz were recorded by the propri-
etary software of the spectrometer (Ghost software, Table Stable
Ltd., Switzerland). When only one peak was observed on each side
of the Rayleigh line (see Fig. 1b for instance), we fitted the anti-
Stokes and Stokes peaks separately to a Lorentzian function using
Matlab and extracted amplitude A, frequency shift f and linewidth
I". We chose the Lorentzian function since it is that best suited for
analyzing solid samples [50]. Values for each peak were then aver-
aged. When two closely-spaced peaks were observed, we sequen-
tially windowed around each peak and fitted the windows individ-
ually with a single Lorentzian function. This procedure may slightly
underestimate the true spacing between the two peaks, but it re-
duces the error of the fit and hence allows automating the fitting
procedure to analyze large images.

In Figs. 3,6 and 7, we plot point distributions where jitter has
been added to the data points to avoid overlap. This type of plot,
called plot spread plot, allows visualizing the distribution of points
within a distribution, and identify possible outliers. The data col-
lected from the different groups of samples were statistically ana-
lyzed using Matlab software (version R2017a). The level of signifi-
cance (p-value) was evaluated according to an unpaired two-tailed
t-test.

3. Results
3.1. Mechanical signature of carious lesions

Brillouin spectra were recorded for sound tissues (n =34 in 5
different teeth) and carious lesions (n =39 in 5 different teeth).
These data were acquired in the sagittal plane in the middle-
dentinal crown portion (see Material and Methods). By way of il-
lustration, we plot a typical spectrum in Fig. 1. Fig. 1a shows that
the raw spectrum is dominated by Rayleigh scattering (grey box).
Fig. 1b shows a zoom on the Stokes (negative frequencies) and
anti-Stokes (positive frequencies) peaks for the sound tissue and
caries lesion. We fit these peaks with Lorentzian functions (dashed
lines) to extract the frequency shift f and linewidth I' (Meth-
ods). The distributions of frequency and linewidth values are plot-
ted in Fig. 2a and b, respectively. Note that the spreading of the
data is larger in the case of caries because BLS features depend on
the position within the highly heterogeneous lesion, as discussed
below. The frequency shift is clearly different between sound and
carious conditions. We do not, however, observe any significant
variation in the linewidth. This observation suggests that BLS fea-
tures could be used to delineate lesions.

To investigate this, we scanned the laser along a line across the
frontier between sound tissue and a caries lesion. Fig. 3 shows the
frequency shift f and linewidth I" measured from the sound region
(left) to the core of the lesion (right). We can see that I' does not
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Fig. 2. Comparison between sound tissues (n = 34) and carious lesions (n = 39).
Distributions of (a) frequency shift and (b) linewidth (****p<0.0001, *p<0.05, un-
paired two-tailed t-test). The bottom and top edges of each gray box indicate the
25th and 75th percentiles, respectively. The red central line indicates the median.
The whiskers extend to the most extreme data points, not considering outliers ('+’
symbol). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Scan across a caries lesion. (a) frequency shift and (b) linewidth. The gray
box and red dashed line indicate the 25th and 75th percentiles and median identi-
fied in Fig. 2a. The upward arrow indicates the position where the frequency shift
falls below the 25th percentile. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

vary, as already observed in Fig. 2b, meaning that the refractive in-
dex does not change across the probed region (see Methods). On
the other hand, f decreases slowly. In this situation, we can ascer-
tain that the sound velocity is the main contributor to the change
observed in f.

The slow decrease in f makes the precise delineation difficult.
As a reference, we indicate the median (red dashed line) and the
25th and 75th percentiles (grey box) measured in Fig. 2a. The up-
ward arrow indicates where f falls below the 25th percentile. This
criterion can be used to define the limit of the sound tissue. In this
example, f decreases almost linearly by ~ 0.01 GHz/um within the
lesion. Given the spreading of the data for sound dentin measured
in Fig. 2a, ~ 0.2 GHz between the mean and the 25th percentile,
such a decrease would lead to a precision of 20 pm in the identi-
fication of the lesion margins.

3.2. Mechanical anisotropy of the dentin

Sound dentin is composed of a mineralized collagen matrix
(intertubular dentin) perfused by microtubes called tubules sur-
rounded by peritubular mineralized dentinal tissue (peritubular
dentin). This structure leads to an anisotropic distribution of me-
chanical properties, largely documented in the literature on the
macroscale [38]. To investigate the anisotropy of the sound tubular
dentin on the microscopic scale, sound teeth were cut longitudi-
nally and transversally (Methods). The microstructure of the sound
dentin in the sagittal and transversal planes is clearly revealed by
the combination of the 2PEF image obtained with the Ti:Sapphire
tuned at 730 nm and the SHG image obtained with the Ti:Sapphire
tuned at 840 nm (Figs. 4 and 5). The typical tubular structure of
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SHG

merged

Fig. 4. 2PEF and SHG images of sound dentin in the sagittal plane. (a) The 2PEF image reveals the tubular structure of dentin; (b) the SHG image reveals the presence of

collagen type I, (c) merged. Scale bars: 20 pm.

Fig. 5. 2PEF and SHG images of sound dentin in the transversal plane. (a) The 2PEF image reveals the tubular structure of dentin; (b) the SHG image reveals the presence

of collagen type I, (c) merged. Scale bars: 20 pm.

dentin appears clearly on the 2PEF image. Collagen type I, a triple-
helical molecule, the organic component on which the dentin is
mostly built, is aligned in a non-centrosymmetric manner, and is
responsible for the contrast in the SHG images. The SHG images of
dentin thus reveal the intertubular dentin, which is less mineral-
ized than the peritubular dentin [28].

The exposed surfaces in the sagittal and transversal planes were
mapped with BLS. The laser was scanned in a raster pattern at
a resolution of 1 pm and spectra were recorded at each pixel.
The resulting images obtained in the sagittal (along the tubules)
and transversal planes (perpendicular to the tubules) of the tooth
are shown in Figs. 6 and 7, respectively. In the sagittal plane, the
tubules are clearly visible on the optical image (Fig. 6a), and are
characterized by a lower amplitude (Fig. 6b) and a lower f (Fig. 6¢).
We define an amplitude threshold of A, = 0.5An,, where Ay, is the
maximum amplitude that separates the tubular region (containing
tubules and peritubular dentin) from the surrounding intertubular
dentin. Pixels in the f and I" images that correspond to an ampli-
tude A < Ay, are ascribed to the tubular region, and the remaining
pixels to the intertubular dentin. The distribution of pixels for f
and I' are shown in Figs. 6e and 6f. While the linewidth does not
allow distinguishing the two components (as observed in Fig. 6d),
f-values are slightly higher for the tubules.

In the transverse plane, the tubules appear as disks on the op-
tical image (Fig. 7a). They are also clearly visible on the BLS im-
ages, characterized here too by a low amplitude (Fig. 7b). In this
case, however, the low amplitude of the Brillouin peaks does not
allow identifying f or I"-values in the tubular regions, and only the
peritubular and intertubular dentin appear in the f and I" images,
Figs. 7d and 7f. This is because the tubules cause a depression in
the transverse plane that defocuses the laser beam. Considering
pixels where A < Ay, therefore reveals only the distributions of
values for the intertubular dentin, plotted in Figs. 7c and 7e, re-
spectively. The f and I" values differ significantly (p < 0.0001) in

the sagittal and transverse planes, suggesting that the matrix itself
is anisotropic.

3.3. Characterization of the dentin-resin interface

In this section, we examine the adhesive interface between
sound dentin and tooth-filling resin. Fig. 8a shows a typical sam-
ple with an adhesive interface indicated by the arrow. A merged
2PEF image obtained with the Ti:Sapphire tuned at 820 nm and
an SHG image obtained with the Yb:KGW (Fig. 8b) reveals the typ-
ical structure of the interface between dentin (SHG, blue pseudo-
color) and adhesive (labeled by eosin in 2PEF, red pseudocolor).
This image reveals that the low-viscous monomer adhesive pro-
trudes in-between the exposed dentinal collagen fibers of inter-
tubular dentin, or in the tubules themselves, forming the so-called
hybrid layer. Extensions of monomer entering a few individual
dentinal tubules, i.e. resin tags, are also observable (a typical ex-
tension is indicated by a white arrow).

We probed the interface between sound dentin and resin with
BLS. Fig. 9a shows a typical spectrum where we recognize the sig-
nature of sound dentin at around 20 GHz (blue area). In addition,
we also observe a second peak at around 13 GHz (pink area), re-
vealing the presence of the adhesive. This result demonstrates that
BLS is able to detect the presence of the two components mixed
in the hybrid layer. To investigate this, we recorded BLS images in
a typical hybrid layer. The frequency shift (Fig. 9b) and linewidth
(Fig. 9¢) both allow us to observe the adhesive, hybrid layer and
dentin. The adhesive is recessed in the vicinity of the hybrid layer
(left part of Figs. 9b and 9c), causing the laser to defocus and the
signal to fall below detectable levels. Such pixels with an ampli-
tude lower than 0.1 are shown in white. These images clearly high-
light the ability of BLS to quantify adhesive interfaces and reveal
the infiltration of the adhesive in the hybrid layer.
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(b)

adhesive

dentin

Fig. 8. Structure of a typical dentin adhesive interface. (a) photograph of an dentin-
resin adhesive interface shown by a dashed line and arrow. (b) Merged 2PEF and
SHG images of a dentin-adhesive interface. A 2PEF micrograph reveals the adhesive
colored by eosin Y (red pseudocolor) and a SHG micrograph reveals dentin (blue
pseudocolor). The arrow points to a typical resin tag. Scale bar: 20 pm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

4. Discussion

We demonstrated the potential of BLS to examine non-
destructively and with high resolution the mechanical properties
of different sound, diseased and restored dental tissues. The BLS
maps in the sagittal and transverse planes clearly reveal the tubu-
lar structure of dentin. We segmented the images to separate the
tubular region from the surrounding intertubular dentin. With this
approach the peritubular dentin might contribute to segmented in-
tertubular dentin, depending on the threshold value. However, we
found that the intertubular dentin was stiffer compared to the per-
itubular dentin, in line with previous publications [47]. This sug-
gests peritubular dentin contributes marginally to the stiffness of
segmented-intertubular dentin. Our results showed f; ~ 20.4 GHz
in the sagittal plane, and f; ~ 19.8 GHz in the transverse plane
for the matrix alone. These values correspond to sound veloci-

ties Vs = T2~ 4100 m/s and V; = 2% ~ 4300 m/s, assuming re-

— 2n
fractive indsices ns=1.6 and n; =1.5 in the sagittal and trans-
verse planes, respectively [37]. These sound velocity values are
comparable with the values measured by acoustic interferome-
try (from 3900 to 4100 m/s, see [40]) and acoustic microscopy
(from 4100 to 4200 m/s, see [56]). Ref. [8] gives lower values
(3800-3900 my/s) but it is important to note that these are sur-
face wave velocities, not bulk waves as in the other works, and

that the algorithm they use greatly depends on the assumed sym-
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metry of the sample. For further comparisons, we can also es-
timate the storage moduli M] = pVZ ~36 GPa and M| = pV? ~
38 GPa, assuming a mass density p ~ 2100 kg/m3 (see Mate-
rials and Methods, “Brillouin spectroscopy”) [36]. Our values,
~36-38 GPa, are comparable with previous results obtained by
resonant ultrasound spectroscopy (36.5 GPa, see [48]) and with
simulated values [45]. Variations between these different values
can come from uncertainties in n, p, the assumed symmetry, the
type of acoustic wave (bulk or surface wave) or the sample it-
self. In particular, water content can also play a role. Note that,
while the samples were stored in a hydrated environment, the BLS
measurements were performed in ambient conditions (see Mate-
rial and Methods, “Sample preparation and staining”). Future
studies should consider a possible hydration-dependent Brillouin
frequency shift in dentin, since more anisotropic dentinal values
have been observed in hydrated environments [48]. In addition, si-
multaneous measurements of the refractive indices should make
it possible to perform a quantitative determination of the sound
velocity.

The difference between the frequencies of sound dentin and
those of carious lesions is very clear (p < 0.0001). The transi-
tion from sound dentin to caries allowed delineation at a pre-
cision of 20 pm for the samples we probed. The linewidth I' =
2wn(2n/A)% was constant across this region, meaning that both
n and kinematic viscosity n are constant. The change in f can
thus be ascribed to a reduction in the sound velocity of the tooth
in the lesion. This observation demonstrates the high specificity
of BLS, and its ability to produce quantitative indicators of tooth
decay. In the future, it will be necessary to repeat such measure-
ments on a larger population of samples to obtain a robust de-
lineation threshold. In contemporary clinical practice, the visuotac-
tile method is the dominant approach for caries delineation, but
it is obviously less resolved than BLS, and operator-dependent. To
avoid inter-examiner variations, visual examination can be aided
by dyes, light-fluorescence based methods, and fiber-optic transil-
lumination. In this context, BLS has unique potential for provid-
ing quantitative information at the microscale in a label-free, non-
invasive, non-ionizing manner. Further comparison with histologi-
cal sections of lesions with different scores should reveal the sen-
sitivity of BLS, and grant new minimally invasive strategies in den-
tistry. As has been done for cancer therapy [35], ophthalmology
[30] and orthopedic treatments [25], BLS could be used as a plat-
form for the early diagnosis of tooth decay, micrometric precision
caries detection during clinical work, and for monitoring the effi-
cacy of therapeutic techniques [31,34].
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Fig. 9. Imaging the hybrid layer. (a) Typical spectrum at the dentin-adhesive interface. The peaks arising from dentin and adhesive are shown in blue and pink, respectively.
(b) Frequency shift and (c) linewidth maps of the hybrid layer. Scale bars: 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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BLS images of the hybrid layer provide new information on
the spatial distribution of mechanical properties at the adhesive
junction. This interface is of great interest in modern adhesive
dentistry [51] since it is suspected to be the main reason for
restoration failure [52]. It has indeed been demonstrated that the
effectiveness of hybrid layer remineralization processes (for in-
stance after treatment with ion-releasing materials and therapeutic
phosphoproteins [34], or after collagen cross-linking treatment
[53]) is associated with increased stiffness [54]. In the future, in
combination with fatigue tests and refractive index measurements,
as well as other techniques such as acoustic microscopy [49] and
Raman spectroscopy [13], BLS could be used to test the stiffness
and viscosity of different types of adhesives under preclinical
investigation and the weakening of the hybrid layer by enzyme-
based degradation of collagen, adhesive, mineral-depleted dentin
[31,32] and caries lesions [33]. Our results also show a reduction
of the frequency shift near the interface. To explain this, it can be
postulated that etching at the interface is responsible for reduced
stiffness, as observed by SAM [49]. If such an effect could be
detected by BLS, it would be another advantage for investigations
in adhesive dentistry. To investigate this in the future we will com-
pare dentin prepared by different total-etch and self-etch dental
adhesive protocols, as well as specific treatments for hybrid layer
reinforcement. Moreover, the hybrid layer is subjected to multiax-
ial stresses during functional use, and it has been predicted that
stress concentration in the underlying hard dental tissues depends
on the stiffness of this interface [29]. In the future, BLS could
also help studying the impact of wear on this interface at the
microscale.

Clinically, it should be possible to develop a BLS fiber-optic
tool for dental applications. Similar developments are being im-
plemented for other applications, such as cancer diagnostics. The
development of a fiber optic probe would require the area of in-
terest to be directly accessible from the surface (not buried under
other tissues), in the depth of the laser light penetration. For ex-
ample, exposed carious lesions could be probed with microscopic
precision, and carious-sound dentin thresholds could be defined
based on the features of the BLS spectra. The adhesive interface be-
tween dentin and adhesive is rarely directly exposed, though BLS
could be used during preclinical investigations in adhesive den-
tistry. Moreover, BLS could be used to probe dentin-adhesive inter-
faces directly in non-carious cervical lesions in the case where the
overlying enamel has worn away. Beyond dentistry, BLS could also
provide new tools for investigating the link between microwear,
stiffness, and diet, offering important information in the field of
paleobiology.
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ABSTRACT: Functional fluorescence microscopy imaging (fFMI), a time-
resolved (21 us/frame) confocal fluorescence microscopy imaging
technique without scanning, is developed for quantitative characterization
of fast reaction-transport processes in solution and in live cells. The method
is based on massively parallel fluorescence correlation spectroscopy (FCS).
Simultaneous excitation of fluorescent molecules in multiple spots in the
focal plane is achieved using a diffractive optical element (DOE).
Fluorescence from the DOE-generated 1024 illuminated spots is detected
in a confocal arrangement by a matching matrix detector comprising 32 X

32 single-photon avalanche photodiodes (SPADs). Software for data [cnsEn| I | \

acquisition and fast auto- and cross-correlation analysis by parallel signal I._.'.
processing using a graphic processing unit (GPU) allows temporal Esitation Fan
Flucrascendiw b Lt ]

autocorrelation across all pixels in the image frame in 4 s and cross-
correlation between first- and second-order neighbor pixels in 45 s. We
present here this quantitative, time-resolved imaging method with single-molecule sensitivity and demonstrate its usefulness for
mapping in live cell location-specific differences in the concentration and translational diffusion of molecules in different
subcellular compartments. In particular, we show that molecules without a specific biological function, e.g., the enhanced green
fluorescent protein (eGFP), exhibit uniform diffusion. In contrast, molecules that perform specialized biological functions and
bind specifically to their molecular targets show location-specific differences in their concentration and diffusion, exemplified
here for two transcription factor molecules, the glucocorticoid receptor (GR) before and after nuclear translocation and the Sex
combs reduced (Scr) transcription factor in the salivary gland of Drosophila ex vivo.

he living cell is a complex dynamic system where local

concentrations and spatial distribution of molecules are
perpetually changing. Living cells control the concentration and
spatial distribution of biological molecules through molecular
interactions and transport processes. Through reaction-trans-
port processes, biomolecules are integrated over space and time
into dynamical self-regulatory networks and perform complex,
life-sustaining functions, such as gene transcription and signal

v ACS Publications  © Xxxx American Chemical Society

transduction. To understand how these complex biological
functions emerge through random motion and molecular
collisions, the concentration and mobility of biological
molecules need to be quantitatively characterized in live cells.'”
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So far, fluorescence microscopy techniques, confocal laser
scanning microscopy (CLSM)’~"? and fluorescence correlation
spectroscopy (FCS)''™'® in particular, have proven to be
indispensable for such studies. However, despite their great
versatility, CLSM and FCS also have limitations. Most notably,
CLSM imaging is not directly quantitative; while fluorescence is
inherently quantitative and fluorescence intensity is propor-
tional to the number of molecules, involved calibration
experiments are needed to relate the signal intensity measured
using a CLSM system to the number of molecules."” Moreover,
because of the heterogeneous chemical composition inside
different subcellular compartments or because of different
conditions in different cells (e.g, pH, oxidative stress,
crowding), fluorescent molecules are not necessarily in the
same local environment. Hence, their brightness may be
different.”® Under such circumstances, the difference in
fluorescence intensity need not necessarily reflect differences
in molecular numbers but may rather reflect differences in
molecular brightness due to local differences in environmental
conditions.

In addition, the temporal resolution of CLSM is low. In
CLSM, the acquisition at the level of individual pixels is fast, in
the order of microseconds, but the acquisition of an image frame
is slow, lasting more than a quarter of a second for a 512 X 512
pixels image. On top of this, the signals in a CLSM image are not
acquired at the same point in time, and there is always a time lag
between the signals acquired in individual pixels. The temporal
resolution of CLSM can be improved by scaling down the
number of pixels, i.e., by reducing the area from which the signal
is acquired. This, however, results in loss of overview. Classical
single-point FCS (spFCS) is also hampered by limited overview,
providing quantitative information in a minute observation
volume element (OVE) that is typically 0.2—2.0 fl (um?).
Hence, to acquire quantitative information from several
locations in a cell using the conventional spFCS setup, spFCS
measurements need to be performed successively, which is not
suitable for the study of fast dynamical processes.

To overcome these limitations, specific illumination techni-
ques are used to irradiate a larger area in the sample and the
signal is simultaneously recorded from different locations using
array detectors. Following the pioneering work at the beginning
of this millennium,'”~>* several different experimental realiza-
tions of multiplexed FCS have been reported.””™*® These
inventions have significantly advanced our capacity to character-
ize the spatiotemporal dynamics of complex biological trans-
formations and approach challenging biological problems from
the holistic point of view.”**®**3>3%3=% However, further
improvements are needed in order to develop instrumentation
with better temporal resolution and with data acquisition and
analysis software that are sufficiently robust for reliable routine
application in biomedical research.

We present here a setup for quantitative, time-resolved
confocal fluorescence microscopy imaging without scanning
that is based on massively parallel FCS (mpFCS) measurements,
where a diffractive optical element (DOE) and a matching
matrix single-photon avalanche photodiode (SPAD) camera are
used to achieve massively parallel confocal arrangement.””****
We show that this approach can map the local concentration and
translational diffusion coeflicients of molecules in live cells.
Since these properties are tightly linked to biomolecular activity
at functional sites and are crucial for understanding their
mechanisms of action, we call this method functional
fluorescence microscopy imaging (fFMI).

B MATERIALS AND METHODS

fFMI Instrumental Setup. The fEMI system consists of an
inverted epi-fluorescence microscope Axio Observer D1
equipped with a C-Apochromat 63X/1.2 W Corr objective
and a high efficiency filter set (Filter Set 38 HE) for enhanced
green fluorescent protein (eGFP) consisting of an excitation
bandpass filter EX BP 470/40 nm (central wavelength/
bandwidth), long pass dichroic mirror with a cutoff wavelength
of 495 nm, and an emission band pass filter EM BP 525/50 (all
from Carl Zeiss, Germany); a continuous wave (CW) 488 nm
frequency-doubled diode laser Excelsior 488 (Spectra-Physics,
France); a telescopic laser beam expander; a double filter wheel
with 10 (S + S) uniform neutral density filters of different optical
density (OD) to enable a wide range of attenuation (OD 0.2—
8.0) in discrete steps (Thorlabs Inc., USA); a diffractive optical
element (DOE) specially designed to split the single laser beam
into 32 X 32 beams (Holoeye, Germany); a Single Photon
Counting Camera SPC” that enables parallel single photon
counting by means of a monolithic 32 X 32 array (Micro Photon
Devices MPD, Italy).*” These elements were assembled on an
optical table with active vibration damping (Technical
Manufacturing Corporation TMC, USA) using standard opto-
mechanical components (Newport Corporation, USA, and
Thorlabs Inc., USA). To enable fast sample localization, an 18.0
megapixel digital single-lens reflex (DSLR) camera Canon EOS
600D (Canon Inc., Japan) with a pixel size of 18.5 yum* and a
pixel pitch of 4.3 um (http://snapsort.com/compare/Canon-
600d-vs-Canon_EOS_S550D/specs) was coupled to the side
port opposite to the SPAD camera, and the light path between
the two camera ports was manually switched.

Raw data, i.e., photon counts, acquired by the SPAD camera
were transferred to a Dell Precision Fixed Workstation T5600-
Xeon ES-2620 2 GHz equipped with an NVIDIA GeForce GTX
780 graphic card containing 2304 compute unified device
architecture (CUDA) cores that were used for fast data analysis
by auto- and cross-correlation.

LSM 510 ConfoCor 3 System. An individually modified
ConfoCor 3 instrument (Carl Zeiss, Germany) for laser
scanning fluorescence microscopy imaging and for spFCS was
used as a reference.” spFCS data were analyzed using the
program for data analysis in the running software package and
the scientific graphing and data analysis software Origin
(OriginLab).

Software for fFMI. The software for data acquisition and
analysis was written in Embaracadero C++ Builder XE7
(Embarcadero Technologies, USA).

B RESULTS

Instrumental Design. Key elements of the instrumental
design, highlighted in Figure 1la and insets a;—a;, describe the
underlying working principle. Briefly, collimated light from the
single-beam CW laser is expanded and led to an achromatic
doublet lens (focal length f= 150 mm) mounted on a precise x—
y—z translation stage (Figure 1a, focusing lens), which focuses
the expanded and collimated laser beam on the DOE mounted
on a single-axis precise translation stage (Figure 1a, DOE). By
filling the aperture of the DOE, the diffraction pattern consisting
of 32 X 32 well-separated illumination spots and the zeroth-
order diffraction maximum in the center is formed in the focal
plane of the focusing lens that coincides with the image plane of
the rear port of the inverted epi-fluorescence microscope
(Figure 1a, rear port image plane). Formation of the spot-wise
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Figure 1. Instrumental setup for functional fluorescence microscopy imaging (fFMI). (a) Schematic presentation of the optical arrangement in the
fFMI instrument. The expanded single laser beam is focused by the focusing lens on the diffractive optical element (DOE). The illumination matrix of
32 X 32 laser beam spots (here depicted as a 4 X 4 matrix for simplicity) is formed at the image plane of the rear port of the microscope. Inset:
Formation of the ordered spotty pattern at three characteristic planes: (a;) in the rear port image plane, (a,) in the object plane, and (a3 in the side port
image plane. Of note, the zeroth-order diffraction peak falls exactly between 4 central pixels of the SPAD camera when the fEMI system is fully aligned
and is therefore not detected by the SPAD camera. (b) Image of the illumination matrix generated in the focal plane of the microscope objective. A thin
layer formed by drying of a concentrated Rhodamine 6G (Rh6G) solution was used as the sample, and the image was acquired by the 18.0 megapixel
digital single-lens reflex (DSLR) camera. The zeroth-order diffraction peak is readily visible when using the pixel-dense DSLR camera. Inset:
Fluorescence intensity profiles along (b,) the x-axis and (b,) the y-axis show that the sample is illuminated in a distinct pattern of 32 X 32 spots. The
pitch (the shortest distance between two adjacent spots) of the illumination matrix in the sample plane is 1.587 ym. (c) Image of filamentous actin in
fixed muntjac skin fibroblast cells acquired under spot-wise illumination using the 18.0 megapixel DSLR camera. (d) Image of the sample described in
(¢) acquired by the SPAD camera. Signal acquisition time = 1 ms. Fluorescence intensities ranged from 0 (dark blue) to >13 700 photons per second
(red). The scale bar is 10 um. (e) Distribution of diffusion times in a dilute aqueous suspension of fluospheres, d = 100 nm, recorded by the fFMI
system. The average diffusion time was determined to be 7, = (3 + 2) ms. (f) ACC recorded in an individual pixel, i.e., by an individual SPAD in the
SPAD matrix detector (magenta). Cross-correlation curves (CCCs) derived by cross-correlating the signals recorded in this particular SPAD and its
first- and second-order neighbors (blue). Inset: (f;) Amplitude of the CCCs (blue) normalized to the amplitude of the ACC (magenta), Accc/Aace as
a function of the squared distance between neighboring OVEs (§). As expected, the amplitudes of the CCCs decay exponentially with the distance
between neighboring OVEs squared,”’ and the data from this study (black dots) agree well with results reported in the literature: Buchholz, PhD
Thesis (CCC1 and CCC2, Figure 6.4; red circles),*® Dertinger et al. (Figure 6; blue triangle),47 Ries and Schwille (Figure 4; green inverted triangle),49
and Ries et al. (Figure 2d; lilac diamond).*® The relative amplitude Accc/Axcc = 1 at OVE distance 6 = 0 corresponds to cross-correlation of
fluorescence intensity fluctuations in the reference pixel to itself. The fitted single-exponential decay curve (red, dashed) shows that the amplitude of
the CCC decays exponentially with 62"

illumination pattern is schematically depicted in Figure 1, inset
a,, featuring for the sake of clarity an array of 4 X 4 spots with the
clearly indicated zeroth-order diffraction maximum. The relay
optics of the rear port of the microscope (Figure 1a, microscope
relay optics), the dichroic mirror (integrated in the Filter Set 38
HE), and the objective lens project the illumination matrix from
the rear port into the focal plane of the objective (Figure la,
object plane; Figure 1, inset a,). A uniform thin layer of dried
Rh6G was used to visualize the illumination matrix. The image
acquired using the pixel-dense DSLR camera shows that the
sample is illuminated in a distinct spot-wise array of 32 X 32
well-separated points of similar intensity, except for the zeroth-
order diffraction spot visible in the center (Figure 1b).
Corresponding fluorescence intensity distribution profiles

along the x and y axes are shown in Figure 1, insets b, and b,,
respectively.

After passing through the dichroic mirror and the emission
filter integrated in the Filter Set 38 HE, the spot-wise
fluorescence matrix is imaged by the objective and the tube
lenses onto the SPAD camera (Figure la and inset a;). The
SPAD camera is attached to one of the two side ports of the
microscope, with the DSLR camera being attached to the other
side and used for fast sample localization using standard wide-
field imaging. The SPAD camera contains a photosensitive chip
and a 16-bit photon counter based on a field programmable gate
array (FPGA). The photosensitive area of the chip consists of 32
X 32 circular SPADs that are 20 ym in diameter. The distance
between adjacent diodes along a row/column, i.e., the pitch of

DOI: 10.1021/acs.analchem.9b01813
Anal. Chem. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.analchem.9b01813

Analytical Chemistry

'!'nI in "‘i_._
115Dk
a) - e
|
Lo
|
3 L] = . G, R
d) f g (7,
Fi kHe pFCs  GATh
k‘r fFAMI ]'."t

LU I ]
NI

TE mmnels (R L A B I BTl IS A (B BT BT BT e ]

Figure 2. fFMI instrument calibration and performance characterization using a dilute aqueous suspension of quantum dots. (a) Spatial map of
amplitudes (G,) of individual ACCs at the lag time 7 = 103.7 us, acquired by fFMI. Fluorescence intensity fluctuations were recorded in a single
measurement lasting 2.7 s. (b) Corresponding spatial map of translational diffusion times (zp). (c) Diffusion time distribution histogram
corresponding to the data shown in (b). (d) Fluorescence intensity fluctuations recorded in the same sample as in (a—c) acquired using a conventional
spFCS system. Fluorescence intensity bursts of different intensities (note the different scales on the ordinates) reveal that the dilute quantum dot
suspension is polydisperse, containing single quantum dots (magenta) and a significantly lower amount of very bright quantum dot agglomerates that
were sporadically observed (blue trace). (e) ACCs normalized to the same amplitude, G,(7) = 1 at lag time 7 = 103.7 s, obtained by temporal
autocorrelation analysis of fluorescence intensity fluctuations reflecting diffusion of single quantum dots. The ACCs were acquired by fFMI (black)
and spFCS (magenta). The black ACC is an average ACC acquired from 10 consecutive fEMI recordings of fluorescence intensity fluctuations in a
single SPAD, i.e, in a single OVE/single pixel, each measurement lasting 2.7 s. The magenta ACC is acquired from the fluorescence intensity
fluctuation time series of 10 s. The dotted blue line shows fitting of the magenta ACC. (f) ACCs normalized to the same amplitude, G,(7) = 1 at lag
time 7 = 103.7 s, reflecting diffusion of sparse quantum dot agglomerates, acquired by fEMI in a single pixel and in a 2.7 s measurement (blue) and by

spFCS (green).

the camera, is 100 ym. Further details on the SPAD camera
design and performance can be found in refs 32 and 51-53.
Since the aperture of every SPAD is a pinhole positioned in the
conjugate focal plane with respect to the illumination matrix,
confocal configuration is achieved for all 32 X 32 foci.

By imaging the complex spatial distribution of filamentous
actin in fixed muntjac skin fibroblast cells, we could verify that
there is no significant loss of information due to interspaced
sampling (Figure lc,d). Images acquired by the pixel-dense
DSLR camera (Figure 1c) and the SPAD camera (Figure 1d)
clearly show that the SPAD camera veritably reflects the spatial
distribution of actin filaments over long distances.

In a well-aligned fFMI system, similar values for the
translational diffusion time are obtained in the majority of
pixels, and the distribution of diffusion times across the whole
matrix is narrow, exemplified here for a measurement performed
in a dilute aqueous suspension of 100 nm fluospheres (Figure
le). The measured diffusion time, 7, = (3 + 2) ms (Figure le), is
in good agreement with the value obtained using the reference
spFCS system, 7, = (2.5 + 0.5) ms (see fEMI Instrument
Calibration and Performance Characterization for details on
instrument calibration).

Finally, cross-correlation of signals recorded in a reference
pixel with the signal recorded in its first- and second-order
neighbors showed that there is virtually no cross-talk between
neighboring SPADs, as is evident from the relatively small
amplitude of the CCCs (Figure 1f, blue) that is less than 4% of
the amplitude of the ACC (Figure 1f, magenta). The Supporting
Information contains details of the software for data analysis, the
calculation of auto- and cross-correlation curves, and image
rendering (Section S1), cell culture (Section S2), instrument
alignment (Section S3, Figure S1), OVE size determination

(Section S4, Figure S2), and accuracy, precision, and sensitivity
(Section SS, Figure S3).

fFMI Instrument Calibration and Performance Char-
acterization. A dilute aqueous suspension of carboxylate
functionalized quantum dots (2 nM) was used to compare the
fFMI instrument performance with respect to the conventional
spFCS system used as a reference. For this purpose, fFMI and
conventional spFCS measurements were performed on the same
sample (Figure 2a—f). To have similar conditions in both
experiments, the illumination intensity in the conventional
spFCS instrument was set to 14.8 W at the microscope
objective lens, in order to match the intensity in individual foci of
the fFMI instrument, which was estimated to be 1/1024 of the
intensity measured at the microscope objective (18.9 mW)
reduced by 20% to account for the intensity of the zeroth-order
diffraction peak.

Both fFMI and spFCS revealed that, despite prolonged
sonication, the quantum dots suspension is polydisperse, being
made up of individual quantum dots present in large excess
(Figure 2a,b (blue pixels), Figure 2d (top), and corresponding
ACCs in Figure 2e) but also containing a small amount of very
bright quantum dot agglomerates of different sizes (Figure 2a,b
(green-red pixels), Figure 2d (bottom), and corresponding
ACCs in Figure 2f). In measurements using the conventional
spFCS instrument, the presence of sparse agglomerates could be
readily revealed in some but not all recordings (Figure 2d, the
magenta time series exemplifies a measurement where quantum
dot agglomerates were not observed), whereas fFMI revealed in
a single shot that the quantum dot suspension is polydisperse
and provided the spatial localization of agglomerates at the
moment of measurement, as is evident from the map of ACC
amplitudes, G, (Figure 2a, green-red pixels), the translational

DOI: 10.1021/acs.analchem.9b01813
Anal. Chem. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01813/suppl_file/ac9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01813/suppl_file/ac9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01813/suppl_file/ac9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01813/suppl_file/ac9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01813/suppl_file/ac9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01813/suppl_file/ac9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01813/suppl_file/ac9b01813_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.9b01813

Analytical Chemistry

Tn E ]
1
sz M
!|r|-i-. d}
156
3 I
T 1k
56| |

1]
"
ESxin A4 -3L5 kG 28 .10

logz, )

: = ' h)

e

1]
RSN 40 A5 -8 -5 -xn

bogiz 1)

Figure 3. Spatial distribution of molecular numbers and diffusion time maps in live U-2 OS cells expressing monomeric or tetrameric eGFP. (a) 18.0
megapixel DSLR image of a spot-wise illuminated U-2 OS cell expressing monomeric eGFP. (b) Spatial distribution of molecular numbers (N.,,,)
across an optical section in the cell, with slight eGFP accumulation in the nucleus. (c) eGFP diffusion times (7,) across the same section as in (b). (d)
The corresponding 7, distribution histogram shows that e GFP mobility inside the cell is rather uniform, 75, = (2.5 + 0.5) ms. (e) DSLR image of two
cells expressing eGFP,, acquired as described in (a). (f) Molecular numbers (N,,,) map reveals eGFP, prevalence in the cytoplasm. (g) eGFP,
diffusion time map in two adjacent cells. In the upper cell, the average diffusion time, 7, = (5.0 & 0.8) ms, is two times longer than the diffusion time
measured for eGFP in (d). This is in agreement, within the experimental error, with the expected theoretical difference of 1.6 times. In the lower cell,
where eGFP, degradation was observed, the average nuclear concentration was higher than in the upper cell, N ~ 12 versus N?! & 6; 71, was the
same as in cells expressing monomeric eGFP, and a wider distribution of diffusion times ((h), green histogram, versus (d)) was observed. (h) Diffusion
time distribution histograms in the upper (red) and the lower (green) cell shown in (g).

diffusion time, 7, map (Figure 2b, green-red pixels), and the
distribution of diffusion times (Figure 2c).

Both, the conventional spFCS and the fFMI system, showed
marked differences in diffusion times between single quantum
dots, 785G = (200 + 50) ps (Figure 2e), and quantum dot
agglomerates, 77 FSS = (7 = 2) ms (Figure 2f). Importantly, the
characteristic decay times of ACC obtained using the fEMI
instrument and the conventional spFCS setup concurred, as is
evident from the overlap of the ACCs normalized to the same
amplitude, G,(7) = 1 at 7= 103.7 s, for individual quantum dots
(Figure 2e) and for quantum dot agglomerates (Figure 2f). This
observation is in line with calibration measurements showing
that the OVEs in the fEMI system are similar in size to that in the
conventional spFCS instrument.

Of note, the average diffusion time for single quantum dots
estimated from the diffusion time histogram, 74 = (600 +
100) us (Figure 2c), is evidently longer than the value
determined by fitting spFCS data, 7f85cd = (200 £ S0) us
(Figure 2e, magenta). This discrepancy, which is particularly
pronounced for molecules/particles with short diffusion times,
arises because of the comparatively low temporal resolution of
the matrix SPAD detector, due to which plateauing of the ACC
cannot be observed (Figure 2e). Consequently, the translational
diffusion time, estimated from the full width of the ACC at its
half-maximum (Figure 2e, black), will appear to be somewhat
longer than what it really is (Figure 2e, magenta). Using
fluospheres of different size, we could demonstrate that, the
longer the translational diffusion time, the less pronounced will
be this difference, and the diffusion coefficient could be correctly
determined (as shown in Section SS, Figure S2).

Small Differences in Translational Diffusion Time
between eGFP Monomers and Tetramers Could Be
Measured in Live Cells by fFMI. In order to assess the
precision of the fFMI system, its capacity to measure small
differences in translational diffusion time was probed using live
U-2 OS cells expressing monomeric or tetrameric eGFP, eGFP,
or eGFP,, respectively (Figure 3).

fFMI could also measure subtle differences in the translational
diffusion between eGFP (Figure 3c,d) and eGFP, (Figure 3gh,
red pixels and bars). It showed that translational diffusion of
eGFP monomers in U-2 OS cells is rather uniform across the
cell, with an average diffusion time 7p gpp = (2.5 % 0.5) ms
(Figure 3c,d), whereas the translational diffusion time of eGFP,
is about two times longer, 7p, .grps = (5.0 + 0.8) ms (Figure 3g,
upper cell; Figure 3h, red histogram). This difference, derived
from measurements in 10 cells in each group, is in agreement
with the theoretically expected value of 1.6 times.

fFMI also indicated cells where oligomeric forms containing
less than four eGFP molecules prevail. Such cells (Figure 3g,
lower cell) are identifiable through the shorter translational
diffusion time (Figure 3h, green histogram (lower cell) versus
the red histogram (upper cell)), higher average nuclear
concentration of fluorescent molecules, N ~ 12 versus Nuc!
~ 6 (Figure 3f), and wider distribution of diffusion times (Figure
3h, green histogram, versus Figure 3d). Lower size oligomers can
occur due to degradation processes. While eGFP is not
efficiently degraded by proteinases, the flexible linker is, due
to the specific construction of the plasmid where each eGFP
sequence is preceded by an ATG start codon.

Mapping the Heterogeneous Distribution and Dy-
namics of Molecules in Live Cells by fFMI. Having
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Figure 4. Spatial distribution of molecular numbers and diffusion time maps of glucocorticoid receptors (GR) before and upon ligand-induced nuclear
translocation in live U-2 OS cells. (a) DSLR image of a spot-wise illuminated unstimulated U-2 OS cell expressing eGFP-GR,,. (b) fEMI reveals the
spatial distribution of eGFP-GR, numbers (N,,,) across an optical section in the cell with their accumulation in the cytoplasm. (c) Spatial distribution
of translational diffusion times (7p,) across the same section as in (b). (d) Diffusion time distribution histogram in the cytoplasm of cells shown in (c).
(e) DSLR image showing eGFP-GR,, translocation to the cell nucleus after stimulation with dexamethasone. (f) Spatial distribution of molecular
numbers (N_,,,) reveals eGFP-GR, translocation from the cytoplasm to the cell nucleus. (g) fFMI map of eGFP-GR,, diffusion times (p,), reflecting a
patchy distribution due to differences in eGFP-GR,, interactions with the surrounding molecules. (h) Diffusion time distribution histogram in the cell

nucleus shown in (g).

established that fFMI can measure small differences in
translational diffusion between cells that express uniformly
diffusing molecules of different size, we assessed its capacity to
map the heterogeneous distribution and nonuniform dynamic
behavior of a molecule in the same cell (Figure 4). We have
therefore chosen the glucocorticoid receptor (GR), a tran-
scription factor for which the heterogeneous distribution and
complex intracellular dynamics are well established and
characterized by conventional spFCS.>*~>°

fFMI readily revealed the nonuniform distribution and
uneven diffusion of fluorescently tagged wild type glucocorticoid
receptors (eGFP-GR,,) in the cytoplasm of untreated U-2 OS
cells (Figure 4a—d), showing that eGFP-GR,, concentration in
the periphery is lower, NfE &~ 1.25, and its diffusion time is
shorter, 7" = ~(0.8 + 0.2) ms, than in the perinuclear region
that is enriched in intracellular membranes, Nt); ~ 2.5 and 7" =
(4.0 £0.5) ms.

As expected, treatment of U-2 OS cells with the GR agonist
dexamethasone (100 nM Dex) induced eGFP-GR,, trans-
location from the cytoplasm to the cell nucleus (Figure 4). In the
nucleus (Figure 4e—h), eGFP-GR,, partitioned into different
domains, showing both an uneven distribution of molecular
numbers (Figure 4f) and “patchy” diffusion behavior (Figure
4g), revealing domains where eGFP-GR,,, motility is fast and
interactions with other molecules are scarce and/or nonspecific,
characterized by short diffusion times, as opposed to regions
where binding with higher affinities is observed; eGFP-GR,,
motion is therefore stalled, and diffusion times are longer.

Mapping Dynamic Processes in the Plasma Mem-
brane of Live Cells by fFMI. The capacity of the fEMI system
was tested for quantitative characterization of dynamic processes
in the plasma membrane. For this purpose, PC12 cells stably
transformed to express a G protein-coupled receptor (GPCR),
the wild type u-opioid receptor fused at the N-terminal end with
eGFP (eGFP-MOP), were used to map in live cells its spatial

surface density and lateral diffusion in the plasma membrane
(Figure S). As can be seen, the plasma membrane and the
perinuclear region, enriched with membranous structures of the
endoplasmic reticulum and the Golgi complex, could be easily
distinguished from the remaining cellular compartments and the
surroundings by fluorescence intensity imaging using the DSLR
camera under spot-wise illumination (Figure Sa). While the map
of the average number of molecules in the OVE (N,,,,) was noisy
due to low expression levels of eGFP-MOP (Figure Sb), the
translational diffusion time maps could be readily acquired,
rendering the plasma membrane and the membranous
structures in the perinuclear region clearly visible (Figure Sc).
fFMI revealed that the eGFP-MOP diffusion in the plasma
membrane (Figure S d, red) and in membranous structures in
the perinuclear region (Figure Sd, blue) is complex, and two
principal decay times were identified: 7,; = (1.0 + 0.5) ms and
7py = (100 =+ 20) ms (Figure Sd).

Mapping ex Vivo the Heterogeneous Distribution and
Dynamics of Molecules in Thick Tissue Specimen by
fFMI. While we have established that crosstalk between pixels is
not an issue for quantitative characterization of concentration
and diffusion in dilute solutions/suspensions (Figure 1f), it is
well-known that the main challenge for quantitative fluorescence
microscopy imaging of a thick specimen using multifocal optical
arrangement arises because out-of-focus light that originates
from bright structures in remote focal planes above/below the
sample plane can pass through adjacent pinholes. This increases
the background signal, i.e., reduces the SNR, and gives rise to
hazy images where the details that are normally observed in
confocal laser scanning microscopy are obscured in spinning
disk confocal microscopy.’” In order to probe the capacity of the
fFMI system to characterize dynamical processes in thick
samples, the concentration and nuclear dynamics of the
mCitrine-tagged Sex combs reduced (Scr) dimeric transcription
factor (mCitrine-(Scr),) were investigated in salivary glands
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Figure S. Dynamic lateral organization of mu-opioid receptor in the plasma membrane. (a) DSLR image of a spot-wise illuminated PCI2 cell
expressing eGFP-MOP. (b) Spatial distribution of eGFP-MOP numbers (N,,,,) across an optical section in the cell. (c) Spatial distribution of diffusion
times (7p) across the same section as in (b). (d) Corresponding diffusion time distribution histograms inside the cell (blue) and in the plasma

membrane (red).

from Drosophila third instar larvae bearing in the genome a
multimeric specific binding site of Scr (fkh250°"; see Section S2
and ref 38 for details). The results are presented in Section S6
and Figure S$4.

Bl DISCUSSION

Spatial filtering of fluorescence, which is at the heart of CLSM, is
achieved by conjugate focal plane arrangement of optical
elements and obstruction of out-of-focus light by detection
through a pinhole. This significantly improves the SNR of
fluorescence microscopy, enabling optical sectioning and
fluorescence imaging with high spatiotemporal resolution and
single-molecule sensitivity. Advantages for biomedical research
and diagnostics brought about by confocal imaging are so
numerous that it has been stated that “. . .confocal technology is
proving to be one of the most important advances ever achieved
in optical microscopy.”*® Confocal configuration was also shown
to be critical for FCS;*”°° by reducing the size of the OVE, a
significantly smaller number of solvent molecules was observed,
which efficiently reduced the background and enhanced the
signal-to-noise ratio. This, in turn, has enabled single-molecule
detection and short measurement time. The possibility to have
multiplexed confocal arrangements of excitation and detection
pathways is therefore essential for quantitative studies of fast
dynamic processes in live cells that require high spatiotemporal
resolution and single-molecule sensitivity.

Presently available state-of-the-art instruments for massively
parallel FCS measurements, such as the systems described in refs
29 and 31, rely on the use of light sheet illumination and point-
wise detection via an electron multiplying charge coupled device
(EMCCD) camera® or a SPAD matrix detector.”*® In these
arrangements, a selected plane in the sample is illuminated at a
defined z-position by a micrometer-thin light sheet that is
perpendicular to the optical axis of the detection objective lens.
The advantage of light sheet illumination over a confocal
arrangement comes from the specific illumination of an area that
is significantly larger than the cross sectional area of the confocal
volume element. The disadvantage of light sheet illumination as
compared to multiplexed confocal arrangement comes from the
nonuniformity of the light sheet over longer distances, which
means that the area over which OVEs of the same size are
obtained is restricted. In addition, structures in the specimen
that absorb/scatter the excitation light distort the light sheet,
and the size of the OVEs is not uniform across heterogeneous
samples.”””! To circumvent these problems in light sheet based
microscopy imaging, the sample needs to be repositioned and

precisely rotated, which is a limiting factor for the study of fast
dynamical processes. It also complicates sample preparation and
mounting, and sample preparation procedures are considerably
more complex for light sheet microscopy than for confocal
imaging.61 Such restrictions do not exist for fEMI. Here, the limit
in number of focal spots is set by the intensity of the single-beam
laser and the dark count of individual SPADs that comprise the
matrix detector.

The advantage of the SPAD matrix detectors over EMCCD
cameras primarily lies in the temporal resolution, which is
inherently low in EMCCD cameras because of the slow readout
and frame-transfer processes. At present, the temporal
resolution of EMCCDs is in the millisecond range, at best,
whereas the temporal resolution of SPADs is easily in the
microsecond and even submicrosecond range. Thus, SPAD
matrices hold the promise to significantly improve the temporal
resolution of fluorescence microscopy imaging, allowing a 100-
to 1000-times better temporal resolution. Furthermore, no
analogue measurement of voltage or current is needed for
SPADs, so no additional noise is added by the readout process.
Finally, the SPAD detector is typically less sensitive than
EMCCD to electromagnetic interference due to electro-
magnetic radiation generated by other equipment.

The disadvantage of SPAD matrix detectors over an EMCCD
stems mainly from the variability in dark count rates between
individual detectors, which gives a nonuniform SNR over an
image frame (Figure 1f). This, however, is not too big a problem
for fEMI; while differences in dark count rates affect the signal
intensity, the outcome of temporal autocorrelation analysis is
not significantly affected and the average number of molecules in
the OVE and the diffusion time could still be accurately
determined by autocorrelation analysis even though the SNR is
not exactly the same in all foci. Of course, this is only possible
when the SNRis sufficiently high in all foci. If this is not the case,
the amplitude of the autocorrelation curve becomes unreliable.

Another well-known limitation associated with SPADs is
related to afterpulsing.32’67“’63 In the present camera, afterpulsing
is observed in the ACCs as a prominent and fast-decaying peak
at lag times, 7 < 100 us (Figure 2e, black; Figure 2f, green;
Section S6, Figure S4g, blue). Afterpulsing is more prominently
observed in measurements where low signal intensities were
measured, e.g, individual quantum dots (Figure 2e, black)
versus bright quantum dot agglomerates (Figure 2f, green).
However, afterpulsing-related distortion of ACCs may be
circumvented by cross-correlating the signals between two
detectors,*>®* by subtracting the contribution of afterpulsing
from the ACCs,”* and by SPAD design.”*
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Despite the limitations of currently available technologies for
massive production of SPADs, which restrain the temporal
resolution and affect quantitative characterization in live cells as
discussed above, the data presented here compellingly show that
it is possible to achieve a massively parallel confocal arrangement
and quantitative confocal imaging with single-molecule
sensitivity without scanning via massively parallel FCS. This
yields quantitative confocal imaging with an unprecedented
temporal resolution, which in the present setup is 21 us/frame.
We have demonstrated that massively parallel analysis of
fluorescence intensity fluctuations by temporal autocorrelation
and spatiotemporal cross-correlation analyses can be achieved,
yielding 1024 ACCs in about 4 s and about 24 000 CCCs in 4S5 s.
The use of the graphic processing unit (GPU) is a major
advantage for the calculation of CCCs, since the number of
CCCs is much larger than the number of ACCs. The FPGA
approach described in ref 30 calculates ACCs in real time, but
the memory constraints would not allow the calculation of
CCCs as well. Hence, a combination of these two approaches
will likely be the best for future applications.

B CONCLUDING REMARKS

The quantitative, time-resolved confocal fluorescence micros-
copy imaging approach developed here retains the capacity to
perform optical sectioning and is empowered by the abolish-
ment of scanning, thus allowing simultaneous data acquisition in
all points in an image frame with a submillisecond temporal
resolution (here 21 ps/frame). It provides, with diffraction
limited spatial resolution, quantitative information about
location-specific differences in the concentration and mobility
of the molecules, which cannot be otherwise deduced. The
possibility to characterize the fast cellular dynamics of
molecules: quantitatively, nondestructively, with the ultimate
sensitivity and with unprecedented temporal resolution, enables
us to address how biomolecules are integrated via chemical
reactions and transport processes into dynamical self-regulated
networks through which emergent properties, such as gene
transcription and signal transduction, arise at the higher level of
organization and at longer spatio-temporal scales.
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The genus Pheggomisetes Knirsch, 1923 consists of stenoendemic troglobitic ground beetles restricted to under-
ground habitats in both Western Bulgaria and Southeast Serbia. A review of the genus in Serbia is given in this
article. The following new taxa are described from three caves and pits on slopes of the Stara Planina Mountains in
Southeast Serbia: Pheggomisetes serbicus sp. nov., P. serbicus belensis subsp. nov. and P. globiceps ciniglav-
censis subsp. nov. Also, Pheggomisetes ninae S. Cur¢i¢, Schonmann, Brajkovi¢, B. Cur¢ié¢ & Tomié, 2004, originally
described as an independent species, is downgraded to a subspecies of P. globiceps Buresch, 1925 — P. globiceps
ninae S. Curci¢, Schonmann, Brajkovié, B. Cur¢i¢ & Tomié, 2004 comb. & stat. nov. All the important morpho-
logical features of the taxa are listed in the article. The diagnoses of taxa are based on the characters ascertained by
bright-field microscopy and nonlinear microscopy (NLM). The use of NLM in investigating Pheggomisetes anatomy
is explained, and it is shown to be superior to classical microscopy in observing minute details of different structures
(e.g. genitalia) on cross and longitudinal sections. A key to the species of Pheggomisetes (including the Serbian taxa)
is given. In addition, we have included morphometric and molecular analyses of all Serbian Pheggomisetes taxa.

ADDITIONAL KEYWORDS: ground beetles — molecular systematics — morphometrics — new species — new
subspecies — Trechini — troglobites.

INTRODUCTION

The genus Pheggomisetes Knirsch, 1923 includes four
species and 12 subspecies of supposedly archaic troglo-
bitic ground beetles, which have been highly modified
during their evolution (Beron, 1994; Moravec, Uéno &
Belousov, 2003; Curéié et al., 2004). The genus occupies
an isolated position in the tribe Trechini, alone forming

*Corresponding author. E-mail: srecko@bio.bg.ac.rs

[Version of Record, published online 13 December 2017;
http://zoobank.org/urn:lsid:zoobank.org:
pub:85900D92-A76D-4781-8829-CBED73A49334]

a distinct phyletic series (Jeannel, 1928; Casale &
Laneyrie, 1982; Casale, Vigna Taglianti & Juberthie,
1998). It is considered to be related to the Caucasian
aphaenopsoid genus Taniatrechus Belousov &
Dolzhansky, 1994 based on the supernumerary
supraorbital and submentum setae, two widened male
protarsomeres and male genital structure (Belousov &
Dolzhansky, 1994; Belousov & Koval, 2009). All rep-
resentatives of Pheggomisetes are stenoendemics and
restricted to certain caves and pits in Western Bulgaria
and Southeast Serbia. The currently known species of
the genus are Pheggomisetes buresi (Knirsch, 1923);
Pheggomisetes globiceps Buresch, 1925; Pheggomisetes
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radevi Knirsch, 1924; and Pheggomisetes ninae S.
Cur¢i¢, Schonmann, Brajkovi¢, B. Curdi¢ & Tomié,
2004 (Casale & Laneyrie, 1982; Moravec et al., 2003;
Curéié et al., 2004). One species (P. ninae) and one
subspecies (P. globiceps ilandjievi V. Guéorguiev, 1964
according to Pretner, 1970) have been recorded in
Serbia so far (Guéorguiev, 1964; Cur&ié et al., 2004;
Cur¢i¢, Brajkovi¢ & Curéi¢, 2007; Negi¢ et al., 2010).

The morphology and anatomy of Pheggomisetes taxa
have been investigated by several authors (Jeannel,
1928; Decou & Botosaneanu, 1964; Juberthie & Decu,
1968). Jeannel (1928) was the first to investigate fea-
tures of the mouthparts, the dorsal habitus and male
genital structures. Other aspects of the nervous, digest-
ive, genital and pygidial gland systems were analysed
in P, buresi (Decou & Botosaneanu, 1964; Juberthie &
Decu, 1968). Most recently, thanks to two-photon exci-
tation autofluorescence (auto-TPEF) of the chitin, cer-
tain features of the mouthparts and male genitalia
were presented for P. ninae (Rabasovi¢ et al., 2015).

Troglobitic insects are depigmented or transparent,
with a thin cuticle consisting mostly of homogeneous
chitin (Christiansen, 2012). The use of TPEF micros-
copy seems to be a highly promising way to study
troglobitic taxa like Pheggomisetes since it enables the
investigator to avoid the fluorescence of pigments and
other cuticle components. The fluorescent signal of chi-
tin is dominant here, in contrast to the situation with
strongly coloured insects.

Troglobitic beetles, including trechine ground beetles,
are regarded as good models for deliberations about
both biogeography and evolution since the reduced
dispersal out of subterranean environments produces
phylogenetic patterns of area distribution that largely
match the geological history of mountain ranges and
underground habitats (Ribera et al., 2010; Faille et al.,
2014). The molecular phylogeny of trechine ground bee-
tles (especially the troglobites) is largely unknown in
spite of the fact that these are among the best-studied
and widespread groups of beetles (Faille et al., 2013).
Within the Trechinae, the molecular phylogeny of
Trechus species from Spain and subterranean Pyrenean
taxa (Faille, Casale & Ribera, 2010a; Faille et al., 2010b)
and that of Alpine taxa (Faille et al., 2013) have been
more or less thoroughly treated in recently published
articles (Contreras-Diaz et al., 2007; Faille, Bourdeau &
Fresneda, 2012; Faille et al., 2014). Among other groups
of ground beetles, representatives of the Carabinae and
Harpalinae have been somewhat better studied with
respect to molecular biology (Ober, 2002; Osawa, Su
& Imura, 2004; Ober & Maddison, 2008; Ruiz, Jordal
& Serrano, 2009; Ober & Heider, 2010; Andujar et al.,
2012; Deuve et al., 2012; Seri¢ Jelaska et al., 2014).

Phylogenetic relationships of the highly diverse
trechine fauna of the Balkan Peninsula are almost

unknown. One study only concluded that the genera
Neotrechus Miiller, 1913 and Adriaphaenops Noesske,
1928 are related to certain Alpine or Pyrenean taxa
(Faille et al., 2013). Sparse molecular data on the genus
Pheggomisetes are mentioned solely by Faille et al. (2013).

Organized by the Institute of Zoology, University
of Belgrade — Faculty of Biology, several field trips
were carried out in Southeast Serbia from 2012 until
2014. They resulted in the discovery of one new spe-
cies and two new subspecies of Pheggomisetes. The
aims of this article were as follows: (1) to describe and
diagnose the new trechine taxa; (2) to review the taxo-
nomic status of Pheggomisetes taxa from Serbia; (3) to
show the benefits of nonlinear microscopy (NLM) in
investigating morphology of the beetles’ internal chi-
tinous structures (genitalia and some sclerites); (4) to
conduct a morphometric study of all the investigated
Pheggomisetes taxa; and (5) to perform a phylogenetic
analysis of all the Serbian taxa using molecular data.

MATERIAL AND METHODS
SAMPLING INFORMATION

Ground beetle specimens were collected by hand or
by pitfall trapping (the traps contained salt-saturated
water/alcoholic vinegar and rotten meat as bait) (Faille
et al.,2012) in a number of underground habitats from
Southeast Serbia and Western Bulgaria belonging to
the Stara Planina (Balkan) Mountain system. The
traps were placed on both the floor and walls in dark
parts of the explored caves and pits, where the level
of humidity was high. All the analysed Pheggomisetes
taxa are troglobitic and live in underground habi-
tats (caves and pits) in the Stara Planina (Balkan)
Mountains of Southeast Serbia and Western Bulgaria.
Collected specimens were transferred to 70% ethanol
at room temperature, except in the case of specimens
designated for molecular analysis, which were trans-
ferred to 96% ethanol at —20 °C. They were analysed
in laboratories of the Institute of Zoology, University
of Belgrade — Faculty of Biology, Belgrade, Serbia; the
Department of Crop Science, University of Belgrade —
Faculty of Agriculture, Belgrade, Serbia; and the
Photonics Centre, Institute of Physics, University of
Belgrade, Belgrade, Serbia.

MEASUREMENTS

AL — maximum length of antennae including the scape
AL/TL — ratio of maximum length of antennae includ-
ing the scape to total body length (from the anterior
margin of the clypeus to the elytral apex)

BW/PW - ratio of the elytral base width to maximum
pronotum width as the greatest transverse distance
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EL — elytral length (as the linear distance along the
suture from the elytral base to the apex)

EL/EW - ratio of elytral length (as the linear distance
along the suture from the elytral base to the apex) to
maximum elytral width

EL/TL — ratio of elytral length (as the linear distance
along the suture from the elytral base to the apex) to
total body length (from the anterior margin of the clyp-
eus to the elytral apex)

EW — maximum elytral width

EWP — position of maximum elytral width (percentage
of length)

FL — length of frontal furrows

FL/HL — ratio of frontal furrow length to head length
HL - head length

HILI/AL - ratio of head length to maximum length of
antennae including the scape

HIL/HW - ratio of head length to maximum head width
HL/PL - ratio of head length to pronotum length
(along the median line)

HL/TL - ratio of head length to total body length (from
the anterior margin of the clypeus to the elytral apex)
HW — maximum head width

HW/EW - ratio of maximum head width to maximum
elytral width

HW/NW — ratio of maximum head width to maximum
neck width

HW/PW - ratio of maximum head width to max-
imum pronotum width as the greatest transverse
distance

HWP - position of maximum head width (percentage
of length)

M — mean value for certain measurements

NW — maximum neck width

PaW — width of pronotal apex between tips of the
anterior angles

PaW/PbW - ratio of pronotal apex width between tips
of the anterior angles to pronotal base width between
tips of the posterior angles

PaW/PW - ratio of pronotal apex width between tips
of the anterior angles to maximum pronotum width as
the greatest transverse distance

PbW - pronotal base width between tips of the
posterior angles

PbW/PW - ratio of pronotal base width between tips of
the posterior angles to maximum pronotum width as
the greatest transverse distance

PL — pronotum length (along the median line)

PL/PW - ratio of pronotum length (along the median
line) to maximum pronotum width as the greatest
transverse distance

PL/TL - ratio of pronotum length (along the median
line) to total body length (from the anterior margin of
the clypeus to the elytral apex)

PW — maximum pronotum width as the greatest trans-
verse distance

PW/EW - ratio of maximum pronotum width as the
greatest transverse distance to maximum elytral width
PWP - position of maximum pronotum width (percent-
age of length)

R - range of total measurements performed

TL — total body length (from the anterior margin of the
clypeus to the elytral apex)

COLLECTIONS

HT - holotype

IZFB — collection of the Institute of Zoology, University
of Belgrade — Faculty of Biology, Belgrade, Serbia
NMNH - collection of the National Museum of Natural
History, Sofia, Bulgaria

OTHER EXAMINED TAXA

Pheggomisetes buresi (Knirsch, 1923): one topotype
male, Bulgaria, Balkan Mts., Ledenika Cave, 830 m
a.s.l.,, near Vratsa, 19.VI[.1963, leg. E. Pretner (IZFB).

Pheggomisetes globiceps globiceps Buresch, 1925:
syntype male, Bulgaria, West Balkan range, Mt. Ponor
Planina, Sofia district, a cave near Iskrets (= Dushnika
Cave), village of Iskrets, 580 m a.s.l., 10.X11.1924,
leg. D. Iltchev (NMNH); two topotype females, idem,
08.VII.1925, leg. N. Radev (NMNH); one topotype
female, idem, 17.1X.1943, collector unknown (NMNH);
one topotype male, idem, 15.11.1992, leg. I. Pandurski
(NMNH); two topotype males and one topotype
female, idem, 16.X-04.X1.2016, from pitfall traps,
leg. B. Guéorguiev & S. Goranov (IZFB); one female,
Bulgaria, West Balkan range, Mt. Ponor Planina, Sofia
district, Otechestvo Cave, village of Iskrets, 720 m a.s.1.,
24.V.1959, leg. A. Popov (NMNH); two males, idem,
16.X.2016, leg. B. Guéorguiev & S. Goranov (NMNH).

Pheggomisetes globiceps ilandjievi V. Guéorguiev,
1964: two topotype males and three topotype females,
Bulgaria, Balkan Mts., Golyama Balabanova Dupka
Cave, 1100 m a.s.1., village of Komshtitsa, near Godech,
12.X.1995, leg. B. Guéorguiev & V. Beshkov (IZFB);
two topotype males and three topotype females, idem,
30.V.2015, leg. S. Goranov (IZFB).

TAXONOMIC AND MORPHOLOGICAL ANALYSES

The traditional method of studying insect morphology
by bright-field microscopy was mainly used in the
study. Apart from this, 3D images and clips obtained
by NLM provided additional details that were used for
descriptions of the genital structures and diagnoses of
the studied taxa.
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4 M.VRBICAETAL.

Bright-field microscopy

The genitalia were removed from the bodies, pre-
served in clove oil for a few days and subsequently
fixed on microscope slides in Canada balsam. The
beetles were then glued onto rectangular paper
labels and analysed as dry specimens. Stemi 2000
and Stereo Discovery.V8 binocular stereomicroscopes
(Carl Zeiss, Jena, Germany) with AxioCam MRc¢ and
Axio Cam ICc 1 digital cameras (Carl Zeiss, Jena,
Germany) attached were used to photograph whole
specimens, while a DMLS light microscope (Leica,
Wetzlar, Germany) with a DC 300 camera (Leica,
Wetzlar, Germany) attached was used to photograph
the genitalia.

Nonlinear microscopy

Bright-field microscopy is most often used to study
insect morphology, but recently a few articles have
appeared treating the use of confocal fluorescence
microscopy to observe certain structures of insects
and crustaceans (Klaus, Kulasekera & Schawaroch,
2003; Michels, 2007; de Campos Vidal, 2011). NLM
has also been introduced as a method offering
unique insight into a variety of biological structures.
This technique is similar to confocal microscopy (in
employing localized laser excitation and scanning),
but is characterized by higher penetration depth,
reduced photodamage and photobleaching, and no
need for specimen staining in most cases (Denk,
Strickler & Webb, 1990; Williams, Zipfel & Webb,
2001; Mertz, 2004; Masters & So, 2008). Tissues and
individual cells can be observed with high resolution
of volume details. Up until now, NLM has been used
extensively in biomedical research, but only mar-
ginally in entomology (Lin et al., 2008; Chien e¢ al.,
2011). It was recently confirmed that NLM can be
used for deep imaging of chitinous structures (both
chemically purified chitin and chitin originating from
insect integument) (Rabasovic et al., 2015; Reinhardt,
Breunig & Konig, 2017). On the basis of the autofluo-
rescence properties of chitin, the TPEF modality of
NLM was mainly used in the latter study. In addition,
even a second harmonic generation signal originat-
ing from chitinous structures was detected, but this
signal is unsuitable for imaging since it is weak and
hindered by the much stronger auto-TPEF.

Before analysis, specimens were stored in 70% etha-
nol at room temperature. The genitalia were removed
from the bodies and preserved in clove oil for 2 weeks.
Genital structures were placed on double-sided adhe-
sive tape on microscope slides in glycerin as the
medium, with or without a cover slip, depending on
the microscope objective used.

STATISTICAL ANALYSIS

All variables that entered the statistical analysis
were tested for normality using the Shapiro-Wilk test.
A multivariate test of significance (one-way MANOVA)
of normally distributed data, followed by a univariate
test of significance (one-way ANOVA) for each vari-
able, was used to identify which data sets (between
groups) differ significantly. Non-normally distributed
variables were compared between taxon samples
using the Mann—Whitney U test (P < 0.05). MANOVA
allows comparison of population means of all variables
of interest at the same time (multivariate response)
rather than considering multiple responses as a suite
of univariate responses (Zar, 1999). The statistical test
most often used in biology, Wilks’ lambda, was applied
(Zar, 1999). One-way MANOVA was used to exam-
ine the differences in morphological variation among
Serbian Pheggomisetes taxa (species and subspecies).
To describe and interpret effects from MANOVA,
multivariate discriminant analysis (DA) was used
only on normally distributed variables to determine
the relative importance of characters as discrimina-
tors between a priori groups and the relative positions
of centroids of the groups (Manly, 1986).

The distance matrix for subspecies was calculated
based on the squared Mahalanobis distance between
subspecies centroids, and a dendrogram was gener-
ated using UPGMA (unweighted pair group method
with arithmetic mean) clustering. This was used to
evaluate the phenetic relationships between subspe-
cies. Statistical analyses were conducted using the
Statistica 6 software package (StatSoft, Inc., 2001).

MOLECULAR ANALYSIS

DNA extraction, PCR amplification and
sequencing

We used nine Pheggomisetes specimens (belonging
to all Serbian taxa) for molecular analyses (Table 1).
DNA was extracted from one hind leg of each spe-
cimen using the KAPA Express Extract Kit (Kapa
Biosystems Inc., Boston, MA, USA) and follow-
ing the manufacturer’s instructions. The primers
used to amplify the barcoding region of cytochrome
¢ oxidase subunit I (COI) gene were Jerry [(CI-J-
2183)5"-CAACATTTATTTTGATTTTTTGG-3"]
and Pat [(TL2-N-3014)5'-TCCAAAGCA
CTAATCTGCCATATTA-3"] (Simon et al., 1994).
Each PCR was carried out in a volume of 25 pL con-
taining 1 pL of extracted DNA, 9 pL of H,O, 1.25 uL
of each primer and 12.5 uL. of KAPA2G"™HotStart
ReadyMix. All PCRs were conducted in an Eppendorf
Mastercycler (Hamburg, Germany) using the following
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THE GENUS PHEGGOMISETES IN SERBIA 5

Table 1. Trechine specimens used for molecular analyses with GenBank accession numbers

Code Locality Taxon Accession number

S3 Hodzina Dupka Pit Pheggomisetes globiceps ninae comb. & KY351544
stat. nov.

S12 Tmna Dupka Cave P. globiceps ninae comb. & stat. nov. KY351545

S28 Petrlagka Peéina Cave P. globiceps ninae comb. & stat. nov. KY351546

S19 Propas Pit P. globiceps ciniglavcensis subsp. nov. KY351547

S21 Pez Dupka Cave P. serbicus serbicus subsp. nov. KY351548

S26 Suva Dupka Cave P. serbicus belensis subsp. nov. KY351549

S27 A cave in the vicinity of the Suva Dupka P. serbicus belensis subsp. nov. KY351542

Cave

S41 Golyama Balabanova Dupka Cave P. globiceps ilandjievi KY351543

S66 Otechestvo Cave P. globiceps globiceps KY351550

S1 Zlotska (= Lazareva) Pe¢ina Cave Duvalius (Paraduvalius) stankovitchi KY351551
georgevitchi*

*Qutgroup.

thermal profile: initial denaturation (95 °C for 5 min); RESULTS AND DISCUSSION

amplification (35 cycles consisting of 60 s at 95 °C, 60 s
at 51 °C and 120 s at 72 °C); and final extension (72
°C for 7 min).

The PCR products were purified using the QIAquick
Purification Kit (QIAGEN Inc., Valencia, CA, USA)
according to the manufacturer’s instructions.

DNA sequencing was performed using automated
equipment (Macrogen Inc., Seoul, South Korea).

Sequences were manually edited in FinchTV
(Geospiza Inc., Seattle, WA, USA) and aligned using
the ClustalW program integrated in MEGAS5 (Tamura
etal.,2011).

Genetic divergence was estimated using Kimura’s
two-parameter (K2P) method of base substitution
(Kimura, 1980).

Phylogenetic reconstruction was performed using
maximum parsimony (MP), maximum likelihood
(ML) and neighbor-joining (NJ) incorporated in the
MEGAS5 software package. One thousand bootstrap
replicates were performed in every analysis to assess
robustness of the trees. Tamura’s three-parameter
model (T92 + G) was identified as the best-fitting
model of sequence evolution based on the Bayesian
information criterion and corrected Akaike infor-
mation criterion (Nei & Kumar, 2000) for the ML
method of phylogenetic reconstruction. The sub-
species Duvalius (Paraduvalius) stankovitchi geor-
gevitchi (Jeannel, 1924) was used as an outgroup.
The nucleotide sequence data were deposited in
the GenBank database under accession numbers
KY351542-KY351551 (Table 1). K2P model was used
to estimate genetic divergence of the analysed taxa.

TAXONOMY
FAMILY CARABIDAE LATREILLE, 1802
SUBFAMILY TRECHINAE BONELLI, 1810
TRIBE TRECHINI BONELLI, 1810
GENUS PHEGGOMISETES KNIRSCH, 1923

PHEGGOMISETES SERBICUS CURCIC, VRBICA &
B. GUEORGUIEV SP. NOV.

(F1GS 1 AND 2A-H)

Material examined: Holotype male labelled as fol-
lows: ‘Southeast Serbia, Stara Planina Mts., PezZ
Dupka Cave, 43°13"17.77"N 22°47°17.08”E, village of
Dojkinci, 869 m a.s.l., near Pirot, 11.VII-10.X.2013,
from pitfall traps, leg. D. Anti¢ & M. Petkovi¢’ (white
label, printed)/‘Holotypus Pheggomisetes serbicus
sp. nov. Curéi¢, Vrbica & Guéorguiev det. 2016’ (red
label, printed) (IZFB). Paratypes: six males and eight
females, same data as for holotype (IZFB); three
males and four females labelled as follows: ‘Southeast
Serbia, Stara Planina Mts., Pez Dupka Cave, village
of Dojkinci, 869 m a.s.l., near Pirot, 11.VI1.2013, leg.
D. Anti¢ & M. Petkovi¢’ (IZFB). All paratypes are
labelled with white printed locality labels and with
red printed labels ‘Paratypus Pheggomisetes serbicus
sp. nov. Cur&i¢, Vrbica & Guéorguiev det. 2016,

Description: TL R 5.55-6.675 mm (M 6.11 mm) (HT
6.30 mm). Head oval, HL/HW R 1.18-1.34 (M 1.26)
(HT 1.27), widest somewhat before its middle, scarcely
wider than pronotum (Fig. 1). Frontal furrows long,
slightly exceeding mid head level, deeply impressed
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6 M.VRBICAETAL.

Figure 1. Pheggomisetes serbicus sp. nov. from the Pez
Dupka Cave, village of Dojkinci (near Pirot), Stara Planina
Mts., Southeast Serbia. Holotype male, habitus (dorsal
view). Scale = 5.0 mm.

anteriorly and sigmoidally curved. Neck narrow, HW/
NW R 1.97-2.75 (M 2.50) (HT 2.19). Antennae long,
around the same length as TL in males, while shorter
than TL in females.

Pronotum widest somewhat after the anterior third,
almost as long as wide (Fig. 1). Anterior pronotal mar-
gin concave, shorter than pronotal base. Lateral pro-
notal margins rounded anteriorly and slightly concave
posteriorly. Pronotal base somewhat concave in the
middle. Fore pronotal angles obtuse, rounded. Hind
pronotal angles acute, almost right.

Elytra relatively long, oval, convex, with the lat-
eral sides rounded anteriorly, widest slightly after the
mid level, EL/EW R 1.61-1.83 (M 1.725) (HT 1.81).
Elytral base slightly narrower than pronotum (Fig. 1).
Humeral angles obtuse, rounded and quite elevated.
Elytral apex rounded.

Legs and claws long and thin (Fig. 1).

Median lobe of the aedeagus in lateral view curved,
with a rounded somewhat elevated apex (Fig. 2A,
E). Basal bulb small, rounded. Parameres with three
apical setae each. Median lobe in dorsal view straight,
with a rounded apex, narrowing towards basal bulb
(Fig. 1B). Gutter-shaped copulatory piece covered with
numerous spines (Fig. 2B, F), wide at its basal three
fifths and markedly narrowed at its apical two fifths.

Male abdominal sternite IX (urite) subtriangu-
lar, slightly elongate, slightly longer than aedeagus
(Fig. 2C, G). Apophysis narrow, constricted proximally.

Both gonocoxites IX and gonosubcoxites IX as pre-
sented in Figure 2D, H. Gonocoxites IX of moderate
length, slightly curved, apically rounded, basally com-
pletely jointed with massive gonosubcoxites IX (Fig.
2D, H).

Chaetotaxy. Frons with six to seven (HT — 7) setae
on each side. Pronotum with normal chaetotaxy (two
pairs of setae). Five to seven setae on third interstria
(HT —7) on each elytron (Fig. 1).

Elytral umbilicate series: First three humeral setae
close to marginal gutter, fourth being somewhat far-
ther from the gutter, distance between umbilicate
pores 2 and 3 shortest, while between pores 3 and 4
longest; median series at around the middle of the
elytra, two setae being somewhat distanced from mar-
ginal gutter, distance between pores 5 and 6 about as
long as distance between pores 2 and 3; apical series:
setae 7 and 8 being somewhat distanced from mar-
ginal gutter, distance between pores 7 and 8 longer
than distance between pores 3 and 4 (Fig. 1).
Differential diagnosis: The new species is compared
here with the other known Pheggomisetes species
(Casale & Laneyrie, 1982; Moravec et al., 2003). A com-
parison of the new species with P. ninae is not provided
here since the latter taxon is regarded as a subspecies
of P. globiceps (see below).

The new species differs from P. globiceps in having a
smaller value of TL M (6.11 vs. > 6.295 mm), a smaller
value of HL M (1.39 vs. > 1.40 mm), smaller values of
AL M (5.91, males 6.01, females 5.70 vs. > 6.525 mm,
males > 6.56 mm, females > 6.30 mm), smaller values
of AL/TL M (0.97, males 0.99, females 0.92 vs. > 1.01,
males > 1.05, females > 0.97), a greater value of HL/
AL M (0.235 vs. < 0.225), a greater value of FLL M (0.75
vs. < 0.68 mm), a greater value of FL/HL M (0.54 vs.
< 0.48), different shape of the humeral angles (more
rounded, quite elevated vs. more obtuse, less elevated),
a greater value of EL/TL M (0.55 vs. < 0.54) and dif-
ferent shape of the copulatory piece in dorsal aspect
(more markedly narrowed apically vs. gradually nar-
rowed apically) (Tables 2 and 3; Figs 1-13; Supporting
Information, Table S1) (Jeannel, 1928; Guéorguiev,
1964; this study). Even though the differences
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THE GENUS PHEGGOMISETES IN SERBIA 7

Figure 2. Pheggomisetes serbicus sp. nov. from the Pez Dupka Cave, village of Dojkinci (near Pirot), Stara Planina Mts.,
Southeast Serbia. Bright-field (A-D) and TPEF (E-H) microscopy images. A, E, holotype male, aedeagus (lateral view). B, F,
holotype male, aedeagus (dorsal view). C, G, holotype male, abdominal sternite IX (urite). D, H, paratype female, gonocoxites

IX and gonosubcoxites IX. Scales = 0.1 mm.

obtained between the mean values of certain measure-
ments (HL) and ratios (HL/AL, EL/TL) are very small
(Supporting Information, Table S1), the distributions
of ranges in the two species show statistically signifi-
cant differences (Table 3).

The new species differs from P. radevi in having
a smaller value of TL R (5.55—-6.675 vs. 7-8 mm), a
greater value of HL/HW M (1.26 vs. 1.00), different
shape of the head (widest slightly before its mid part,
posteriorly somewhat convex vs. widest around its mid
part, posteriorly very convex), a smaller value of HW/
NW M (2.50 vs. c. 3.00), different shape of the pronotum
(weakly narrowed basally, strongly rounded anteriorly,
well sinuate in back vs. strongly narrowed basally,
weakly rounded anteriorly, strongly sinuate in back),
a different value of PaW/PbW (pronotal apex between
tips of the anterior angles narrower than pronotal base
between tips of the posterior angles vs. pronotal apex

between tips of the anterior angles wider than prono-
tal base between tips of the posterior angles), different
shape of the hind pronotal angles (almost right, not
prominent vs. acute, protruding backwards and out-
wards), different form of the elytra (less elongate, with
more prominent shoulders vs. more elongate, with less
prominent shoulders), different shape of the median
lobe (less bent vs. more bent) and different shape of
the basal bulb (relatively small, rounded vs. medium-
sized, relatively elongate) (Jeannel, 1928; Guéorguiev,
1964; this study).

The new species differs from P. buresi in having a
smaller value of TL R (5.55-6.675 vs. 7.20-9.00 mm),
different shape of the head (less elongate, poster-
iorly more convex, abruptly narrowing towards the
neck vs. more elongate, posteriorly less convex, grad-
ually narrowing towards the neck), a different pos-
ition of maximum head width (slightly in front of the
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8 M.VRBICAETAL.

Table 2. Results of ANOVA for each variable between
P. serbicus sp. nov. and P. globiceps (exact significance
level P < 0.05, marked in bold)

the median lobe (less elongate, less bent vs. more
elongate, more bent) and different shape of the basal
bulb (relatively small, rounded vs. relatively mas-
sive, elongate) (Jeannel, 1928; Guéorguiev, 1964; this

Variable F P-value study).

HL 4.760 0.033 ’Amor.lg the three known species of the genus, P. glo-
HW 0'273 0.603 bzcep?s: is the smallest one and the only species that
FL 11:519 0:00 1 has rlght' hind angles of the pronotum (Jeanpel, 1928;
HL/HW 1.346 0.951 Guéorguiev, 1964). It‘ has a pronotum. that is weakly
HIJAL 54.485 <0.001 narrowed bas:.jllly, with lateral margins mod.erate.ly
HL/PL 0.559 0458 rounded anteriorly and weakly sinuate posteriorly, in
HL/TL 29.596 <0.001 addition to a relatively narrow elytral base (Jeannel,
HW/NW 1.875 0.176 1928; Guéorguiev, 1964). Thus, it is quite clear that
HW/PW 0.040 0.843 P. serbicus sp. nov. shares the same character states
AL/TL 17.269 <0.001 and is closely related to it. In addition, P. buresi differs
PW 1.092 0.300 from all other congeners in having a rather thick neck.
PL/PW 3.788 0.056 No significant differences within the genus are evident
Paw 5.207 0.026 in the male genitalia (especially in regard to shape of
PbW 0.287 0.594 the median lobe), even at the species level (Jeannel,
PaW/PW 3.582 0.063 1928; Guéorguiev, 1964; this article).

PhW/PW 0.047 0.829 Variability: The number of setae on both frons (six to
PaW/PbW 3.744 0.058 seven on each side) and elytra can vary (five to seven
ggp 1(1)332 82(1)51) on each side).

BW/PW 0.643 0.426 Etymology: The new species is named after Serbia, its

Table 3. Results of Mann—Whitney U test between
P. serbicus sp. nov. (n = 24) and P. globiceps (n = 44)
(exact significance level P < 0.05, marked in bold)

terra typica.

Distribution: The type locality is the Pez Dupka Cave
in the village of Dojkinci (near Pirot) in the Stara
Planina Mountains of Southeast Serbia. The new spe-
cies inhabits a few caves in the villages of Dojkinci
and Bela in the Stara Planina Mountains of Southeast

Variable U P-value Serbia; P. buresi and P. radevi live in caves near the
town of Vratsa and villages of Chiren, Eliseyna,

TL 116.5 <0.001 Chelopek, Druzhevo and Milanovo in the West Stara

HWP 447.5 0.305 Planina Mountains of Western Bulgaria; and P. glo-

AL 1.5 <0.001  pjceps inhabits numerous caves in the West Stara

FL/HL 250.0 <0.001 Planina Mountains and Pre-Balkan region of Western

HW/EW 320.0 0.014  Bulgaria, as well as a few caves in the villages of

PL 345.5 0.026 Petrlas and Ciniglavci in the Stara Planina Mountains

pPwp 233.5 <0.001 of Southeast Serbia (Guéorguiev & Guéorguiev, 1995;

PL/TL 224.5 < 0.001 this study).

PW/EW 245.0 0.001

EL 431.0 0.325

EL/EW 351.5 0.042

EL/TL 206.0 < 0.001 PHEGGOMISETES SERBICUS BELENSIS CURCIC,

middle vs. anteriorly), a greater value of HW/NW M
(2.50 vs. c. 2.00), different form of the lateral pro-
notal margins (a little rounded anteriorly, slightly
sinuate posteriorly vs. somewhat arcuate), different
shape of the hind pronotal angles (almost right, not
prominent vs. acute, protruding backwards and out-
wards), different shape of the elytra (less elongate,
with more pronounced shoulders vs. more elongate,
with less pronounced shoulders), different shape of

VRBICA & B. GUEORGUIEV SUBSP. NOV.
(F1G6Ss 4 AND 5A-H)

Material examined: Holotype male labelled as
follows: ‘Southeast Serbia, Stara Planina Mts.,
Suva Dupka Cave, 43°14740.9”N 22°44°16.5”E, vil-
lage of Bela, 801 m a.s.l., near Pirot, 25.V.2014,
leg. S. Curti¢, D. Anti¢ & I. Petrovié¢’ (white label,
printed)/Holotypus Pheggomisetes serbicus belensis
subsp. nov. Curéi¢, Vrbica & Guéorguiev det. 2016’
(red label, printed) (IZFB). Paratypes: three males
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THE GENUS PHEGGOMISETES IN SERBIA 9

and two females, same data as for holotype (IZFB);
four males and eight females labelled as follows:
‘Southeast Serbia, Stara Planina Mts., Suva Dupka
Cave, village of Bela, 801 m a.s.l., near Pirot, 25.V-
05.VIL.2014, from pitfall traps, leg. D. Anti¢’ (IZFB);
one female labelled as follows: ‘Southeast Serbia,
Stara Planina Mts., a cave in the vicinity of the Suva
Dupka Cave, 43°14’30.84”N 22°4479.40”E, village
of Bela, 793 m a.s.l., near Pirot, 25.V-05.VI1.2014,
from pitfall traps, leg. D. Anti¢’ (IZFB). All paratypes
are labelled with white printed locality labels and
with red printed labels ‘Paratypus Pheggomisetes
serbicus belensis subsp. nov. Curéié, Vrbica &
Guéorguiev det. 2016’.

Description: TL R 5.70-6.60 mm (M 6.045 mm) (HT
5.925 mm). HL/HW R 1.23-1.33 (M 1.27) (HT 1.24)
(Fig. 4). Frontal furrows reaching mid head level. HW/
NW R 2.09-2.50 (M 2.24) (HT 2.25).

Anterior pronotal margin clearly (in males) or
slightly (in females) concave, shorter than pronotal
base (Fig. 3). Lateral pronotal margins very slightly
concave posteriorly.

Elytra with lateral sides almost straight in the
anterior half, EL/EW R 1.62-1.92 (M 1.77) (HT 1.71)
(Fig. 4).

Median lobe of the aedeagus in lateral view slightly
convex dorsally at around the level of two fifths, hav-
ing an almost straight apex (Fig. 5A, E). Median lobe

Figure 3. Shape of the shoulders in the Pheggomisetes subspecies analysed. A, P. serbicus serbicus subsp. nov. B,
P. globiceps ciniglavcensis subsp. nov. C, P. globiceps ilandjievi. D, P. serbicus belensis subsp. nov. E,
P. globiceps ninae comb. & stat. nov. F, P. globiceps globiceps. Scales = 0.5 mm.
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10 M.VRBICAETAL.

Figure 4. Pheggomisetes serbicus belensis subsp. nov.
from the Suva Dupka Cave, village of Bela (near Pirot),
Stara Planina Mts., Southeast Serbia. Holotype male, hab-
itus (dorsal view). Scale = 5.0 mm.

in dorsal view as presented in Figure 5B, F and inner
sac as presented in Figure 5A, B, E, F.

Male abdominal sternite IX (urite) as presented in
Figure 5C, G, subtriangular, slightly elongate, slightly
longer than aedeagus. Apophysis narrow, constricted
proximally.

Both gonocoxites IX and gonosubcoxites IX as pre-
sented in Figure 5D, H.

Chaetotaxy. Frons with six to eight (HT — 6) setae
on each side. Pronotum with normal chaetotaxy (two
pairs of setae). Five to seven setae on third interstria
(HT - 6-7) on each elytron (Fig. 4).

Elytral umbilicate series: First three humeral setae
close to marginal gutter, fourth being somewhat far-
ther from the gutter, distance between umbilicate
pores 2 and 3 shortest, distance between pores 1 and
2 approximately the same as between pores 3 and 4;
median series at around the middle of the elytra, two
setae being somewhat distanced from the gutter, dis-
tance between pores 5 and 6 somewhat shorter than
distance between pores 2 and 3; apical series: setae 7
and 8 being somewhat distanced from marginal gutter,
distance between pores 7 and 8 longer than distance
between pores 3 and 4 (Fig. 4).

Differential diagnosis: The new subspecies is com-
pared with the nominal subspecies, P. serbicus serbicus
subsp. nov.

The new subspecies clearly differs from P. serbicus
serbicus subsp. nov. in having a smaller value of TL
M (6.045 vs. 6.11 mm), a different value of FL/HL M
(frontal furrows reaching mid head level vs. frontal fur-
rows somewhat exceeding mid head level), a smaller
value of HW/NW M (2.24 vs. 2.50), a smaller value of
FL M (0.68 vs. 0.75 mm), a greater value of AL M (5.99
vs. 5.91 mm), different shape of the anterior pronotal
margin in females (less concave vs. more concave), dif-
ferent shape of the pronotal base in the middle (less
concave vs. more concave), different shape of the lat-
eral margins of the elytra anteriorly (more straight
vs. rounded), a greater value of PAaW/PbW M (0.78 vs.
0.74), a greater value of EL/EW M (1.77 vs. 1.725), a
different position of certain humeral and median setae
(distance between pores 2 and 3 shortest, distance
between pores 1 and 2 approximately the same as
between pores 3 and 4, distance between pores 5 and 6
somewhat shorter than distance between pores 2 and
3 vs. distance between pores 2 and 3 shortest, distance
between pores 3 and 4 longest, distance between pores
5 and 6 about as long as distance between pores 2 and
3) belonging to the elytral umbilicate series, different
shape of the median lobe apex in lateral aspect (almost
straight vs. somewhat elevated) and different shape of
the median lobe’s basal bulb in lateral aspect (more
curved vs. less curved) (Supporting Information, Table
S1) (this study).

Variability: The number of setae on both frons (six to
eight on each side) and elytra can vary (five to seven
on each side).

Etymology: The new subspecies is named after the vil-
lage of Bela, in which the type locality is situated.

Distribution: It inhabits two caves in the village of
Bela (near Pirot) in the Stara Planina Mountains of
Southeast Serbia — the Suva Dupka Cave and a cave
in its vicinity.
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THE GENUS PHEGGOMISETES IN SERBIA 11

Figure 5. Pheggomisetes serbicus belensis subsp. nov. from the Suva Dupka Cave, village of Bela (near Pirot), Stara
Planina Mts., Southeast Serbia. Bright-field (A-D) and TPEF (E-H) microscopy images. A, E, holotype male, aedeagus (lat-
eral view). B, F, holotype male, aedeagus (dorsal view). C, G, holotype male, abdominal sternite IX (urite). D, H, paratype

female, gonocoxites IX and gonosubcoxites IX. Scales = 0.1 mm.

PHEGGOMISETES GLOBICEPS BURESCH, 1925

PHEGGOMISETES GLOBICEPS CINIGLAVCENSIS
CURCIC & VRBICA, SUBSP. NOV.

(F1G6S 6 AND 7A-H)

Pheggomisetes globiceps ilandjievi: Gajovic et al.
(2011: 80).

Material examined: Holotype male labelled as fol-
lows: ‘Southeast Serbia, Stara Planina Mts., Propas
Pit, 43°04705.7”N 22°4418.5”E, village of Ciniglavei,
714 m a.s.l., near Pirot, 29.V-08.VII.2013, from pitfall
traps, leg. D. Markovi¢ & M. Petkovi¢’ (white label,
printed)/Holotypus Pheggomisetes globiceps ciniglav-
censis subsp. nov. Curéi¢, Vrbica & Guéorguiev det.
2016’ (red label, printed) (IZFB). Paratypes: 29 males
and 20 females, same data as for holotype (IZFB).
All paratypes are labelled with white printed local-
ity labels and with red printed labels ‘Paratypus

Pheggomisetes globiceps ciniglavcensis subsp. nov.
Curci¢, Vrbica & Guéorguiev det. 2016’

Description: TL R 6.15-6.825 mm (M 6.46 mm) (HT
6.525 mm). Head oval, HL/HW R 1.19-1.355 (M 1.275)
(HT 1.19), widest somewhat before its mid part, scarcely
wider than pronotum (Fig. 6). Frontal furrows almost
reaching mid head level, deeply impressed anteri-
orly and sigmoidally curved. Neck narrow, HW/NW R
2.17-2.61 (M 2.405) (HT 2.50). Antennae long, longer
(in males) or slightly shorter (in females) than TL.

Pronotum widest somewhat after the anterior third,
almost as long as wide (Fig. 6). Anterior pronotal mar-
gin slightly concave, shorter than pronotal base. Lateral
pronotal margins rounded anteriorly and slightly con-
cave posteriorly. Pronotal base very slightly concave
in the middle. Fore pronotal angles obtuse, rounded.
Hind pronotal angles acute, almost right.
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12 M.VRBICAETAL.

Figure 6. Pheggomisetes globiceps ciniglavcensis
subsp. nov. from the Propas Pit, village of Ciniglavci (near
Pirot), Stara Planina Mts., Southeast Serbia. Holotype
male, habitus (dorsal view). Scale = 5.0 mm.

Elytra relatively long, oval, convex, widest somewhat
after the mid level, EL/EW R 1.53-1.73 (M 1.64) (HT
1.68). Elytral base slightly wider than pronotum (BW/
PW R 0.85-1.10, M 1.03, HT 1.00) (Fig. 6). Humeral
angles obtuse, rounded and relatively elevated. Elytral
apex rounded.

Legs and claws long and thin (Fig. 6).

Median lobe of the aedeagus curved, slightly con-
vex dorsally around the basal fourth, with a rounded
apex (Fig. 7A, B, E, F). Basal bulb small, rounded.
Parameres with three setae each, of which two are
apically positioned. Triangular gutter-shaped copu-
latory piece covered with numerous thorns (Fig. 7B,
F), gradually narrowed apically in dorsal aspect.

Male abdominal sternite IX (urite) subtriangular,
slightly elongate, somewhat longer than aedeagus
(Fig. 7C, G). Apophysis narrow, gradually narrowing
distally.

Both gonocoxites IX and gonosubcoxites IX as
presented in Figure 7D, H. Gonocoxites IX slightly
elongate, somewhat curved, apically rounded, basally
completely jointed with massive gonosubcoxites IX
(Fig. 7D, H).

Chaetotaxy. Frons with five to seven setae (HT —
6—7) on each side. Pronotum with normal chaetotaxy
(two pairs of setae). Six to eight setae on third inter-
stria (HT — 6-7) on each elytron (Fig. 6).

Elytral umbilicate series: First three humeral setae
close to marginal gutter, fourth being somewhat far-
ther from the gutter, distance between umbilicate
pores 2 and 3 shortest, distance between pores 1 and 2
is approximately the same as between pores 3 and 4;
median series at around the middle of the elytra, two
setae being somewhat distanced from marginal gut-
ter, distance between pores 5 and 6 about as long as
distance between pores 2 and 3; apical series: setae 7
and 8 being somewhat distanced from marginal gutter,
distance between pores 7 and 8 longer than distance
between pores 3 and 4 (Fig. 6).

Differential diagnosis: The known subspecies of
P. globiceps differ in shape of the head, length and
depth of the frontal furrows, shape of the hind pro-
notal angles, lateral margins of the head and pro-
notum, the HL/PL and shape of the humeral angles
(Guéorguiev, 1964). Some new characters should also
be taken into account in separating Pheggomisetes
taxa (e.g. TL, HL, HL/HW, HL/AL, HL/TL, HW/
NW, HW/PW, HW/EW, AL, AL/TL, PL, PL/PW, PL/
TL, PaW, PbW, PW, PW/EW, PWP, EW, EL/EW, BW/
PW, elytral umbilicate series position, and aedea-
gus and copulatory piece shapes) (Tables 2 and 3;
Supporting Information, Table S1). The new sub-
species is compared here with the morphologically
and geographically closest subspecies of P. globiceps
and the nominotypical subspecies. The former are
P. globiceps ilandjievi (Figs 10, 11A-D) and P. glo-
biceps ninae comb. & stat. nov. (with the head elon-
gately ovoid, lateral margins of the head moderately
rounded, head slightly rounded both anteriorly and
posteriorly as well, acute/right posterior pronotal
angles, pronotum basally constricted, head slightly
broader than pronotum and humeral angles slightly
elevated) (Guéorguiev, 1964; Curéié et al., 2004; this
article).

Pheggomisetes globiceps ciniglavcensis subsp. nov.
differs from P. globiceps ilandjievi in having a smaller
value of TL M (6.46 vs. 6.60 mm), different shape of
the head (widest at 2/5 of its length vs. widest slightly
before the middle), a smaller value of HL/HW M (1.275
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Figure 7. Pheggomisetes globiceps ciniglavcensis subsp. nov. from the Propas Pit, village of Ciniglavci (near Pirot),
Stara Planina Mts., Southeast Serbia. Bright-field (A-D) and TPEF (E—H) microscopy images. A, E, holotype male, aedeagus
(lateral view). B, F, holotype male, aedeagus (dorsal view). C, G, holotype male, abdominal sternite IX (urite). D, H, paratype

female, gonocoxites IX and gonosubcoxites IX. Scales = 0.1 mm.

vs. 1.32), a greater value of AL M (6.775 vs. 6.64 mm),
a greater value of AL/TL M (1.05 vs. 1.01), different
shape of the lateral pronotal margins (less rounded
anteriorly, more concave posteriorly vs. more rounded
anteriorly, less concave posteriorly), greater values of
PaW (R 0.63-0.68, M 0.66 vs. R 0.53-0.595 mm, M 0.57
mm), a greater value of PbW M (0.83 vs. 0.75 mm), a
greater value of PAaW/PW M (0.64 vs. 0.57), different
shape of the humeral angles (less rounded and less ele-
vated vs. more rounded and more elevated), a smaller
value of EL/EW M (1.64 vs. 1.83), a greater value
of BW/PW M (1.03 vs. 0.95), different shape of the
median lobe (slightly convex dorsally around the basal
fourth, with a narrower apex in dorsal view vs. not
convex dorsally around the basal fourth, with a wider
apex in dorsal view) and different size of the basal bulb
(smaller vs. bigger) (Supporting Information, Table S1)
(Guéorguiev, 1964; this study).

Pheggomisetes globiceps ciniglavcensis subsp. nov.
differs from P. globiceps ninae comb. & stat. nov. in
having a greater value of TL M (6.46 vs. 6.295 mm), a
smaller value of HL/HW M (1.275 vs. 1.30), a greater
value of FLL M (0.68 vs. 0.63 mm), greater values of
AL M (6.775, males 6.84, females 6.50 vs. 6.525 mm,
males 6.56 mm, females 6.30 mm), a greater value
of HW/NW M (2.405 vs. 2.26), a greater value of
EL M (3.50 vs. 3.36 mm), a greater value of EW M
(2.135 vs. 1.99 mm), a smaller value of EL/EW M
(1.64 vs. 1.69), a greater value of BW/PW M (1.03
vs. 0.91), different shape of the median lobe (nar-
rower, somewhat more curved basally, then regu-
larly curved, slightly convex dorsally around the
basal fourth, with a narrow anterior part in dorsal
view vs. thicker, regularly curved, somewhat convex
dorsally in the middle, with a wide anterior part in
dorsal view) and a different number of parameral
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14 M.VRBICAETAL.

setae (three, two of them apical vs. five, three of
them apical) (Supporting Information, Table S1)
(Curéié et al., 2004; this study).

Pheggomisetes globiceps ciniglavcensis subsp. nov.
differs from P. globiceps globiceps (Figs 12, 13A-D)
in having different shape of the head (widest at the
anterior 2/5 of its length vs. widest somewhat after the
middle), a greater value of HW/N'W M (2.405 vs. 2.24),
greater values of AL M (6.775, males 6.84, females
6.50 vs. 6.585 mm, males 6.775 mm, females 6.30 mm),
a smaller value of HL/PL M (1.51 vs. 1.63), a greater
value of PL/PW M (0.91 vs. 0.88), a greater value of EW
M (2.135 vs. 2.02 mm), a smaller value of EL/EW M
(1.64 vs. 1.725), a greater value of BW/PW M (1.03 vs.
0.885), different shape of the median lobe (narrower,
elongate, with more elongate basal bulb vs. wider,
stout, especially basally, with a short stout basal bulb)
and different shape of the copulatory piece in dorsal
aspect (gradually narrowing towards the apex vs. wide
at the basal 3/5 and markedly narrowed at the apical
2/5) (Supporting Information, Table S1) (Guéorguiev,
1964; this study).

Variability: The number of setae on both frons (five to
seven on each side) and elytra can vary (six to eight on
each side).

Etymology: The subspecies is named after the village
of Ciniglavci, in which the type locality is situated.

Distribution: It lives solely in the Propas Pit in the
village of Ciniglavci (near Pirot) in the Stara Planina
Mountains of Southeast Serbia.

Remarks: The new subspecies was originally treated
as P. globiceps ilandjievi by Gajovié et al. (2011), who
collected a sample several years ago.

PHEGGOMISETES GLOBICEPS NINAE S. CURCIC,
SCHONMANN, BRAJKOVIC, B. CURCIC & TOoMIC, 2004
COMB. & STAT. NOV.

(F1GS 8 AND 9A-H)

Material examined: Sixty topotype males and 75
topotype females, Southeast Serbia, Stara Planina
Mts., HodZina Dupka Pit, 43°04'27.9”N 22°47'48.5"E,
692 m a.s.l., village of Petrlas, near Dimitrovgrad,
26.VI-24.1X.2012, from pitfall traps, leg. B. Markovi¢
& D. Dragulovi¢ (IZFB); nine males and 25 females,
Southeast Serbia, Mt. Stara Planina Mts., Petrlaska
(= Velika) Pecina Cave, 43°04'27.81”N 22°4746.50"E,
701 m a.s.l., village of Petrlas, near Dimitrovgrad,
26.VI-24.1X.2012, both collected by hand and from pit-
fall traps, leg. D. Anti¢ & S. Cur¢i¢ (IZFB); one male
and one female, idem, 03.X11.2012, leg. D. Anti¢ &

Figure 8. Pheggomisetes globiceps ninae comb. &
stat. nov. from the Hodzina Dupka Pit, village of Petrlas
(near Dimitrovgrad), Stara Planina Mts., Southeast Serbia.
Topotype male, habitus (dorsal view). Scale = 5.0 mm.

S. Curéi¢ (IZFB); one female, idem, 19.1X.2013, leg.
P. Beron (IZFB); two females, Southeast Serbia, Stara
Planina Mts., DZemanska Propast Pit, 43°07'44.2"N
22°79’15.9”E, 738 m a.s.l., village of Petrlas, near
Dimitrovgrad, 24.1X.2012, leg. M. Petkovi¢ &
D. Dragulovi¢ (IZFB); one male, Southeast Serbia,
Stara Planina Mts., Tmna Dupka Cave, 43°04'42.0"N
22°47'24.5”E, 720 m a.s.l., village of Petrlas, near

© 2017 The Linnean Society of London, Zoological Journal of the Linnean Society, 2017, XX, 1-25

Downl oaded from https://academ c. oup. conf zool i nnean/ advance-articl e-abstract/ doi/10. 1093/ zool i nnean/ z| x078/ 4735257
by guest
on 13 Decenber 2017



THE GENUS PHEGGOMISETES IN SERBIA 15

Figure 9. Pheggomisetes globiceps ninae comb. & stat. nov. from the HodZina Dupka Pit, village of Petrlas (near
Dimitrovgrad), Stara Planina Mts., Southeast Serbia. Bright-field (A—D) and TPEF (E-H) microscopy images. A, E, topotype
male, aedeagus (lateral view). B, F, topotype male, aedeagus (dorsal view). C, G, topotype male, abdominal sternite IX (urite).
D, H, topotype female, gonocoxites IX and gonosubcoxites IX. Scales = 0.1 mm.

Dimitrovgrad, 24.1X.2012, leg. S. Curéié¢ (IZFB); two
males and ten females, idem, 24.1X-03.X11.2012, from
pitfall traps, leg. D. Anti¢ & S. Cur¢i¢ (IZFB).
Description: The description has been already pre-
sented by Curtié et al. (2004).

Elytral umbilicate series: First three humeral setae
close to marginal gutter, fourth being somewhat far-
ther from the gutter, distance between umbilicate
pores 2 and 3 shortest, distance between pores 3 and
4 longest; median series at around the middle of the
elytra, two setae being somewhat distanced from mar-
ginal gutter, distance between pores 5 and 6 some-
what shorter than distance between pores 2 and 3;
apical series: setae 7 and 8 being somewhat distanced
from marginal gutter, distance between pores 7 and 8
shorter than distance between pores 3 and 4 (Fig. 8).

Differential diagnosis: The subspecies is compared
here with both the morphologically and geographically
closest subspecies of P. globiceps and the nominotypi-
cal subspecies. The former are P. globiceps ilandjievi
and P. globiceps ciniglavcensis subsp. nov. (Guéorguiev,
1964; this study).

Pheggomisetes globiceps ninae comb. & stat. nov.
differs clearly from P. globiceps ilandjievi in having a
smaller value of TL M (6.295 vs. 6.60 mm), smaller val-
ues of AL M (6.525, males 6.56, females 6.30 vs. 6.64
mm, males 6.675 mm, females 6.60 mm), a smaller
value of HW/NW M (2.26 vs. 2.35), a greater value of
PaW M (0.61 vs. 0.57 mm), a greater value of PboW M
(0.79 vs. 0.75 mm), different shape of the pronotal base
in males (straight vs. concave), different shape of the
hind pronotal angles (almost right vs. acute, rarely
right), a smaller value of EL M (3.36 vs. 3.555 mm), a
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16 M.VRBICAETAL.

Figure 10. Pheggomisetes globiceps ilandjievi from the
Golyama Balabanova Dupka Cave, village of Komshtitsa
(near Sofia), Stara Planina Mts., Western Bulgaria.
Topotype male, habitus (dorsal view). Scale = 5.0 mm.

greater value of EW M (1.99 vs. 1.905 mm), a smaller
value of EL/EW M (1.69 vs. 1.83), different shape of
the median lobe (thicker, with a wider anterior part
in dorsal view vs. more elongate, with a narrower
anterior part in dorsal view) and a different number
of parameral setae (five vs. three to four) (Supporting
Information, Table S1) (Guéorguiev, 1964; Curtic et al.,
2004; this study).

All morphological differences between P. globiceps
ninae comb. & stat. nov. and P. globiceps ciniglav-
censis subsp. nov. are mentioned above (see the
Differential diagnosis of P. globiceps ciniglavcensis

Figure 11. Pheggomisetes globiceps ilandjievi from the
Golyama Balabanova Dupka Cave, village of Komshtitsa
(near Sofia), Stara Planina Mts., Western Bulgaria. A, topo-
type male, aedeagus (lateral view). B, topotype male, aedea-
gus (dorsal view). C, topotype male, abdominal sternite IX
(urite). D, topotype female, gonocoxites IX and gonosubcox-
ites IX. Scales = 0.1 mm.

subsp. nov.) (Figs 6, TA-H, 8, 9A-H; Supporting
Information, Table S1) (Curéié¢ et al., 2004; this
study).

P. globiceps ninae comb. & stat. nov. can be easily
distinguished from P. globiceps globiceps on the basis
of having a smaller value of TL M (6.295 vs. 6.405
mm), a smaller value of HL M (1.40 vs. 1.47 mm), a
smaller value of HW M (1.08 vs. 1.17 mm), a greater
value of HL/HW M (1.30 vs. 1.26), different shape
of the head (widest at around the anterior 2/5 of its
length vs. widest somewhat after the middle), a smaller
value of HL/PL M (1.52 vs. 1.63), a smaller value of

© 2017 The Linnean Society of London, Zoological Journal of the Linnean Society, 2017, XX, 1-25

Downl oaded from https://academ c. oup. conf zool i nnean/ advance-articl e-abstract/ doi/10. 1093/ zool i nnean/ z| x078/ 4735257
by guest
on 13 Decenber 2017



THE GENUS PHEGGOMISETES IN SERBIA 17

Figure 12. Pheggomisetes globiceps globiceps from the
Dushnika Cave, village of Iskrets (near Sofia), Mt. Ponor
Planina, Western Bulgaria. Topotype male, habitus (dorsal
view). Scale = 5.0 mm.

HW/PW M (1.07 vs. 1.14), a greater value of PL/
PW M (0.92 vs. 0.88), a smaller value of EL M (3.36
vs. 3.47 mm), a different number of parameral setae
(five vs. three to four) and different shape of the median
lobe (somewhat convex dorsally around the middle,
with a somewhat elongate basal bulb vs. somewhat
convex dorsally around the basal third, with a stout,
relatively small basal bulb) (Supporting Information,
Table S1) (Guéorguiev, 1964; Curdié et al., 2004; this
study).

Distribution: It lives in a few caves and pits on the
western border of the Odorovacko Polje (692—738 m
a.s.l.) in the village of Petrlas (near Dimitrovgrad) in
the Stara Planina Mountains of Southeast Serbia.

>

=
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Figure 13. Pheggomisetes globiceps globiceps from the
Dushnika Cave, village of Iskrets (near Sofia), Mt. Ponor
Planina, Western Bulgaria. A, topotype male, aedeagus (lat-
eral view). B, topotype male, aedeagus (dorsal view). C, topo-
type male, abdominal sternite IX (urite). D, topotype female,
gonocoxites IX and gonosubcoxites IX. Scales = 0.1 mm.

Remarks: Interestingly, the taxon was originally
treated as P. globiceps ilandjievi by Pretner (1970),
who collected the first specimens from the HodZina
Dupka Pit with P. R. Deeleman. A similar opinion
was expressed by Nesi¢ et al. (2010) in a recent con-
tribution. After the performed morphological and
molecular analyses, we found that there is no dif-
ference between Pheggomisetes specimens from the
Hodzina Dupka Pit, the Petrlaska (= Velika) Pe¢ina
Cave, the DzZzemanska Propast Pit and the Tmna
Dupka Cave, all situated in the village of Petrlas
near Dimitrovgrad in the Stara Planina Mountains
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Figure 14. Distribution of Pheggomisetes taxa in Serbia and the immediate surroundings. Scale = 10 km.

Figure 15. TPEF microscopy image of part of the tooth-
like copulatory piece of P. globiceps ninae comb. & stat.
nov., showing fine details of the structure.

of Southeast Serbia. They all belong to the same
taxon, which was previously described under the
name P. ninae.

After a thorough morphological analysis sup-
ported by molecular data, we established that the

existing differences between P. ninae and other
Pheggomisetes species are not great enough to
treat it as a distinct species. The taxon in ques-
tion deserves a subspecies rank within P. globiceps
since certain smaller differences (both morpho-
logical and phylogenetical) were proved to exist
between it and the geographically nearest subspe-
cies of P. globiceps, but these were not significant
enough to convince us of the need to separate it as
a species. To be specific, certain morphological dif-
ferences were observed in regard to TL, AL, HW/
NW, FL, FL/HL, PaW, PbW, PaW/PW, shape of the
lateral pronotal margins, pronotal base shape,
EL, EW, EL/EW, BW/PW, shape of the humeral
angles and position of the elytral umbilicate ser-
ies (Supporting Information, Table S1), but shapes
of the aedeagi and copulatory pieces are quite
similar, indicating that the above-mentioned dif-
ferences are in reality interpopulational, not inter-
specific (an assertion supported by small genetic
differences recorded between the given taxon and
its closest relatives, 0.5 and 1.3%, respectively).
We therefore suggest that the taxonomic status of
P. ninae be changed to P. globiceps ninae comb. &
stat. nov.

© 2017 The Linnean Society of London, Zoological Journal of the Linnean Society, 2017, XX, 1-25

Downl oaded from https://academ c. oup. conf zool i nnean/ advance-articl e-abstract/ doi/10. 1093/ zool i nnean/ z| x078/ 4735257
by guest
on 13 Decenber 2017



THE GENUS PHEGGOMISETES IN SERBIA 19

KEY TO SPECIES OF THE GENUS PHEGGOMISETES KNIRSCH, 1923 (FIG. 14)

Neck constriction very broad and not abrupt in dorsal view, while flat in lateral view. Head elliptical, cheeks

less rounded (Northwest Bulgaria) .........c.cooiiiiiiiiiiiiiieee e P. buresi (Knirsch, 1923)
Neck constriction narrow and abrupt in dorsal view, while deeper in lateral view. Head circular or ovoid,
cheeks MOTe TOUNAEd ........o.iiiiii e 2
Pronotum clearly narrowed in front of base. Head very broad in posterior third, with frontal furrows very
deep (Northwest Bulgaria) ..........c.viiniiiiiieiie e eeeaanas P. radevi Knirsch, 1924
Pronotum not narrowed in front of base, sometimes with lateral margins more or less sinuate in posterior
third. Head narrower in posterior third, with frontal furrows less deep .......ccccccevevvieriiiiiniiiieeeiiee e, 3

Longer TL M (> 6.295 mm), antennae longer (M > 6.525 mm), longer than body, frontal furrows not reaching
middle of the head, humeral angles more obtuse, less elevated, copulatory piece gradually narrowed apic-
ally (Western Bulgaria and Southeast Serbia) [P. globiceps Buresch, 1925] ..........cccoeeviiiiiiiiiiiiiieieeeeiieeenn. 4
Smaller TL M (< 6.11 mm), antennae shorter (M < 5.99 mm), slightly shorter than body, frontal furrows
exceeding/reaching middle of the head, humeral angles more rounded, quite elevated, copulatory piece more
markedly narrowed apically (Southeast Serbia) [P. serbicus Curéi¢, Vrbica & B. Guéorguiev, sp. nov.] ........ 5
TL M 6.295 mm, antennae shorter (M 6.525 mm), humeral angles more elevated, HW/NW M 2.26, EL
M 3.36 mm, EW M 1.99 mm, elytra at the base narrower than pronotum, median lobe thicker, regularly
curved, somewhat convex dorsally in the middle, with a wide anterior part in dorsal view (Southeast Serbia)
................. P, globiceps ninae S. Curti¢, Schénmann, Brajkovi¢, B. Cur¢i¢ & Tomi¢, 2004 comb. & stat. nov.
TL M 6.46 mm, antennae longer (M 6.775 mm), humeral angles less elevated, HW/NW M 2.405, EL. M 3.50
mm, EW M 2.135 mm, elytra at the base slightly wider than pronotum, median lobe narrower, somewhat
more curved basally, then regularly curved, slightly convex dorsally around the basal fourth, with a narrow
anterior part in dorsal view (Southeast Serbia) ...........cc.iuiiiiiiiiiii

TL M 6.11 mm, frontal furrows somewhat exceeding mid head level, HW/NW M 2.50, FL. M 0.75 mm, AL
M 5.91 mm, anterior pronotal margin more concave in females, pronotal base more concave in the mid-
dle, PaW/PbW M 0.74, EL/EW M 1.725, lateral margins of elytra rounded anteriorly, median lobe apex
somewhat elevated, basal bulb and basal part of median lobe narrower (Southeast Serbia) ................
............................................................. P, serbicus serbicus Curtié¢, Vrbica & B. Guéorguiev, subsp. nov.
TL M 6.045 mm, frontal furrows reaching mid head level, HW/NW M 2.24, FL. M 0.68 mm, AL M 5.99 mm,
anterior pronotal margin less concave in females, pronotal base less concave in the middle, PaAW/PbW M
0.78, EL/EW M 1.77, lateral margins of elytra more straight anteriorly, median lobe apex almost straight,
basal bulb and basal part of median lobe wider (Southeast Serbia) ...............ooooiiiiiiii i
................................................................ P, serbicus belensis Cur¢ié¢, Vrbica & B. Guéorguiev, subsp. nov.

TPEF MICROSCOPY OF THE INTERNAL
STRUCTURES OF PHEGGOMISETES

Certain well-chitinized internal morphological struc-
tures of Pheggomisetes ssp. were observed by two-pho-
ton excited autofluorescence microscopy. The samples
were not fluorescently labelled, so autofluorescence was
detected and used for imaging. For the study, we used
a 25x numerical aperture 0.8 water/glycerin immer-
sion objective and 930-nm excitation wavelength. This
somewhat longer wavelength was utilized to avoid the
autofluorescence of residual tissues remaining after
beetle dissection. In addition, it was possible to pene-
trate deeper (up to 200 pym for the studied sample)
through the chitinous cuticle due to the reduced two-
photon absorption of chitin (Rabasovié et al., 2015).
We present TPEF 3D images of the male (aedeagus)
and female (gonocoxites IX and gonosubcoxites IX) geni-
talia and the male abdominal sternite IX (urite) of all
Pheggomisetes taxa from Serbia. The images revealed

morphological details similar to those observed using
classical bright-field microscopy (Figs 2E-H, 5E-H,
7TE-H, 9E-H). In addition, selected 3D video clips of
the three morphological structures are included, show-
ing them in rotation around the longitudinal, lateral
and vertical axes (Supporting Information, Appendices
S1-S6). This makes it possible for the structures to
be observed in every direction, which provides better
insight into the shape and spatial relations of internal
structures.

The aedeagus is observed both laterally and dor-
sally (Figs 2E, F, 5E, F, 7E, F, 9E, F). The structure
of both the surface (the fine relief) and the inner part
(the copulatory piece composed of numerous tooth-
like structures and the inner sac) of the median lobe
(Fig. 15) is clearly distinguished. Both strongly (e.g.
the copulatory piece) and weakly (e.g. the inner sac)
chitinized parts of the aedeagus are visible (Figs 2E, F,
5E, F, 7E, F, 9E, F). All parts of the aedeagus (median
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Figure 16. TPEF microscopy images of the aedeagus of P. globiceps ninae comb. & stat. nov. A, lateral view with lon-
gitudinal section plane (red square). B, lateral view with cross-sectional plane (red line). C, a corresponding longitudinal
section. D, a corresponding cross section. Scales = 0.10 mm (A—C) and 0.05 mm (D).

lobe, basal bulb, parameres and their setae, copulatory
piece and inner sac) are sharply delimited from each
other (Figs 2E, F, 5E, F, 7E, F, 9E, F), as in the case of
the images recorded earlier by bright-field microscopy
(Figs 2A, B, 5A, B, 7A, B, 9A, B).

One of the male internal sclerites, abdominal stern-
ite IX (urite), is clearly visible and can be imaged by
TPEF microscopy since it is well chitinized (Figs 2G,
5G, 7G, 9G). The shape and thickness of the struc-
ture are as visible as in the photographs obtained by
bright-field microscopy (Figs 2C, 5C, 7C, 9C).

Similarly, the parts of the female genitalia, which
are highly sclerotized (gonocoxites IX and gonosubcox-
ites IX), were also observed. Sharply delimited parts of
the aforementioned female genital structures are vis-
ible. The setation and fine relief are distinctly discern-
ible on the surface, while the internal structure can
also be observed (Figs 2H, 5H, 7H, 9H).

The images of both cross and longitudinal sections
of Pheggomisetes male genitalia (Fig. 16C, D) show
the clear advantage of NLM vs. traditional classical
microscopy in investigating anatomical features. To
be specific, all features of the internal structures
(e.g. shape and position of copulatory piece) are dis-
cernible on any section of the genitalia using this

method (Fig. 16A-D). Apart from internal character-
istics of the structures, their thickness can be ascer-
tained and measured as well. One more benefit of
using TPEF is that it provides additional data on the
shapes of certain structures (e.g. median lobe, para-
meres, parameral setae) on cross sections (any level)
(Fig. 16D), which cannot be detected by classical
light microscopy. The images can be further used to
calculate data on the structure’s surface, shape and
volume. The female genitalia can be observed in a
similar manner as well.

STATISTICAL MORPHOMETRIC ANALYSIS

Only 20 variables (eight commonly used morphological
trait measurements and 12 ratio variables) passed the
Shapiro-Wilk normality test (HL, HW, FL, PW, PaW,
PbW, EW, EWP, HL/HW, HL/AL, HL/PL, HL/TL, HW/
NW, HW/PW, AL/TL, PL/PW, PaW/PW, PbW/PW, PaW/
PbW and BW/PW) and were further used for paramet-
ric analyses. Normality tests were also performed on
log-transformed data, but they resulted in the same
20 variables.

Descriptive statistics of the quantitative traits
and ratio variables of P. globiceps and P. serbicus sp.
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nov. subspecies from Serbia are given in Supporting
Information, Table S1.

One-way MANOVA of samples of the two
Pheggomisetes species revealed significant differ-
ences between the species [Wilks’ A = 0.095, F (20,
40) = 19, P < 0.001]. Post hoc pairwise comparison
using Scheffe’s test indicated that seven variables are
statistically significant (Table 2). The HL/AL and HL/
TL variables have the most distinct discriminative
power. AL/TL, FL, EW, PaW and HL are statistically
less important for distinguishing the two species.

Table 3 presents the results of non-parametric
comparisons between samples of the two species (for
non-normally distributed variables) using the Mann—
Whitney U test. Ten variables are recognized as statis-
tically significant, but AL and TL are most important,
while EL/TL and PL/TL are somewhat less important,
followed by PWP, PW/EW, FL/HL, HW/EW, PL. and EL/
EW.

One-way MANOVA of Pheggomisetes taxa (popu-
lations belonging to two species and six subspecies)

revealed significant differences in the variation of eight
commonly used morphological trait measurements
and 12 ratios [Wilks’ A = 0.095, F (20, 40) = 18.941,
P < 0.001 and Wilks’ A = 0.003, F (90, 222) = 5.890,
P < 0.001, respectively].

The results of linear DA of 20 variables showed that
the total correct percentage of the classification matrix
of all six Pheggomisetes subspecies was very high
(95.59%). Only one specimen from the P. serbicus belen-
sis group is classified into the P. serbicus serbicus group,
and one specimen from the P. globiceps ciniglavcensis
group is classified into the P. globiceps ninae group.

All pairwise squared Mahalanobis distances
between the taxa were significant at a level of 99%.
UPGMA cluster analysis of the squared Mahalanobis
distances clustered both P. serbicus sp. nov. subspecies
in the same branch and all the analysed subspecies
of P. globiceps together in another branch, indicating
that the two species are clearly separate (Fig. 17).

On the basis of morphometric study, it can be
asserted that the phenetically closest subspecies

F. gevincus helenns

P sovbices sertvous

B plabiceyne crniavoansis
F. glohicens ninage
P. plahioeps Mendies

B, plobicops giobicops

51 £}

Linkiap dision be
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0 ]

Figure 17. UPGMA tree diagram of two Pheggomisetes species and six subspecies based on squared Mahalanobis distances
(scale shown) obtained from eight analysed morphological trait measurements and 12 ratio variables.
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Figure 18. Phylogenetic tree of Pheggomisetes taxa based on

COI sequences obtained using the neighbor-joining (NdJ),

maximum parsimony (MP) and maximum likelihood (ML) methods. Bootstrap values are indicated above/below branches

in the following order: NJ (black)/MP (red)/ML (blue). Duvalius
Specimen codes are listed in parentheses.

stankovitchi georgevitchi was used as the outgroup taxon.
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within P. globiceps are P. globiceps ninae comb. & stat.
nov., P. globiceps ilandjievi and P. globiceps ciniglav-
censis subsp. nov., while P. globiceps globiceps is mor-
phologically somewhat separate (Fig. 17).
Unquestionably, there is a need for a comprehensive
morphometric analysis within the genus, including all
currently existing taxa and more numerous samples of
specimens, to obtain the most precise results possible.

MOLECULAR AND PHYLOGENETIC ANALYSES

Since the taxonomy of Pheggomisetes is not well set-
tled (Guéorguiev, 1964; Curtié et al., 2004), a substan-
tial molecular analysis performed on the taxa could
help us to solve some taxonomic problems. An appre-
ciable interspecific, intraspecific and individual vari-
ability of characters (number of supraorbital, elytral
and parameral setae; dorsal outlines of the head, pro-
notum and elytra) is evident (Guéorguiev, 1964; Nesic¢
et al., 2010) within this morphologically isolated genus
(Jeannel, 1928; Guéorguiev, 1977). For these reasons,
we performed a molecular analysis of the Serbian taxa
and their closest Bulgarian relatives that were avail-
able to us.

Phylogenetic reconstruction of Pheggomisetes taxa
was performed using three different methods, and all
of them resulted in trees with the same topology (Fig.
18). Specimens were grouped into two distinct, well-
supported clades. The mean genetic distance between
clades was 3.6%.

The taxa grouped within the first clade belong to
P. globiceps. Four recognized subspecies are clustered
separately with high bootstrap support. Pheggomisetes
globiceps globiceps and P. globiceps ilandjievi are sep-
arate from the subclade consisting of P. globiceps
ciniglavcensis subsp. nov. and P. globiceps ninae comb. &
stat. nov. The genetic distances between subspecies
range from 0.5% between P. globiceps ciniglavcensis
subsp. nov. and P. globiceps ninae comb. & stat. nov.
up to 1.8% between P. globiceps globiceps and P. glo-
biceps ilandjievi. The distance between P. globiceps
ilandjievi and P. globiceps ciniglavcensis subsp. nov.
was 1.5%, while distance between P. globiceps iland-
Jievi and P. globiceps ninae comb. & stat. nov. was 1.3%.
Conversely, the distance between P. globiceps globiceps
and P. globiceps ciniglavcensis subsp. nov. was 1.5%,
while distance between P. globiceps globiceps and
P. globiceps ninae comb. & stat. nov. was 1.3%.

The taxa grouped within the second clade belong to
the newly described P. serbicus sp. nov., which clearly
differentiates into two subspecies, viz., P. serbicus ser-
bicus subsp. nov. and P. serbicus belensis subsp. nov.,
with a mean genetic distance of 1.1% between them.

The obtained levels of sequence divergence between
the species (> 3.5%) and subspecies (0.5-1.8%) are

significant at species/subspecies levels (Hebert,
Ratnasingham & de Waard, 2003), as was recently
shown for the trechine genus Paraphaenops Jeannel,
1916 (Ortufio et al., 2016), as well as for other animal
models (Hebert et al., 2003).

The recorded molecular data are in agreement with
the results achieved by classical taxonomic analysis
(based on morphological characters and their varia-
tions) of Serbian Pheggomisetes taxa, thus confirming
the correctness of erecting three taxa new to science (a
species and two subspecies) and assigning a new sta-
tus (subspecific within P. globiceps) to a taxon previ-
ously treated as a species.

On the basis of two analysed Pheggomisetes taxa
(P. globiceps globiceps Buresch, 1925 and P. globiceps
ninae comb. & stat. nov., the latter being treated as
P. globiceps ilandjievi), Faille et al. (2013) hypothesized
that the genus is most likely an adelphotaxon of a clade
containing isotopic species of the largely paraphyletic
Duvalius Delarouzée, 1859 and five other subterra-
nean genera. More genera inhabiting both Dinaric and
Balkan mountain ranges need to be included in a com-
prehensive phylogenetic analysis to establish the true
relationships of subterranean trechines in the region
and disclose the origin and paths of colonization of dif-
ferent lineages on the Balkan Peninsula (Faille et al.,
2013).

CONCLUSIONS

On the basis of the results of taxonomic, morpho-
logical and molecular analyses, we were able to iden-
tify one new trechine ground beetle species (P. serbicus
sp. nov.) and two new subspecies (P. serbicus belensis
subsp. nov. and P. globiceps ciniglavcensis subsp. nov.),
in addition to which we propose a change in the status
of one taxon (P. globiceps ninae comb. & stat. nov.). The
new trechine taxa belong to an isolated and probably
ancient phyletic lineage that most likely originated in
the Oligocene (Guéorguiev, 1977; Curéi¢ et al., 2004;
Faille et al., 2013). The aforementioned new taxa are
all relicts whose current distribution is limited to con-
fined underground localities in Southeast Serbia.

The use of TPEF microscopy in this study has pro-
vided better knowledge and additional information
about the morphology and anatomy of Pheggomisetes
taxa. It is one more tool that taxonomists can use to
define more easily the taxonomic status of lower taxa,
especially ones whose morphology is difficult to exam-
ine using classical light microscopy. NLM images and
3D models enable investigators to achieve deeper
penetration into chitinized tissues, thereby revealing
in-volume details that represent additional informa-
tion useful in the determination of taxa.
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In analysing partial sequences of the COI gene, we
confirmed our taxonomic findings. In this study, we
show that the COI gene can be used for molecular
identification of Pheggomisetes taxa.

It would be of importance in the future to arrange
a comprehensive morphological and molecular ana-
lysis of Pheggomisetes specimens from all known sites
in both Bulgaria and Serbia to find out whether they
belong to the taxa and species groups already known
or whether a new classification would be more appro-
priate. In addition, a detailed molecular study of all
Pheggomisetes subspecies (especially those subordin-
ate to P. globiceps) with analysis of various morpho-
logical characteristics is needed to define their true
taxonomic position.
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1 | INTRODUCTION

Skin aging is a complex phenomenon that includes chro-
nological and photoaging, which are both oxidative
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Our previous study on rat skin

showed that cumulative oxidative
pressure induces profound struc-

[

tural and ultrastructural alterations
in both rat skin epidermis and der-
mis during aging. Here, we aimed
to investigate the biophotonic prop-

3
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E ; a
erties of collagen as a main dermal i':'l'?é%ll.-'- windt
component in the function of chro-
nological aging. We used second
harmonic generation (SHG) and two-photon excited fluorescence (TPEF) on
5 pm thick skin paraffin sections from 15-day-, 1-month- and 21-month-old
rats, respectively, to analyze collagen alterations, in comparison to conventional
light and electron microscopy methods. Obtained results show that
polarization-resolved SHG (PSHG) images can detect collagen fiber alterations
in line with chronological aging and that this method is consistent with light
and electron microscopy. Moreover, the f coefficient calculated from PSHG
images points out that delicate alterations lead to a more ordered structure of
collagen molecules due to oxidative damage. The results of this study also open
the possibility of successfully applying this fast and label-free method to previ-
ously fixed samples.

KEYWORDS

chronological aging, collagen, electron microscopy, light microscopy, polarization-resolved SHG
imaging, second-harmonic generation microscopy, two-photon excited fluorescence microscopy

damage-related processes. Our previous study on rat skin
showed that cumulative oxidative pressure during aging
induces profound structural and ultrastructural alter-
ations in rat skin epidermis and dermis.™! Here, we focus
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on underlying structural alterations of the dermis compo-
nents during chronological aging.

The dermis has an essential role in determining the
morphology and providing mechanical support of the skin.
The main dermal component—collagen, is a chiral mole-
cule that consists of three polypeptide a-chains organized
in a highly crystalline triple-helix structure and is mainly
produced by fibroblasts in the form of procollagen.[2]
Detailed analysis of collagen morphology is critical for
assessing structural modifications of the fibrillar matrix
since they are often associated with various physiological
and pathological processes, for example, wound healing,"!
cancer,* diabetes and aging.'”!

The commonly used methods for collagen visualiza-
tion are conventional histological staining (hematoxylin-
eosin staining), histochemistry (van Gieson staining,
picrosirius red), immunohistochemistry and electron
microscopy. These methods are often costly, time-con-
suming, and have the disadvantage of affecting the sam-
ple structure. Namely, chemical alterations to the native
molecular structure can occur during the sample prepara-
tion procedures. The application of improved and advan-
tageous methods based on nonlinear multiphoton
microscopy is showing promising results in overcoming
this problem.

Nonlinear laser scanning microscopy utilizing ultra-
short laser pulses is an imaging technique with two modal-
ities: two-photon excited fluorescence (TPEF) providing
significantly reduced phototoxicity and photobleaching
when compared with, for example, confocal or epi-
fluorescent microscopy, whereas second harmonic genera-
tion (SHG) is absolutely photobleaching and phototoxicity
free.!°®! These characteristics come mostly because of the
near-infrared light used in TPEF and SHG imaging and
the interaction-free pathway of the laser beam through the
sample, except in the tiny focal volume where the power is
high enough. All of these aforementioned properties pro-
vide increased penetration depth for nonlinear imaging,
which makes it superior for in vivo imaging nowa-
days.®! Moreover, TPEF and SHG have been used in
multimodal imaging studies simultaneously with the third
harmonic generation (THG), as one more modality of
label-free nonlinear imaging, revealing, even more, mutu-
ally complementary information of the specimen.'*~3!

Numerous studies showed that SHG microscopy is
the best currently available choice for examining collagen
fibers and their structural alterations in tissues. The
molecular structure of collagen, a non-centro-symmetric
structure, satisfies the criteria for generating the second
harmonic signal.*'*!5] Type 1 collagen produces the
strongest SHG signal since it has the most ordered struc-
ture out of 28 types of collagens that have been identified
so far in vertebrates.>1¢

For all of these reasons, the number of studies using
advantageous TPEF and SHG techniques, both ex vivo
and in vivo, has increased significantly in recent years.
However, these methods still have limited application
due to the lack of protocol standardization, especially in
terms of the number of examined samples and correlation
of the results with conventional microscopy methods.

To resolve this, we used advantageous TPEF and SHG
methods to analyze the biophotonic properties of rat der-
mis and collagen alterations during chronological aging,
in comparison to the conventional light and electron
microscopy methods. To avoid potential degradation dur-
ing the sample preparation procedures, which is of partic-
ular concern with native tissues, and standardize the
procedure concerning tissue thickness, we used 5 pm
thick skin paraffin sections from 15-day-, 1-month- and
21-month-old rats, respectively.

2 | EXPERIMENTAL
2.1 | Sample preparation for light and
transmission electron microscopy

Previously prepared paraffin and Araldite embedded skin
samples from three animals per examined group were used
for light and electron microscopy analyses.[” Paraffin blocks
were serially cut in 5 pm tick sections, mounted on glass
slides, routinely deparaffinized, and used unstained for
TPEF and SHG or conventional hematoxylin & eosin
(H&E) staining. Namely, for correlative imaging, after TPEF
and SHG examination sections along with their serial pairs
were stained with H&E, dehydrated, and mounted for light
microscopy (Leica DMLB microscope, Leica Microsystems).
Thus, using two sets of serial pairs sections, both stained
with H&E, we were able to compare and correlate overall
tissue morphology and collagen structure and organization.

Araldite blocks of skin samples from the same region
used for light microscopy were cut in 1 pm or 80 nm thick
sections using a Leica UC6 ultramicrotome (Leica Micro-
systems, Wetzlar, Germany), mounted on glass slides or
copper grids, and stained with basic fuchsine and methy-
lene blue (BF&MB), or contrasted using Leica EM STAIN
(Leica Microsystems), respectively. Sections were exam-
ined on an optical light microscope or a Philips CM12
transmission electron microscope (Philips/FEI, Eindho-
ven, Netherlands) equipped with a digital camera (SIS
MegaView III, Olympus Soft Imaging Solutions, Miinster,
Germany). The diameter of collagen fibers was measured
in triplicate; 70/230/218 per 15-day/1-month/21-month
group were randomly selected. All measurements and
analyses were performed using iTEM software (Olympus
Soft Imaging Solutions).
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2.2 | Experimental setup for TPEF
and SHG microscopy

A homemade experimental setup for TPEF and SHG
imaging was described in detail by Rabasovi¢ et al.'” The
brief description is as follows: The beam from mode-
locked Ti:Sa laser (MIRA 900, Coherent Inc) was tuned to
730 nm for TPEF and 840 nm for SHG imaging. Neutral
density filters attenuate the laser beam making it linearly
polarized, which enables PSHG measurement only. Fur-
ther, the laser beam is scanned by two galvo-scanning
mirrors (Cambridge technology), passed through the
beam expander, and reflected by the short pass dichroic
mirror (700 nm cut off) toward the objective lens Zeiss EC
Plan-Neofluar 40x NA = 1.3. The signal, either the TPEF
or SHG, is collected by the same objective lens in back
reflection. It passes through the dichroic mirror and is fil-
tered out by broadband transmission filter (400-700 nm)
for TPEF or narrow band (420 nm center, 10 nm band-
width) for SHG imaging and detected by a photo-
multiplier tube (PMT). All images throughout the study
were taken using pulse energies in the range 40 to 60 pJ
for TPEF and 80 to 100 pJ for SHG in the object plane.
Corresponding power densities in the focus are estimated
to 4 to 6 MW/cm?> and 8 to 10 MW/cm?, respectively,
assuming diffraction-limited spot.

For PSHG measurements, an additional polarizer,
that is, an analyzer in the rotation stage, was inserted
into the detection arm. The laser beam's polarization
state at the focal plane of the objective lens was deter-
mined by means of polarization optics. The ellipticity of
the polarization was negligible. The slight rotation (cca.
4 °) was measured, and the analyzer in the transmission
arm was set accordingly.

2.3 | Image acquisition and analysis
The first hyperpolarizability or f coefficient was calcu-
lated from PSHG images!'!! defined as:

_h-n
Iy +21,

where I and I, represent SHG intensity in a pixel of
an image detected through the analyzer oriented paral-
lel and perpendicularly to the incident laser polariza-
tion, respectively. The incident laser polarization was
kept constant throughout the measurements, and it was
parallel to the horizontal axis of all images. The values
for the f coefficient were calculated according to the
given formula in each pixel from the values I and I,
in the given pixel from the corresponding images. The
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map of f§ values was displayed according to the follow-
ing scheme:

p=0
[

p=1

[ -

Here, f is the color-coded, and I is the SHG signal
intensity in a given pixel according to an average value of
two images taken through the analyzer oriented parallel
and perpendicularly to the incident laser polarization.
The results are corresponding to f values map.

According to Chen et al.,'®! the borderline case when
B = 1 corresponds to the complete alignment of fibrilar
collagen. In this case, the SHG intensities are the maxi-
mal in the image taken through the analyzer oriented
parallel to the incident laser polarization, while SHG
intensities are 0 for the image when the analyzer is
perpendicular.

p coefficient was calculated at standard PC using our
own script for Math Lab. The calculation time for 1024 x
1024 image is 5 to 10 seconds on average. The program
was not optimized; thus, the calculating time could be
even faster.

There are numerous methods for detailed collagen
fibers analysis based on PSHG developed for both biologi-
call’®?! and nonbiological samples®!! where predomi-
nant axes are easy to predict or even to control. The
measurement of the angular dependence of SHG signal,
from which the details on SHG emitters (e.g., collagen
fibers) alignment are extracted, is common for all afore-
mentioned methods. The signal analysis requires a
sophisticated approach and expert experience.

Hence, the simple procedure described by Chen
et al.'® and applied here is easy to implement yet suffi-
cient to obtain necessary information on a large num-
ber of samples (e.g., screening). This makes the
procedure user-friendly even for non-experts or easy to
be automated.

24 | Immunohistochemistry

Semi-fine (2 pm thick) skin sections from Araldite blocks
were used for 4-hydroxynonenal (4-HNE) and
3-nitrotyrosine (N-Tyr) detection with primary antibodies
anti-4-HNE (1:400, ab48506, Abcam, Cambridge, UK),
and anti-N-Tyr (1:100, MAB5404, Chemicon, Houston)
for routine immunohistochemistry previously described
in detail by Jankovi¢ et al.*! All sections were counter-
stained with hematoxylin, dehydrated and mounted for
light microscopy analysis.
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2.5 | Statistical analysis

Statistical analysis using GraphPad Prism software
(GraphPad Prism, Version 5.03) was performed by the
analysis of variance (ANOVA) considering P values < .05
as the level of significance.

3 | RESULTS AND DISCUSSION

3.1 | Comparison of light, TPEF and SHG
microscopy

To compare the commonly used histological method,
H&E staining, for conventional light microscopy with
advanced TPEF and SHG methods, we analyzed the same

15 days

TPEF

SHG

FIGURE 1

| month

region of interest (ROI) in parallel on serial 5 pm thick
paraffin sections.

Light microscopy analysis (Figure 1, H&E) of the skin
from 15-day-old rats revealed the process of extracellular
matrix organization in the dermis, numerous fibroblasts
with the intensive synthesis of procollagen, and the small
number of collagen fibers found in their vicinity.
Although less numerous, collagen bundles already
showed specific packaging and a tendency to organize in
bundles, suggesting that this pattern is predetermined.
The dermis of 1-month-old rats showed a well-structured
extracellular matrix with a compact and well-organized
collagen bundle orientation. Among collagen bundles,
numerous fibroblasts were still observed. At this stage of
aging, our results showed consistency in synthesis, pack-
ing and orientation of collagen bundles in rat dermis. In

21 months

H&E staining in parallel with TPEF and SHG showing dermal collagen structure and organization in the skin of 15-day-,

1-month- and 21-month-old rats. Less numerous collagen bundles (15 days) become compact with well-organized orientation through skin
maturation (1 month), suggesting a predetermined specific packaging pattern. In aged skin (21 months) vast quantity of tightly packed, large
collagen bundles is present. TPEF and SHG-signal correspond to light microscopy without losing information about collagen fiber position,
density and orientation. Five-micrometer thick sections; H&E staining; area analyzed with TPEF or SHG microscopy, Bars: 50 pm
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aged skin (21-month-old), we found a vast quantity of
tightly packed, large collagen bundles, while the number
of fibroblasts was significantly reduced. Comparative
analysis also showed that collagen from rat dermis in all
examined groups produced strong TPEF and SHG signals
corresponding to light microscopy without the loss of
information about the position, density and orientation
of collagen fibers.

Over the last years, among nonlinear imaging tech-
niques, TPEF emerged as a powerful tool for skin imag-
ing.®?? Like other tissue, the skin could be easily
studied with multiphoton microscopy without the use of
any fluorescent dyes or agents due to the presence of
endogenous fluorophores. Autofluorescence properties of
the skin originate either from cells (reduced pyridine
and oxidized flavin nucleotides), or extracellular compo-
nents (collagen and elastin).!*® Thanks to significant
advantages—fast screening and label-free procedures,
this technique has already been widely used for morpho-
logical characterization on ex vivo tissue samples.**!

Another nonlinear imaging technique, SHG, has
mainly been used to visualize unstained collagenous tis-
sues.['>2°! Because of its non-centro-symmetrical structure,
fibrillar collagen is the primary source of the SHG signals
in the skin dermis.*'®*” Lately, besides skin (dermis),
SHG has also been used for investigation of collagen fiber
orientation and structural changes in scars and
keloid,**?! tendon and ligaments,***!! cardiovascular
system,*2**! corneal®! and tumor microenvironment.!*>"

The combination of TPEF and SHG is also very useful
for capturing both components of the dermis (collagen and
elastin) and generating high-resolution three-dimensional
images.[zz] Second-harmonic to Autofluorescence Aging
Index of Dermis (SAAID method), introduced by Lin
et al,[*® is a simple scoring method applied when TPEF
and SHG are used simultaneously for the imaging of con-
nective tissue. SAAID provides a measure of the relative
abundance of collagen against elastic fibers within the skin
dermis. In this particular case, we were not able to use this
method since in rat skin, in contrast to human skin, colla-
gen fibers are highly dominant over rare elastin fibers.
Nonetheless, in general, the TPEF-SHG combination is a
promising, reliable and powerful tool for studying skin
physiology and pathology.

3.2 | p Coefficient calculation from
PSHG images

To analyze structural alterations of collagen fibers and
packing patterns caused by aging, which are
unobservable by light microscopy, we calculated the f
coefficient from PSHG images (Figure 2) obtained from

the same serial paraffin sections. Namely, the SHG
images in Figure 1 are the raw SHG images that corre-
spond to the same field of view as in f maps shown in
Figure 2A. The two orthogonal components of the SHG
signal recorded at the same field of view are used for the
calculation of the f coefficient (Figure 2B).

We had three sections (one/animal) for each exam-
ined group (15-days-, 1-month and 21-month-old). Three
different ROIs from each section were randomly selected
for imaging. The f coefficient was calculated by the given
formula for each pixel in the ROI. The average f coeffi-
cient was calculated for each ROI (the whole image in
Figure 2A). Results were analyzed upon f coefficient cal-
culation and arbitrarily categorized as either less, more,
or highly ordered until ultrastructural examination.

The lowest f values were found in the skin of young,
15-day-old rats with an average value of 0.13. This is
expected since young skin is in the phase of development
characterized by intensive collagen synthesis. More
ordered fibers were found in the skin of 1-month-old rats,
going through maturation, with the average value of 0.20,
while aged skin (21-month-old) showed the highest g
coefficient, with the average value of 0.25, suggesting
highly ordered organization of collagen fibers, great den-
sity and tight packing in collagen bundles. All of this data
was consistent with TPEF, light and electron microscopy
findings.

p Coefficient calculation from PSHG images has been
frequently used in studies to establish differences
between normal and malignant tissues.>**°! In tumors,
variations in diameter and cross-sectional profile of the
collagen fibrils are evident. In some cases, this is a conse-
quence of abnormal collagen fibril aggregation,“” while
in others, extracellular matrix remodeling occurs through
the degradation of collagen fibers.[**! Moreover, this
method enables the characterization and tracking of vari-
ous experimental treatments in different tissues.!*!! Thus,
SHG and PSHG imaging of fibrillar collagen type I have
been applied on various samples so far, but collagen sam-
ples of tendon and skin remain the most commonly
analyzed."!

Ericson et al.l*! concluded that qualitative evaluation
of angular dependence of the SHG signal varies in a man-
ner related to the structural order of collagen fibrils and
that data points generated from less ordered fibril struc-
tures could be useful in determining the distribution of
the fiber segments orientation. They suggested that this
finding could be valuable for the characterization of the
fibril structure and possible structure alterations.

Bearing in mind that only ordered structures produce
strong SHG signal and that immature fibrils can be
distinguished from mature fibrils in the backward
direction,?”! the f8 coefficient calculation seems to be the
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FIGURE 2 Representative ROI (A) for each tissue sample used for f coefficient calculation from PSHG images during chronological

aging (15-days-, 1-month- and 21-months-old). B, Young skin (15 days) has the lowest $ value (the average $ value of 0.13) due to intensive

collagen synthesis, while maturation and aging induced a significant increase in $ value. Through maturation (1 month), skin shows more

ordered collagen fiber structures with an average f value of 0.20. Aged skin (21 month) has the highest g coefficient with an average value of

0.25, suggesting highly ordered organization of collagen fibers, high density and tight packing in collagen bundles. The values represent the

means of nine f values per group, 27 ROI in total (3 ROI randomly chosen from each of three different paraffin rat skin sections per slide

+ SEM). *P < .05 and ***P < .001. Bars: 50 pm

perfect tool for the study of extracellular matrix structure,
as we did in our experiment.

Comparison of the f coefficient and collagen ultrastruc-
ture confirmed their correlation regarding tightness degree
in the bundle as less, more, or highly ordered. The interac-
tion of cells with the extracellular matrix is essential to cell
positioning, growth and differentiation in order to form
and maintain complex tissue structure and function. The
mechanical properties (rigidity/stiffness) of the extracellu-
lar matrix could be evaluated through matrix density and
organization. Since f values represent molecular order, the
given type of anisotropy directly reflects dense packing and
orientation of collagen in fibrils, for example, rigidity.

Although SHG is well known as a fixation- and label-
free method, we performed it on fixed and paraffin-
embedded, 5 pm tick samples to avoid differences,
problems and doubts regarding the use of native, unfixed
and unlabeled tissue samples. We prepared all samples in
the same way, and the fixation procedure was strictly

followed to preserve the tissue structure as near, to the
natural state, as possible.

Our results provide significant proof that this method
is convenient for use on previously fixed samples, open-
ing the possibility for the re-examination of archived
paraffin-embedded tissue samples. Thus, new insights
into the dermal structure and comparison could lead to
potentially entirely new findings regarding skin aging or
conditions.

3.3 | Transmission electron microscopy
(TEM) analysis

To confirm that the sample preparation procedure for
light and electron microscopy does not affect overall tis-
sue structure and ultrastructure, we compared the ana-
lyses of semi-fine sections stained with BF&MB with
H&E and ultrastructure of the dermis (Figure 3).
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FIGURE 3 BF&MB staining shows the area analyzed with TEM. Semi-fine sections; Bars: BF&MB-20 pm, TEM-5 pm

Results confirmed the consistency in tissue and
collagen structure, bundle density and quantity of gro-
und substance, and were in line with our previous
findings."! We further measured the diameter of colla-
gen fibrils in randomly selected cross-sections and
compared their distribution between all examined
groups (Figure 4).

Obtained results showed a striking difference between
young (15-day-old), maturating (1-month-old) and aged
(21-month-old) rat skin. Namely, the majority of cross-
sectioned collagen fibers in 15-day-old dermis had aver-
age diameters of 50 to 60 nm, along with a similar
number of diameters ranging from 40 to 50 and 60 to
80 nm. This is in line with ongoing collagen synthesis in
young skin!'! and ultrastructural findings of small quanti-
ties of loosely packed collagen fibers embedded in ground
substances (Figure 3, TEM).

In contrast, maturating and aged dermis had an aver-
age value of cross-sectioned collagen fibers of 80 to 90 nm
(1-month-old) and 90 to 100 nm (21-month-old). Besides
the fact that the observed increase in the average collagen
fiber diameter is a consequence of natural skin matura-
tion, it is important to point out the absence of collagen
with the diameter of 50 to 60 nm and the shift toward
higher values (>120 nm). On the ultrastructural level,
although collagen bundles in the aged dermis were large
and tightly packed like in the mature skin, they presented
as thicker, more turgid and electron-lucent, suggesting
damage and swelling, all of which can lead to the tight
packing of collagen molecules.

Knowing that collagen damage is a significant factor in
age-related dermal alterations, at this level of observation,

we could not detect alterations on the molecular level
Thus, comparing these results with the g coefficient calcu-
lated from PSHG images, we observed consistency in the
alignment of collagen fibers. Collagen microstructure and
index of alignment were in line, however, was it a conse-
quence of collagen degradation remained unclear. In a
highly ordered collagen bundle, microfracture may induce
an observed shift in diameter and rigidity, in contrast to
the loose connective tissue. To clarify this, we used immu-
nohistochemistry to analyze the expression of matrix
metalloproteinases (MMP). We used two different anti-
bodies but did not find the presence of either MMP2 or
MMP9 in all examined samples (data not shown). These
findings may not be surprising, bearing in mind strict and
well-ordered synthesis and packing of collagen bundles in
the rat dermis.

Since degradation is clearly not taking part in causing
collagen alterations observed by TPEF and SHG/PSHG or
differences in individual collagen fibers and collagen diame-
ter observed by electron microscopy, we further analyzed
the oxidative damage of collagen fibers on serial paraffin
skin sections, in particular, per- and nitro-oxidative damage.

3.4 | Immunohistochemical detection
of 4-hydroxynonenal (4-HNE) &
3-nitrotyrosine (N-Tyr)

A large body of evidence indicates that reactive oxygen
species (ROS) accumulation and damage caused by ROS
is one of the most important mechanisms involved in cellu-
lar aging.!"**! However, such evidence for the extracellular
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FIGURE 4 Structural alteration and collagen fiber diameter distribution in the dermis of 15-day-, 1-month- and 21-month-old rats.
Aging induces a shift in collagen fiber diameter and tight packing of collagen molecules that leads to collagen organization in bundles and
dermal rigidity. Bars: TEM-1 pm, insets-250 nm

21 months

FIGURE 5 Immunohistochemical detection of 4-hydroxynonenal (4-HNE) & 3-nitrotyrosine (N-Tyr)—biomarkers of oxidative tissue
damage. Insets represent the enlarged area (black square): Collagen (blue) showed immunopositivity for 4-HNE and N-Tyr only in the aged
dermis (21-month-old rats). Bars: 20 pm
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matrix is still sparse. It was recently shown that increased
ROS might affect collagen density directly by damaging
fibers and indirectly by interfering with collagen
synthesis,* fibroblast proliferation and senescence.**!

In general, biomarkers of oxidative stress have been
considered as biomarkers of aging.!*®! N-Tyr is a marker
of oxidative damage caused by nitration of the free amino
acid form of tyrosine or tyrosine residues in proteins,
while 4-HNE is a reactive aldehyde, formed as a product
of lipid peroxidation, which binds to macromolecules,
proteins in particular. Thus, 4-HNE is also a propagator
of lipid and protein oxidation (Figure 5).

Our results revealed the presence of 4-HNE and N-
Tyr modifications on collagen fibers in 21-month-old rat
dermis. Extracellular matrix molecules, such as collagens,
are good targets for oxygen-free radicals. Collagen is sus-
ceptible to fragmentation by superoxide anion, as demon-
strated by the liberation of small 4-hydroxyproline-
containing-peptides,'*’! but the absence of MMP2 and
MMP9 in our study suggests that this damage leads to
more significant aggregation rather than collagen degra-
dation. Amino acids susceptible to oxidative damage[4s]
are highly present in collagen molecules, and as a result
of amino acid residue oxidation, protein fragmentation,
aggregation and proteolytic digestion can occur.

To the best of our knowledge, this is the first report of
collagen positivity for 4-HNE and N-Tyr. This could be
the underlying reason for the observed alterations in the
biophotonic properties, rigidity (higher g coefficient) and
ultrastructural damage of collagen during chronological
aging that overwrites genetic and structural stability of
collagen molecules in the rat skin.

4 | CONCLUSIONS
Our results clearly show that analysis of TPEF and SHG
images of rat dermis is consistent with histological one;
rat dermis is a good model not only due to collagen pho-
tonic features but bundles stability. The f coefficient cal-
culated from PSHG is consistent with transmission
electron microscopy analysis and should be used widely.
Moreover, the f coefficient reflects fine collagen fiber
alterations due to oxidative damage observable only by
immunohistochemistry and on the ultrastructural level.

These advantageous methods work nicely on previ-
ously fixed samples and could be used along with or for
further conventional analysis. In this way, degradation of
samples would be avoided, and reproducibility and stan-
dardization of protocols would be fully achieved.

Hence, PSHG imaging is a fast and reliable screening
method for studying collagen alteration during chronolog-
ical aging linked to oxidative stress; it may be used in any
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further analysis that concerns collagen structure alter-
ation, for example, photoaging, drug delivery, cancer, and
opens the opportunity for investigation of the archived
samples. Our future research is directed toward it.
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Altered organization of collagen
fibers in the uninvolved human
colon mucosa10cm and 20cm
away from the malignant tumor

Sanja Z. Despotovi¢'*, Dorde N. Mili¢evi¢?, Aleksandar J. Krmpot?, Aleksandra M. Pavlovic?,
Vladimir D. Zivanovi¢*, Zoran Krivokapi¢®, Vladimir B. Pavlovicé, Steva Levic5, Gorana Nikoli¢’
& Mihailo D. Rabasovi¢?

Remodelling of collagen fibers has been described during every phase of cancer genesis and
progression. Changes in morphology and organization of collagen fibers contribute to the formation of
microenvironment that favors cancer progression and development of metastasis. However, there are
only few data about remodelling of collagen fibers in healthy looking mucosa distant from the cancer.
Using SHG imaging, electron microscopy and specialized softwares (CT-FIRE, CurveAlign and FiberFit),
we objectively visualized and quantified changes in morphology and organization of collagen fibers and
investigated possible causes of collagen remodelling (change in syntheses, degradation and collagen
cross-linking) in the colon mucosa 10 cm and 20 cm away from the cancer in comparison with healthy
mucosa. We showed that in the lamina propria this far from the colon cancer, there were changes in
collagen architecture (width, straightness, alignment of collagen fibers and collagen molecules inside
fibers), increased representation of myofibroblasts and increase expression of collagen-remodelling
enzymes (LOX and MMP2). Thus, the changes in organization of collagen fibers, which were already
described in the cancer microenvironment, also exist in the mucosa far from the cancer, but smallerin
magnitude.

Extracellular matrix (ECM) is no longer considered as an inert substrate, a three-dimensional network which
only “fills the spaces” between cells and provide mechanical support"?. Today, ECM is known to be a complex and
dynamic structure, whose chemical and biophysical properties affect cell adhesion?, proliferation* morphology®,
migration®, regulate tissue morphogenesis”® and fluid volume in tissues’. The most abundant component of ECM
in the lamina propria of the colon mucosa is type I collagen.

Remodelling of collagen fibers has been described in almost every solid cancer, including colorectal cancer.
During tumor formation and progression, collagen remodelling is constantly carried out: degradation, synthesis,
cross-linking of fibers, change of fiber orientation, and interaction of cells of the innate and acquired immune
system with collagen fibers!®!!. Changes in morphology, representation, and organization of collagen fibers con-
tribute to the formation of the microenvironment that favors tumor progression, primarily through its effect on
cell migration and polarization'?. Also, remodelling of collagen fibers on premetastatic sites is of great importance
in determination of survival and growth of disseminated cancer cells, and thus, formation of metastasis'>!*.

Remodelling of collagen fibers may be a result of changes in synthesis, degradation or cross-linking. Main
cells responsible for synthesis of collagen in colon mucosa are fibroblasts and myofibroblasts. The most impor-
tant enzymes for degradation of collagen fibers are matrix metalloproteinases (MMPs). It has been shown
that expression of MMP2 and MMP9 is increased in colorectal cancer and influences its progression and
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metastatic potential'>!'¢. Covalent cross-linking of collagen fibrils is catalyzed by enzyme lysyl oxidase (LOX).
LOX-dependent collagen crosslinking enhances proliferation of cancer cells and metastatic capacity'”'%.

The quantification of changes of collagen within the primary tumor and metastatic niches has been the subject
of numerous studies and it is recognized to play an important role in both cancer development and progres-
sion'?-2!. However, much less is known about remodelling of collagen fibers in healthy looking colon mucosa
distant from the cancer. In the previous study of uninvolved colon mucosa?, we described changes in the rep-
resentation and organization of collagen fibers as far as 10 cm and 20 cm away from the colon cancer. Because
remodelling of collagen fibers is an important process, crucial for creating specific microenvironmental milieu,
we felt that further studies were necessary to investigate the finer aspects of this phenomenon. Thus, the aim of
our study was to quantify morphological parameters and organization of collagen fibers and to investigate pos-
sible causes of collagen remodelling (change in syntheses, degradation and collagen cross-linking) in the colon
mucosa 10 cm and 20 cm away from the cancer in comparison with healthy mucosa. Indeed, we showed that this
far from the colon cancer there are changes in collagen architecture, increased representation of myofibroblasts
and increase expression of collagen-remodelling enzymes.

Results

Changes in morphology and organization of collagen fibers in the uninvolved colon lamina pro-
pria visualized using SHG imaging. On SHG images, in the lamina propria of healthy patients, collagen
fibers were wavy, orderly organized throughout lamina propria and around the crypts (Fig. 1a). At the distance
10 cm (Fig. 1b,c) and 20 cm (Fig. 1d) away from the cancer, proper arrangement of collagen fibers appeared partly
disturbed. It was possible to observe regions with parallel collagen fibers (Fig. 1b), thick collagen fibers (Fig. 1c),
regions with edema of lamina propria where collagen fibers were separated with large pores (Fig. 1d) and regions
with fibers organized as in healthy subjects.

By analyzing whole SHG images using CT-FIRE software (Fig. 2a,b; 23-25), we have shown that there was a
statistically significant increase in the width of collagen fibers in the lamina propria of the colon mucosa at a dis-
tance 10 cm (p =0.032) and 20 cm from the tumor (p = 0.021), compared with healthy subjects (Fig. 2e). Collagen
fibers in the lamina propria 10 cm and 20 cm away from the cancer were significantly more straight (p=0.004 and
p <0.0001, Fig. 2f) compared with collagen fibers in lamina propria of healthy colon. Using CurveAlign software
(Fig. 2¢,d)*-%, based on curvelet transform, it was shown that collagen fibers in colon lamina propria 10 cm and
20 cm away from the cancer were significantly more aligned compared with collagen fibers in healthy lamina
propria (p=0.022 and p=0.041; Fig. 2g).

Because of the heterogeneity in morphology and organization of collagen fibers in the lamina propria of colon
mucosa and according to the studies which showed that the remodelling of collagen fibers within the tumor
primarily could be observed in the immediate vicinity of epithelial cells*?, we also performed computational
analyses of collagen fibers within 3 regions of interest per each SHG image (Fig. 3a—d). The regions of interest
included lamina propria of colon mucosa in the immediate vicinity of Liberkiin’s crypts. The observed differences
in morphology and organization of collagen fibers, detected by analyzing whole images, were even more pro-
nounced when analysis were conducted inside the regions of interest: At a distance of 10 cm and 20 cm from the
tumor, there was a statistically significant increase in width and straightness of collagen fibers compared to lamina
propria of colon mucosa of healthy subjects (p < 0.0001, Fig. 3e,f). Also, collagen fibers in colon lamina propria
both 10 cm and 20 cm away from the cancer were significantly more aligned compared with collagen fibers in
healthy lamina propria (p < 0.0001 and p=0.035, Fig. 3g).

We also quantified alignment of collagen fibers using another approach. With FiberFit software, based on FFT,
we obtained the dispersion parameter k?’. The dispersion parameter k was significantly increased 10 cm and 20 cm
away from cancer (indicated more aligned collagen fibers), compared with healthy lamina propria (p =0.031 and
p=0.0013;Table 1).

Changes in SHG polarization anisotropy in the uninvolved colon lamina propria. In the lamina
propria of colon mucosa at distance 10 cm and 20 cm away from cancer, anisotropy coefficient 325%° was signifi-
cantly higher (indicating more orderly organized collagen molecules inside fibrils), compared with lamina pro-
pria of healthy patients (p < 0.0001; Table 1).

Electron microscopy analysis of collagen fibers in the uninvolved colon lamina propria. On
SEM collagen fibers in healthy patients were thin, curvy, and the network they were forming was relatively dense,
with small pores between bundles (Fig. 4a). At the distance 10 cm and 20 cm away from the tumor the thick col-
lagen fibers were more frequently observed (4b). Also, regions with more aligned collagen fibers were alternating
with regular, network-like distribution of collagen fibers (Fig. 4c).

Changesin synthesis, cross-linking and degradation of collagen fibersin the uninvolved colonlamina
propria. Next, we wanted to find out if the changes in morphology and organization of collagen fibers are due
to changes in synthesis, cross-linking or degradation of collagen. The main cells involved in collagen synthesis
are fibroblast and myofibroblast. We detected myofibroblasts in colon lamina propria, immunohistochemically,
using aSMA-antibody. In the lamina propria of healthy patients, myofibroblasts formed continuous layer around
crypts, with few aSMA-positive cells throughout lamina propria (elongated, spindle-shaped, most probably
also myofibroblasts) and around blood vessels (smooth muscle cells) (Fig. 5a). At the distance 10 cm and 20 cm
away from the cancer, pericryptal myofibroblast were readily identifiable, forming thicker-appearing layer. More
aSMA positive cells were visible throughout lamina propria (Fig. 5a). Quantitative analysis, using Color Picker
Threshold plugin, showed significantly higher representation of aSMA-positive cells 10 cm away from cancer,
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Figure 1. SHG images showing patterns of collagen fibers organization in the lamina propria of colon mucosa
in the healthy patients and 10 cm and 20 cm away from the malignant tumor. Collagen fibers were wavy, orderly
organized throughout lamina propria and around the crypts in the mucosa of healthy patients (a); In the lamina
propria at the distance 10 cm (b,¢) and 20 cm away from the cancer (d), proper arrangement of collagen fibers
was partly lost: regions with parallel collagen fibers (b, arrows), thick and dense collagen fibers (c, arrow),
regions with edema of lamina propria where collagen fibers were separated with large pores (d, arrow showing
pore) were frequently observed.

compared with healthy lamina propria and lamina propria at the distance 20 cm away from the cancer (p =0.018
and p=0.037) (Fig. 5b).

Lysyl Oxidase (LOX) catalyzes crosslinking of collagen molecules during collagen fibrils assembly. We
detected LOX expression in epithelial cells (both surface epithelium and epithelium of Lieberkiihn glands) and in
lamina propria of colon mucosa (Fig. 6a). In the colon epithelial cells, LOX mainly showed perinuclear expression
pattern. LOX expression was significantly higher in epithelial cells of colon mucosa 10 cm and 20 cm away from
the cancer, compared with healthy mucosa (p < 0.0001; Fig. 6b). In colon lamina propria, LOX was predomi-
nantly expressed by fibroblasts and myofibroblasts and subepithelial macrophages (Fig. 6a). LOX expression was
significantly higher in lamina propria of colon mucosa 10 cm and 20 cm away from the cancer, compared with
healthy controls (p < 0.0001 and p =0.013; Fig. 6b).

Matrix metalloproteinases play an important role in degradation of ECM including collagen fibers. Their
expression is changed in colon cancer'®. We wanted to find out if MMPs were involved in remodelling of collagen
fibers this far from the colon cancer. MMP2 in the colon epithelial cells showed supranuclear expression. Some
intraepithelial lymphocytes were also MMP2-positive (Fig. 6a). MMP2 expression was significantly higher in
epithelial cells of colon mucosa 10 cm and 20 cm away from the cancer, compared with healthy mucosa (p=0.037
and p =0.034; Fig. 6¢). MMP2 was expressed by mononuclear cells in colon lamina propria (Fig. 6a). MMP2
expression was significantly higher in lamina propria of colon mucosa 10 cm away from the cancer, compared
with healthy controls (p < 0.0001; Fig. 6¢).
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Figure 2. CT FIRE and CURVE Align in analyzing whole SHG images of collagen fiber in the lamina propria
of colon mucosa in the healthy patients and 10 cm and 20 cm away from the malignant tumor. Original SHG
image of lamina propria of healthy patient. (a) Graphical output from CT FIRE showing automatic extraction
of collagen fibers, same patient. (b) Graphical outputs from CURVE Align for calculating alignment of collagen
fibers. (¢,d) Graphs are showing increased width (e), straightness (f) and alignment (g) of collagen fibers in the
lamina propria 10 cm and 20 cm away from the cancer, calculated using CT FIRE and CURVE Align. *p < 0.05,
**p < 0.001, ¥**p < 0.0001 (n = 32 healthy patients/96 images and n = 35 cancer patients/105 images; Values
are express as mean =+ sd; ANOVA).

MMP9 was barely detectable both in healthy colon mucosa and 10 cm and 20 cm away from the cancer: only
few scattered cells through lamina propria, most likely macrophages, were MMP9 positive (Supplementary
FigS1).

Discussion

Our work demonstrated the changes in morphology and organization of collagen fibers in the colon mucosa
10cm and 20 cm away from the cancer and provided a brief insight into the possible causes of the collagen
remodelling.

Intriguingly, these changes were already described in the cancer microenvironment but larger in
magnitud615,23,25,30,31.

Change in deposition, alignment and cross-linking of collagen fibers, influence cell polarity and cell-cell inter-
actions, increases growth factor signaling and stimulate migration of cancer cells>*2. Cells are able to sense and
response to changes of both biochemical and biomechanical properties of the local microenvironment. Some
of the main parameters determining biomechanical properties of collagen network are thickness of the fibers,
alignment, stiffness and porosity. Increasement of collagen fibers thickness was shown to correlate with forma-
tion of invadopodia, change in cancer cells shape and increase migratory capacity>®. Increased alignment of
collagen fibers has significant impact on gene expression, differentiation, proliferation and especially migra-
tion of cancer cell, with align collagen fibers acting as “highways” for cancer cell migration® Stiffness is strongly
related to LOX-induced cross-linking of collagen fibers, which as a consequence favors cell adhesion and MMPs
secretion®**%,

More recently, the importance of tissue away from the cancer is being recognized, and the number of papers
investigating changes in the uninvolved tissue, on genetic, epigenetic, biochemical and structural level, is
increasing®-*%. The most studied was the uninvolved mucosa immediately around the colon cancer, commonly
up to 2 cm away from the cancer, so called transitional mucosa®. Recent studies showed that there are local-
ized densification and increased alignment of collagen fibers in the transitional mucosa immediately around
the cancer?. Rare groups of authors also analyzed healthy looking mucosa further from the cancer: Roy and
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Figure 3. CT FIRE and CURVE Align in analyzing regions of interest (ROIs) on SHG images of collagen fiber
in the lamina propria of colon mucosa in the healthy patients and 10 cm and 20 cm away from the malignant
tumor. Original SHG image of lamina propria of healthy patient, with labeled rectangular ROIs which include
collagen fibers near the Liberkiin’s crypts (a) and example of CT FIRE collagen fiber extraction within ROIs
(b-d). Graphs are showing increased width (e), straightness (f) and alignment (g) of collagen fibers in the
lamina propria 10 cm and 20 cm away from the cancer, calculated using CT FIRE and CURVE Align. *p < 0.05,
*¥p < 0.001, ¥*¥*p < 0.0001 (n = 32 healthy patients and n= 35 cancer patients; Values are express as mean = sd,
ANOVA).

Healthy controls | 10 cm away from | 20 cm away from
(n=32) cancer (n=35) cancer (n=35)
kdispersion | 5 4 ¢ 57 0.91+0.53% L1140.67%%
parameter
B coefficient | 0.26+0.03 0.31£0.04%#%* 0.32£0.05%%*

Table 1. Dispersion parameter k and anisotropy coefficient 3 in the lamina propria of colon mucosa in healthy
patients and 10 cm and 20 cm away from the cancer. "p < 0.05, **p < 0.01, ***p < 0.001.

colleagues have described changes in the rectal mucosa of patients bearing advanced adenomas elsewhere in
the colon: metabolic reprograming, including evidence of Warburg effect, early increase in microvascular blood
supply and also, increased cross-linking and local alignment of collagen fibers**%. They have also shown that
increased cross-linking of collagen in the uninvolved colon mucosa fibers was due to increased expression of LOX
enzyme®®. Using microarray, QRT-PCR and immunohistochemistry Trujillo et al. have demonstrated changed
gene expression signature in the tissue 1 cm and 5 cm away from the breast cancer: differentially expressed genes
were involved in extracellular matrix remodelling, including genes for MMPs, wound healing, fibrosis and epi-
thelial to mesenchymal transition*'. Sanz-Pamplona et. al. revealed number of genes that were preferentially
activated in adjacent mucosa from colorectal cancer, compared with mucosa of healthy patients: among other,
these were genes involved in TGF-beta signaling pathway which is associated with fibrosis, genes for MMPs, cell
adhesion molecules, cell-ECM integrin signaling pathways and BMP2 signaling pathways®’.

So, our results are consistent with and complement the works cited: Genes involved in ECM remodelling
are differentially express in the mucosa around the cancer*!, and, by analyzing morphology, organization and
cellular composition in the colon mucosa far from the cancer, we showed the consequences of these altered gene
expression.

SCIENTIFIC REPORTS |

(2020) 10:6359 | https://doi.org/10.1038/s41598-020-63368-y


https://doi.org/10.1038/s41598-020-63368-y

www.nature.com/scientificreports/

Bouy

X I

1.3

Figure 4. Representative SEM images of collagen fibers in the lamina propria of colon mucosa in the healthy
patients (a) and 10 cm (c) and 20 (b) cm away from the malignant tumor. In the lamina propria of healthy
patients (a) thin collagen fibers were forming relatively dense network. At the distance 10 cm and 20 cm away
from the tumor, regions with thick (b, 20 cm away from tumor) and aligned collagen fibers (¢, 10 cm away from
tumor) were more frequently observed. Magnification x10 000.
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Figure 5. Representative images of aSMA-positive cells in the lamina propria of colon mucosa in healthy
patients and at the distance 10 cm and 20 cm away from the tumor. Arrows are showing aSMA-positive
myofibroblasts (a); Graph is showing increased representation (in %) of aSMA-positive cells in the lamina
propria 10 cm and 20 cm away from the cancer, compared with healthy patients. *p < 0.05, **p < 0.001,

*#*%p < 0.0001 (n =27 healthy patients and n = 30 cancer patients; Values are express as mean =+ sd; ANOVA).

We have analyzed uninvolved colon mucosa quite far from the colon cancer, 10 cm and 20 cm away, respec-
tively. Most authors still consider tissue located more than 5cm away from the colon cancer completely healthy
and use it as a control in their research*’. We had at least two reasons to believe that, although distant, this tissue
could also bear changes: the systemic effects of tumors and, so-called, field carcinogenesis effect®®4>44,

More recently, very interesting concept has emerged, according to which tumor initiation and progression
are shaped by body’s systemic response to tumor, which implied involvement of distant, uninvolved tissues and
organs. Tumor produce a vast number of cytokines (for example, VEGF-A, TGF-83, TNF-«) and extrude different
microvesicles, which act in a systemic fashion, modulating the behavior of host cells in distant tissues, most nota-
bly bone marrow, spleen and pre-metastatic niches. So, by secreting cytokines, tumor induce changes in distant
tissues, which lead to the formation of local microenvironment that makes that particular tissue more permis-
sive for seeding and survival of metastatic cancer cells**. Remodelling of extracellular matrix play particularly
important role in creating microenvironment permissive for metastatic cancer cells: activation of fibroblasts/
myofibroblasts, reorganization of collagen fibers, and change in expression of ECM-remodelling enzymes such
as MMP2, MMP9 and LOX*3%,

On the other hand, according to the field carcinogenesis concept, environmental carcinogens and genetic risk
factors act on the entire organ (in our case, entire colon mucosa) leading to the emergence of an altered field, so
called “field of injury”. On this altered field, additional stochastic genetic and epigenetic events within the ena-
bling microenvironment could give rise to focal cancers****. ECM, especially collagen and myofibroblasts, is rec-
ognized to play an important role in the field carcinogenesis concept by participating in the formation of enabling
microenvironment. It is believed that altered epithelial cells induce change in the surrounding microenvironment

SCIENTIFIC REPORTS |

(2020) 10:6359 | https://doi.org/10.1038/s41598-020-63368-y


https://doi.org/10.1038/s41598-020-63368-y

www.nature.com/scientificreports/

a Healthy control 10 em away from tumor 20 cm away from tumaor
— iy o L .

:

LN, barviiaa poopiia (¥
a

£

P laming propeis (5

il—

0 Heallby controls
B 10 cm away from cancer
B 20 cmoaway from cancer

Figure 6. Representative images of LOX and MMP?2 staining in the epithelium and lamina propria of colon
mucosa in healthy patients and at the distance 10 cm and 20 cm away from the tumor (a); Graphs are showing
increased representation (in%) of LOX (b) and MMP2-positive cells (c) in the lamina propria 10 cm and 20 cm
away from the cancer, compared with healthy patients; *p < 0.05, **p < 0.001, ***p < 0.0001 (n =27/28 healthy
patients and n = 30 cancer patients; Values are express as mean =+ sd; ANOVA).

that, in turn, promote or modify expansion of altered cells, or, there are even evidence indicating that ECM
changes could play a primary role in both cancer initiation and progression*.

Whether the changes in morphology and organization of collagen fibers 10 cm and 20 cm away from the can-
cer, represent a consequence of a growing tumor or a field effect, or a combination, we have no answer. Further
analyses of mucosa more distant from the cancer are needed. Subsequently, detailed analyses of changes in
the epithelium (genetic, epigenetic, biochemical and morphological) this far from the cancer and analysis of
epithelial-stromal interactions on molecular level would be the next step in more thorough understanding of
complex ways in which cancer interact with surroundings, distant parts of the same organ and systemically, with
distant tissues and organs. Also, it would be important to conduct described analyses on the larger number of
patient- to explore their potential in colon cancer screening or stratification of patients for colonoscopy.

Materials and methods

Tissue samples. Tissue samples were obtained during colonoscopy at the Department of gastrointestinal
endoscopy, University Hospital Center “Dr Dragi$a MiSovic-Dedinje”, Belgrade, Serbia, from patients suspected
to suffer from colon cancer based on clinical symptoms. When the experienced gastroenterologist noticed a
suspected change during colonoscopy, they took samples of unaffected colon mucosa 10 cm and 20 cm away in
caudal direction. The samples of unaffected colon mucosa were obtained from 41 patients older than 50 years (24
males and 17 females; Table 2). Only tissue samples for which pathologist confirmed that the suspected change
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Gender
Patients Number Age (years) | Male Female
Cancer 41 74.3 24 17
Healthy 39 719 20 19

Table 2. Demographic characteristics of patients included in the study.

was colorectal adenocarcinoma, were included in the study. For all patients, it was newly discovered cancer, so
they haven’t been on any kind of treatment for the malignant disease before.

As a control, the samples of colon mucosa were collected in the same institution, from 39 patients (20 males
and 19 females; Table 2) who were indicated colonoscopy because of rectal bleeding, anemia or weight loss, and
were without any pathological finding or diagnosed only with uncomplicated hemorrhoids (Haemorrhoides non
specificatae sine complicationibus). Patients with inflammatory bowel disease, infectious colitis or diverticular
disease of colon were excluded from the study. Our study was approved by the Ethics Committee of University
Hospital Center “Dr Dragi$a-MiSovi¢-Dedinje”, Belgrade, Serbia (18/10/2017). All methods were carried out in
the accordance with relevant guidelines and regulations.

Second harmonic generation imaging of colon tissue samples. The images of collagen fibers in the
label-free human colon tissue samples were obtained using an original lab frame nonlinear laser-scanning micro-
scope*”*8, For second harmonic generation (SHG) imaging of collagen fibers following experimental setup for
nonlinear laser scanning microscope (NLM) was used?: The tunable mode-locked Ti:sapphire laser (Coherent,
Mira 900) has been source of the infrared femtosecond pulses. The laser light was directed onto the sample by a
short-pass dichroic mirror (cut-off at 700 nm) through the Zeiss EC Plan-Neofluar 40 x/1.3 NA Oil objective. The
laser wavelength was 840 nm. The SHG was detected in back-reflection arm. The narrow bandpass filter at 420 nm
(Thorlabs FB420-10, FWHM 10nm) blocks the scattered laser light and auto-fluorescence, and passes second
harmonic at 420 nm. The average laser power on the sample was 30 mW. According to the pulse duration (160 fs)
and repetition rate (76 MHz), we estimate the peak laser power to be 2.5 kW.

Quantitative analysis of collagen fibers in colon lamina propria.  To analyze morphology and organ-
ization of collagen fibers in colon lamina propria, on SHG images, we used two complementary morphology
based and one morphology-independent approach. For morphological assessment of collagen fibers we used
methods based on curvelet transform and Fourier transform. As a morphology-independent approach, we meas-
ured SHG polarization anisotropy.

Computational collagen fiber quantification. CT-FIRE, an open-source software package, was used for calcu-
lation of width and straightness of collagen fibers. CT-FIRE was developed to automatically extract and analyze
individual collagen fibers from SHG images*~**. Widths of collagen fibers are expressed in pixels. Straightness
is represented on a scale 0-1, where 1 corresponds to perfectly straight fibers. CURVE Align software was used
to calculate alignment of collagen fibers. Alignment was represented on a scale from 0-1, where 1 indicates all
fibers orientated at the same angle?~*. CT-FIRE and CURVE Align measurements were applied both on whole
images (from 32 healthy patients and 35 cancer patients, 3 SHG images per patient) and on 3 regions of interest
(300 x 300 px?) per image, located in the close vicinity to Liberkiin glands.

An additional software, FiberFit, which is based on fast Fourier transforms (FFT) was use to quantify orienta-
tion of collagen fibers in colon tissue samples (from 32 healthy patients and 35 cancer patients, 3 SHG images per
patient). Using FiberFit, we obtained the dispersion parameter k, used to quantify collagen fiber alignment (low
k values indicates disordered networks, large k values indicates aligned networks?”.

SHG polarization anisotropy. 'The SHG anisotropy could be used to quantify alignment of collagen molecules
inside fibers. The anisotropy parameter 3 was calculated by:

ﬁ = (Ipar - Iorth)/(Ipar +2- Iorth)

where I, and I, represented SHG intensity detected when the analyzing polarizer is oriented parallel (I,,,) and
orthogonal (I,,,) to the laser polarization?®?. Values of 3 range from 0 to 1, where 0 represents completely random
and 1 completely aligned collagen molecules inside fibers.

We analyzed 32 samples from healthy patients and 35 from cancer patients. From each tissue sample 3 ran-
domly chosen regions on magnification x400 were measured.

SEM analysis of collagen fibers in colon lamina propria.  The surface morphology of collagen fibers
(for 7 healthy patients and 6 cancer patients) has been examined using a JEOL JSM-6390LV SEM (JEOL, Japan)
at an accelerating voltage of 10kV. After fixation in 3% glutaraldehyde in cacodulte buffer, dehydration in graded
alcohols (50%, 70%, 96%, 100%, 100%) the colon tissue samples were immediately dried using Critical Point
Dryer K850 (Quorum Technologies, Laughton, UK). Prior to visualization, the dry samples were sputtered with
gold using a Bal-Tec SCD 005 Cool putter Coater.

Immunohistochemistry. Immunohistochemical analysis was performed on formalin-fixed, paraffin-embedded
sections using following antibodies and dilution ratios: anti-alphaSMA (Dako, M0851 1:500), anti-MMP9
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Number of analyzed cancer patients
(tissue away from the cancer)

Number of analyzed
healthy patients 10 cm away 20 cm away
aSMA (Dako, M0851) 27 30 30
LOX (Abcam, ab174316) 27 30 30
MMP2 (Abcam, ab37150) 28 30 30
MMP9 (Abcam, ab38898) 12 15 13

Table 3. The number of patients analyzed and the list of antibodies used for immunohistochemical analysis of
myofibroblast, MMPs and LOX in the healthy lamina propria, 10 cm and 20 cm away from the cancer.

(Abcam, ab38898, 1:500), anti-MMP2 (Abcam, ab37150, 1:500), anti-LOX (Abcam, ab174316, 1:500)
(Table 3). After heat-induced antigen retrieval using citrate buffer (pH = 6) and subsequent washing in
PBS, primary antibodies were incubated for 60 minutes. The sections were treated with commercial Ultra
Vision/3,3’-diaminobenzidine (DAB) staining kit (Thermo Scientific Lab Vision TL-060-HD, Rockford, IL,
USA). The reactions were developed using DAB substrate.

For quantification of immunohistchemically stained sections, Color Picker Threshold plugin within open
community platform for bioimage informatics Icy was used, as previously described?’. On images stained with
anti-alphaSMA antibody, the representation of myofibroblast in colon lamina propria was determined as a rel-
ative percentage of the area occupied by myofibroblast divided by the area of the lamina propria selected with
an imaging processor. For slides stained with anti-MMP2 and anti-LOX antibody, the percentage of MMP2/
LOX-positive area was determined separately in lamina propria and epithelial region. The number of analyzed
patients for each antibody is in the Table 3. For one patient, one slide was stained with each antibody and a ran-
dom selection of 10 fields per slide on magnification x200 was analyzed.

Statistical analysis. Data were presented as means and standard deviations. The statistical package SPSS
for Windows 12.0 (SPSS inc., Chicago, IL, USA) was used to indicate significant differences (two-way ANOVA
followed by Tukey’s multiple comparison test). Statistical significance was determined by p < 0.05.

Data availability
The dataset generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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Second harmonic generation (SHG) experiments were conducted on samples of a novel material: doped
polymeric CO (dp-CO) that were synthesized via synchrotron X-ray irradiation of SrC,0,4 and high pres-
sure. The goal of the study was to ascertain if the novel material is rugged enough to handle high levels of
radiation to enable its possible use as future sensors or optoelectronic devices. Three samples were
tested. Two of the smaller samples that were synthesized in a diamond anvil cell (DAC) and recovered
at ambient conditions rapidly decomposed/degraded in the presence of the strong 3.6 x 10° mW/cm?
intensity optical beam. The larger sample that was synthesized in a Paris-Edinburgh cell at 3 GPa after
1.5 h of hard X-ray white beam irradiation and also recovered to ambient conditions was not damaged
by a 6.1 x 10° mW/cm? strength optical beam and exhibited second harmonic generation. This lends cre-

SrC,04 dence that this novel material (when synthesized under select conditions) may offer utility as a rugged

Optical sensor

radiation hardened and easy to manufacture nonlinear optical device.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In the quest to synthesize novel and industrially-useful materi-
als, highly ionizing and highly penetrating hard X-rays (>7keV) in
conjunction with high pressure offer a unique and relatively unex-
plored means to create rugged and radiation-hardened materials
that may not be synthesizable by conventional means. High energy
X-rays (>7keV) can overcome large thermodynamic activation bar-
riers to ionize atoms, forcing atomic and molecular fluidity, which,
coupled with high pressure (to force these radicals and ions closer
together to interact), may create unique compounds. We have been
developing useful hard X-ray photochemistry for a variety of
applications for chemical synthesis and decomposition [1]. From
the initial observation of O, production from synchrotron X-ray

irradiated chlorate salts [2,3]: (e.g. I(ClO;;EZOz + KCl), we have
been able to successfully release O, [2,3], Cl, [4], Hy [5], Ny [6],
NO, [7], and F;[8] inside a diamond anvil cell (DAC) or other sealed
and/or pressurized chamber in situ to create unique metastable
states of matter and observe molecular diffusion and reactions of

these relatively mobile reactants (e.g. O, + 2F; Lid 20F;) [5,9] at
extreme conditions. By exploiting our methods to release fluorine

* Corresponding author.
E-mail address: pravica@physics.unlv.edu (M.G. Pravica).

https://doi.org/10.1016/j.matlet.2019.126629
0167-577X/© 2019 Elsevier B.V. All rights reserved.

in situ inside a DAC, we have strong evidence of the synthesis of
HgF, by irradiating a pressurized mixture of HgF, and XeF, (the
latter compound releasing F, [1]). The fluorine then reacted with

HgF, via: HgF, + F, hy HgF, as predicted [10]. We have also demon-
strated that novel structures of known compounds (such as CsO;)
can be created using our irradiation methods [11].

One interesting compound that we have synthesized using our
methods is a variant of polymeric CO (poly-CO) which is conven-
tionally produced by pressurizing CO to >5 GPa [12,13] or >3 GPa
with optical assistance [14]. By irradiating strontium oxalate pow-
der at various pressures (including ambient), a novel yellowish-red
amorphous compound was formed that was recoverable at ambi-
ent conditions [15,16]. Infrared spectroscopy of the recovered irra-
diated samples indicated the presence of trapped CO,, SrCOs, and
characteristic spectral lines that were detected in poly-CO
[16,17]. Based on this evidence and X-ray absorption studies
[16], the following primary reactions were suspected [17]:

SrC,04 ™% SrC0O; + CO

n(CO) — poly-CO

Conventional poly-CO is an unstable solid that decomposes into
graphite and CO, in a matter of days and is very light sensitive [12-
14]. Our synthesized material, however, is very stable (lasting for
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periods of at least 3 years) and traps CO, inside it for at least as
long as the compound lasts suggesting the possibility of a CO,-
storage medium [16,18]. We suspect that the presence of SrCO3
as a dopant stabilizes the compound. There is a strong pressure
dependence of the synthesis [17]. This novel compound exhibits
wide bandgap semiconductor properties suggesting its potential
use as a solar material or other optoelectronic device/sensor [18].
Due to the IR spectral similarity to conventionally synthesized
poly-CO, we termed the compound doped solid [16] or doped poly-
meric [15] CO. We wish to emphasize, however, that this material
is not the same as pure poly-CO as it traps CO,, is produced via irra-
diation of an oxalate salt (as opposed to pressurization of CO), and
has been found to be very stable, unlike conventionally-
synthesized poly-CO. Rather, it is a novel material that has yet-
to-be-uncovered properties.

Related to this discovery, a natural question arises when consid-
ering what kind of light fields this compound may sustain before
being damaged. And, given the strongly coupled (even if amor-
phous) nature of this unique extended solid, could it possibly serve
as an radiation-hardened optical mixer? After all, HMX, an organic
explosive, has a strong second harmonic mixing coefficient [19].
Thus, we sought to determine the effect of high intensity laser
fields on our synthesized samples with the aim of determining
their survivability under these extreme conditions and, to ascertain
if we could produce frequency doubled light.

2. Experimental
2.1. Sample preparation

Preparation and irradiation of our samples was performed at
the High Pressure Collaborative Access Team’s 16 BM-B beamline
at the Advanced Photon Source. We used two different means to
pressurize our samples: a Paris-Edinburgh Cell (PEC) for larger
samples and diamond anvil cell (DAC) for smaller samples
(<3 nl). For the PEC preparation, white strontium oxalate powder
(SrC,04 - Alfa Aesar 97% purity) was manually loaded into a pre-
pared composite gasket chamber which surrounded a 1 mm diam-
eter by 1 mm deep MgO cup. The sample was pressurized by
applying mechanical load to two WC anvils, bringing them towards

A e0um

one another with the gasket squeezed in between via a high pres-
sure oil hydraulic apparatus. The MgO cup also served as the pres-
sure calibrant. This setup has been described elsewhere [20].

For samples loaded in the DAC, we employed a symmetric-style
DAC with 300 um culet-opposed diamonds. A 0.01” thick stainless
steel gasket was preindented (by the opposed anvils) to a 70 pm
initial thickness and then drilled in the center of the indentation
via electric discharge machining to create a 120 pm diameter sam-
ple hole. Strontium oxalate powder was then manually loaded into
the sample chamber along with a ~10 um diameter ruby for pres-
sure measurement.

After pressurization (as verified by the respective calibrants),
each of the samples were irradiated with “white” X-rays for
approximately 1.5 h. The beam was chosen to be typically defo-
cused (PEC) or slightly defocused (DAC) to completely irradiate
the samples. After irradiation, samples were recovered after
depressurization to ambient conditions. For the PEC sample, the
surrounding/confining composite gasket material was manually
removed. For the DAC samples, the gaskets were removed from
the DAC and the samples remained intact in the gasket hole.

2.2. Nonlinear optical measurements

Our optical studies were undertaken at the home made
nonlinear optical facility located at the Institute of Physics in
Belgrade, Serbia. For more detailed description of the experimental
setup and scheme, please refer to ref. [21]. In this study the laser
light from mode locked Ti:Sa laser (MIRA 900, Coherent Inc.) tuned
to 840 nm was focused onto the sample by 20 x 0.8 air objective
(Zeiss plan-Apochromat®). The second harmonic generation
(SHG) signal passed through a narrow band filter of central wave-
length 420 nm and bandwidth of 10 nm and was detected by photo
multiplier tube (PMT). Due to the thickness of the samples, our
measurements were performed in reflection.

3. Results

The samples under study were placed under the nonlinear
microscope with a 20x objective (NA=0.8) and a controllable
translation stage. A video monitoring system was used to align

Fig. 1. Pictures of the recovered (to ambient conditions) products synthesized via X-ray irradiation at different pressure points in PEC cells (top photos) and DAC (bottom
photos). a) PEC sample at ambient pressure. b) PEC sample produced at 4 GPa. c) PEC sample at 10 GPa. d) DAC sample at ambient. e) DAC sample produced at 4 GPa. f) DAC

sample at 10 GPa. From reference [18].
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the samples into the visual field of the microscope. The focused
beam size was diffraction limited (diameter of approximately
0.5 um). Three samples were studied. The first two were poly-CO
samples that were created in a DAC (see e and f of Fig. 1). They
had a yellowish waxlike consistency. The third sample was synthe-
sized in a PEC at 3 GPa and had a similar look and consistency to
reddish-brown beer bottle glass (see Fig. 1b).

When the samples produced inside a DAC were respectively
irradiated with the high powered laser light (7mW), they rapidly
decomposed in the beam (seconds to minutes) and no second har-
monic light was generated. The third PEC-made sample, on the
other hand (Fig.1b), produced a second harmonic signal at
420 nm when placed in the path of the laser beam (see Fig. 2).
The SHG signal appeared to be stable with time and no visual dam-
age on this sample was immediately evident. For comparison pur-
poses, a slide of virgin, unirradiated strontium oxalate powder was
analyzed for SHG using the sample experimental conditions that
were used in above-described measurements and no SHG light
was observed (see Fig 3) demonstrating that irradiation of the oxa-
late salt is critical for SHG signal. Accurate determination of the
SHG absolute efficiency is affected by a number of various experi-
mental conditions (pulse duration, pulse energy, pulse-to-pulse
stability, repetition rate etc) that are not easily and precisely con-
trollable. It is a nontrivial task that is rarely performed in practice
for this kind of experiment. Thus, we have compared efficiencies of
the SHG in our samples and starch, since starch is the most com-
mon test sample in nonlinear microscopy. PEC generates second
harmonic 30-100 times weaker than the starch grains.

Fig. 3. Imaging scans of a slide consisting of virgin powdered SrC,04 that had not
been irradiated by X-rays demonstrating no SHG signal at a similar intensity level
and thus that the SHG signal observed in Fig. 2 was due to the novel material (dp
poly-CO).

4. Discussion

The samples made in a DAC did not survive the intense focused
laser beam. Yet the PEC-made sample did. This may be due to to

Fig. 2. SHG in the third sample that was made in a PEC taken from two different regions of the sample.
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differing flux density conditions of the X-ray beam when the differ-
ent samples were irradiated leading to somewhat different syn-
thetic or incomplete pathways. As the third sample was far
larger, it may be able to handle more heat and not thermally
decompose under any heating caused by the laser beams. Further
studies are planned to ascertain why our DAC samples decom-
posed in the presence of the laser beam.

Every indication suggests that our synthesized samples (both
those made in the DAC and PEC) are largely amorphous. The high
SHG intensity spots that were observed in Fig. 2 suggest that there
may submicron crystals present in our sample which cause large
SHG when oriented properly relative to the incident laser polariza-
tion. This may also imply that the synthetic process is incomplete
which may also have resulted in less resilient DAC-made samples.
Conventionally produced poly-CO, on the other hand is a waxy,
amorphous material which is unable to survive the intense laser
fields required for SHG. Thus, though the mixing efficiency of light
may be lower than when using an oriented single crystal, this
novel material may have utility as a relatively easy to synthesize
radiation-hardened sensor/nonlinear mixer that appears to be
chemically stable (or at least metastable) and may also yield more
insights on the synthetic process/crystallization of our samples
with extended irradiation and/or pressure.

5. Conclusion

We have conducted further studies of a novel material that we
call doped polymeric or solid CO to interrogate its ability to behave
as a nonlinear mixer and withstand high radiation flux. We have
found that one of our larger glass-like samples exhibited second
harmonic generation and was not damaged by the laser beam. Fur-
ther work will seek to better understand and optimize synthetic
and crystallization parameters in the hopes of creating a useful
sensor and/or optical mixer for use at extreme or ambient
conditions.
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1 | INTRODUCTION

Abstract

Modern document protection relies on the
simultaneous combination of many optical
features with micron and submicron struc-
tures, whose complexity is the main obstacle
for unauthorized copying. In that sense, doc-
uments are best protected by the diffractive
optical elements generated lithographically
and mass-produced by embossing. The prob-

lem is that the resulting security elements are
identical, facilitating mass-production of both original and counterfeited docu-
ments. Here, we prove that each butterfly wing-scale is structurally and optically
unique and can be used as an inimitable optical memory tag and applied for doc-
ument security. Wing-scales, exhibiting angular variability of their color, were
laser-cut and bleached to imprint cryptographic information of an authorized
issuer. The resulting optical memory tag is extremely durable, as verified by sev-
eral century-old insect specimens still retaining their coloration. The described
technique is simple, amenable to mass-production, low cost and easy to integrate
within the existing security infrastructure.

KEYWORDS

biophotonics, complexity, iridescence, optical document security, variability

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

J. Biophotonics. 2019;¢201900218.
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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
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(A) (B)

(C) D)

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 (#, 15,

..., 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

two-dimensional

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,
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

50f9
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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-
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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



60f9 JOURNAL OF
BIOPHOTONICS

PAVLOVIC ET AL.

(A)

(<
&

3

4 ;
1 I
o

manna  drgpnag Argyans  Ayani
hrha adime pmahia rOiGior

Power [k
Y

4

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

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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Abstract: We present an experimental study on ultraslow propagation of matched optical pulses
in nondegenerate four wave mixing (FWM) in hot potassium vapor. The main figures of merit,
i.e. fractional delay and fractional broadening, are determined to be 1.1 and 1.2, respectively.
The latter two are approximately constant for the broad range of the two photon detuning. Input
probe pulses between 20 ns and 120 ns can be delayed within broad range of the gain. The results
are compared with the preceding works for Rb and Na.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Low group velocity of light pulses i.e. slow light is of the great importance for many applications,
in particular for all-optical signal processing. The applications that utilize slow light effect like
optical delay lines [1,2], slow-light buffers [2], Phased Array Radar Beam Steering [2] are among
many others. Since the first observation of group velocity reduction [3] a number of different
techniques of slow light generation have emerged. All of these techniques are based on exploiting
large dispersions which accompany narrow transparency windows. In gases, electromagnetically
induced transparency (EIT) [4] has been used in hot [5, 6] and cold atomic/molecular gases [1,7],
as well as double absorption resonances [8,9]. EIT technique can be also applied in solids [10,11]
along with coherent population oscillations [12, 13], double dark states [14], and spectral hole
burning [15]. In optical fibers techniques based on Brillouin scattering [16] and stimulated
Raman scattering [17] were implemented. Although aforementioned techniques and methods
were successful in reducing group velocity, all of them suffer from signal attenuation due to
absorption.

Any technique used for optical delay lines is expected to provide arbitrary optical delay with
minimum of signal distortion. In this sense light amplifying mediums are good candidates
[16,18,19]. On the other hand, quantum noise accompanied with the amplifying FWM is a
serious issue in quantum information applications and it is studied in details theoretically [20]
and experimentally [21]. The mediums suitable for implementation of double-lambda atomic
scheme are of particular interest. [22-26]. This scheme is characterized with large nonlinearities
of susceptibility based on the coherence between sublevels of ground state which result in high
gain of parametric FWM [23]. Obtained gain resonances are spectrally narrow which enables
slowing down of optical pulses [26,27].

Since the recent observation of high-gain parametric FWM in hot potassium vapor [28], new
interest has aroused for exploration of different quantum optical effects in this media [29,30]. In
light of this interest, we were motivated to investigate the slowing of short light pulses in hot
potassium vapor based on parametric non degenerate FWM. In particular, we find optimal pulse
duration and delay-to-pulse broadening ratio.

#331883 https://doi.org/10.1364/OE.26.034266
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2. Experimental realization

The double-lambda scheme was realized on D1 line of *°K (1 = 770 nm, [31]), Fig. 1(b). Pump
beam couples lower hyperfine ground level 45/, F=1 to the excited 4Py, level with one-photon
detuning A. Due to small hyperfine splitting 55 MHz [31] the hyperfine structure of the 4P,
level is omitted. Probe beam couples excited 4Py, level to the upper hyperfine ground level
4812, F=2 and it has two-photon detuning 6. Due to high intensity, pump couples 4S5 ,, F=2
to the excited state having detuning A + HFS, where HFS is ground state hyperfine splitting.
The double A scheme is closed by the newly created conjugate beam that couples the excited
state with detuning HFS + A and 48 /5, F=1 level. The results for 120ns Gaussian shaped pulse
duration are shown in Fig. 2. The magnitudes of probe and conjugate amplification are given by
their respective gains which are defined as ratios of probe and conjugate peak intensities and
reference peak intensity: G, = I,/1, , G. = I./I.. The slowing of optical pulses is described
by fractional delay. Fractional delay is defined as the ratio between absolute delay, which is the
time difference between probe (conjugate) peak and reference peak, and reference pulse width
(’Delay’/’Width R’ from Fig 1 (c¢)). Likewise, fractional broadening is defined as the ratio of
probe (conjugate) pulse width to the reference pulse width ("Width P’/’Width R’ from Fig 1 (c)
for probe). The latter parameter is informative about the broadening of the slowed light pulses
and should be as close as possible to one.
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Fig. 1. (a) Experimental setup (BS - beam splitter, PBS - polarizing beam splitter, L - lens,
AOM - acousto-optic modulator, EOM - fiber coupled electro optic modulator, P - linear
polarizer, M - mirror, PD - photodiode, A/2 - lambda-half wave plate, 1/4 - lambda-quarter
wave plate, AP - aperture). (b) Double-lambda scheme at D1 potassium line. (c) The
appearance of typical pulses order and basic definitions.

In our experiment (Fig. 1(a)) single mode Ti: Saphire laser was stabilized to the D1 potassium
line and it is used for creating pump and probe beams. A small fraction of the beam is picked by a
90:10 beam splitter and sent to the acousto-optic modulator (AOM1) in double pass configuration
which operates in vicinity of 190 MHz. By scanning the RF-frequency fed to the AOM1, we
were able to scan two-photon detuning . The AOM2 with fixed frequency of 80MHz sets
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up the final frequency difference between pump and probe close to the HFS of the ¥K (462
MHz [31]). After the AOM2 light was fiber coupled to the LiNaO3s amplitude electro optic
modulator (EOM)(EO-SPACE, model: AZ-0K5-10-PFU-PFU-780-S) followed by a polarizer.
By applying Gaussian voltage signals from the signal generator to the EOM we were able to
create Gaussian polarization pulse in the plane of the polarizer. The polarizer transforms this
signal to the Gaussian intensity pulse. The pulse peak power was 20 uW. For the reference
pulse, a fraction of the probe pulse was picked and detected before the vapor cell. The pump
(200 mW) and probe beams have mutually orthogonal polarizations set by two A/2 plates and
they are combined at a polarizing beam splitter. Pump and probe waists are 1.05 mm and 0.8
mm, respectively. These two beams intersect at the angle of 3 mrad inside 50mm long, heated,
evacuated, natural-abundance potassium vapor cell. The cell temperature was 120°C. After the
vapor cell another PBS deflects the pump away.

The three type of pulses; reference, amplified probe and newly generated conjugate were
detected by an avalanche and two PIN photo diodes, respectively. For the reference the Si
avalanche photo diode (APD) Hamamatsu S12023-10 was used. The Si APD was biased with
160 V which provides the gain of 100 and the bandwidth of 600 MHz. For both, amplified probe
and conjugate, two identical Si PIN photodiodes Hamamatsu S5973-02 were used. The Si PIN
photodiodes were biased with 9 V providing the bandwidth of 1.4 GHz. Due to very low intensity
of the reference pulses, the Si APD had to be used because of its amplification. In all cases the
photo current was fed to 50 Q load and DC coupled to the oscilloscope. Each photodiode has
enough bandwidth for detection of pulses in the duration range 20-120 ns that is used in the
experiment.

3. Results and discussion

Typical results for delayed amplified probe and conjugate pulses for input pulse duration of 120 ns
and 20 ns are shown in Fig. 2(a) and 2(b), respectively. The two pulse duration values are chosen
from the edges of the interval in order to illustrate the fastest and the slowest signal changes in
the experiment. The waveforms for the other pulses durations (40 ns and 80 ns) and/or for other
parameters regardless the pulse duration are not shown, but the relevant parameters are extracted
and used later on throughout the paper.

In Fig. 2(a) we present results for 120 ns long pulse with one photon detuning A = 1 GHz and
two photon detuning 6 = 0 MHz. The curves were obtained upon 1000 averaged measurements.
We have observed amplified Gaussian probe pulse of gain 16 and delay 124 ns which gives
fractional delay of 1.1. The fractional broadening for this case was 1.2. Newly created conjugate
pulse was also Gaussian with fractional delay of 0.56 and fractional broadening of 1.05. The
emergence of conjugate pulse before the probe pulse observed in references [26,27] was confirmed
for the case of potassium as well. In Fig. 2(b) the results for 20 ns long pulse are presented
with one photon detuning A = 700 MHz and two photon detuning 6 = 0 MHz.For this set of
parameters we have also observed Gaussian shape of amplified probe and conjugate signals as
well as the emergence of the conjugate before the amplified probe. For amplified probe we have
measured gain of 14.5, fractional delay of 3.7 and fractional broadening of 3.2. For conjugate we
have measured 10, 2.7, 2,7 for gain, fractional delay and fractional broadening respectively. We
would like to emphasize that separation between probe and conjugate at the exit of the cell can be
tuned by choosing different parameters.

In order to obtain the results presented in this paper we scanned ¢ from -4 MHz to 10 MHz.
For the values of ¢ out of this range, including the -4 MHz and 10 MHz values, the pulse profile
loses its Gaussian shape and becomes distorted, so that the relevant parameters such as pulse
width, delay and broadening couldn’t been extracted. The latter case is shown in Fig. 2(c) as
an illustration. According to the findings in [26] waveform distortion in Fig. 2(c) could be
due to complex dynamics that arises from the interplay of parametric amplification and Raman
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absorption. Certain balance between losses and gains of probe beam are critical for temporal
shapes of twin beams, which means that the range of ¢ that gives undistorted waveforms will be
different at different A, and K density. Also, it should be noted that the gain for the amplified
probe pulse in Fig. 2(c) is around 0.9, which is considered to be extremely low in potassium. All
the peaks of the pulses are normalized to the same value in order to make the pulses comparable.
Due to small leakage of the light through the EOM and parasitic differentiation of the signal in
the detection and acquisition circuits the false undershoot at the times larger than 320 ns (Fig.
2(c)) becomes pronounced since it is magnified in the normalization procedure.
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Fig. 2. Slowing the optical pulses by FWM in K vapor. The waveforms are obtained upon
1000 averaged measurements. (a) 7 = 120ns, d =0 MHz, A =1GHz (b) 7 =20ns, 6 =
0MHz, A =0.7 GHz (¢c) 7 = 120ns, 6 = -4 MHz, A = 1 GHz (Note: Gaussian shape of
the probe is lost). Other parameters were kept constant throughout depicted measurements:
T=120°C, A=1 GHz, Ipump= 200 mW, I,y = 20uW, 6 = 3mrad.

In Fig. 3 we have plotted the dependence of fractional broadening, fractional delay and gain
for probe and conjugate pulse as a function of ¢ for A = 1 GHz. Fractional delay and broadening
of both, probe and conjugate, are either nearly flat or vary slowly with ¢ in the region where
the gain is not negligible. The best result, in terms of the lowest broadening and largest delay,
was achieved for the probe gain of 16 which is close to a half of maximum gain of 26 (achieved
for § = 2 MHz). Our results are qualitatively different in comparison with results obtained in
Rb [26] and Na [27]. In Rb the delay is highest near the bare state 2-photon resonance and drops
down quickly as the ¢ is increased. Although the dependence of fractional delay and fractional
broadening on pump Rabi frequency (i.e. intensity) is depicted in [27] we can conclude that
the gain and the delay are in trade-off relation in Na since both gain and delay are monotonic
functions of pump Rabi frequency. In other words, for sodium vapor one can say that higher
the gain, smaller the delay and and vice versa while in potassium we do not see such strong
dependence of delay (or broadening) on gain. This difference might arise from the fact that in
potassium the hyperfine splitting is less than the Doppler width and the condition, set in [26],
A+ HFS > Ais not fulfilled in this case.
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Fig. 3. Fractional delay, fractional broadening and gain dependence on ¢ for (a) amplified
probe (b) conjugate. T=120°C, A=1 GHz, Ipymp = 200mW, I,.cy = 20uW, 6 = 3 mrad.

In Table 1 we have updated the overview of the results given in [27] with values for potassium
at zero 8. The obtained (fractional) delays are somewhat larger than those in Rb [26] and
comparable to those in Na [27] at the approximately same experimental conditions.

Table 1. Summary of the results for slowing of short optical pulses via FWM in Rb, Na

and K.
Medium Rb Na K
Reference pulsewidth [ns] | 70 109 | 120
Gain 13 28 16
Fractional delay 0.57 | 1.03 | 1.1
Fractional broadening - 1.12 | 1.2

For increasing the capacity of information carried by a train of optical pulses, the pulses have to
be as short as possible. In order to find the shortest input pulse duration that will have the optimal
slowing characteristics, i.e. the longest delay and minimal distortion, we have performed the
measurements of fractional delay and fractional broadening with various pulse durations (Fig. 4).
All the pulses had the Gaussian temporal shape. By lowering the pulse duration fractional delay
and fractional broadening are increased simultaneously. As suggested by [32] the broadening
of the pulse is due to the fact that a short pulse is spectrally broad and a larger number of its
Fourier components gets slowed differently which manifests as broadening in time domain. An
alternative explanation can be given using equations for group velocity and group delay given
in [33] characterizing the slow light effect related to the EIT effect. The group delay is linearly
proportional to optical depth and inversely proportional to the (EIT) control, in our case probe,
intensity. Since the latter two parameters are fixed when the the pulse duration is decreased, the
group delay should be fixed and thus the fractional broadening will increase when decreasing
input pulse duration.

In order to have optical delay lines capable of producing arbitrary delay the fractional delay
should be one or higher. Comparing results from Fig. 4, we found that the 120 ns long input
pulse, gives better results in terms of delay and broadening than other input pulse lengths. These
results are the best suited for delay lines in potassium, since there is only about 20% of widening

Gain
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Fig. 4. Dependence of fractional broadening and fractional delay on incident pulse duration
in slow light process via FWM in K vapor for (a) amplified probe (b) conjugate pulses. ¢ =
O0MHz. T =120°C, A =1 GHz, Ipymp =200 mW, I,y = 20uW, 6 = 3 mrad. The red line
represents the value with no broadening.

while the fractional delay is above one.

In Fig 5 we show the dependence of fractional delay and fractional broadening on pump
intensity. Other parameters were kept constant. One can see that unlike in sodium vapor [27]
fractional delay and fractional broadening in our case don’t depend strongly on the pump intensity,
although they keep the same trend i.e. get lower as the pump intensity increases.
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Fig. 5. Dependence of fractional broadening and fractional delay on pump intensity in slow
light process via FWM in K vapor for (a) amplified probe (b) conjugate pulses. 7 = 80 ns, &
=4MHz. T=120° C,A=1.3 GHz, I,y = 20uW, = 3 mrad.

Comparing the results for fractional delay and fractional broadening dependence on TPD (Fig
3) and on pump intensity (Fig 5) in potassium to the corresponding ones in Rb [26] and in Na [27]
one can see that the dependence of these parameters in potassium are rather modest to almost
uniform. Since the most conditions are the same (e.g. fine/hyperfine structure quantum numbers,
experimental geometry) for all of the alkalies in which this kind of measurements was performed
, we could conclude that ground state hyperfine splitting, which is the smallest in K, plays
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important role, but possibly associated with rather large Doppler broadening (Doppler broadening
in K is as twice as high compared to the ground state hyperfine splitting.). However, for the
detailed description of the slow light parameters in potassium one needs to develop throughout
theoretical model and to conduct simulations taking into account specific atomic properties such
as ground state hyperfine splitting, Doppler broadening and dipole matrix elements. In addition,
analytic approximations in the model have to be chosen with care. An approximation may be
valid for some alkali atoms but not for others.

4. Conclusion

In this paper we have reported slowed propagation of short optical pulses based on parametric
four wave mixing in hot potassium vapor. It is shown that within the range of ¢ centered around 0
the slow light’s figures of merit, i.e. fractional broadening and fractional delay, are approximately
constant regardless to the gain. Out of this range, the slowed pulses, amplified probe first, become
distorted hindering the determination of the pulse parameters i.e. pulse width and peak. Also,
we have shown that fractional delay and fractional broadening are dependent on the input pulse
duration. Shortening the input pulse duration may lead to better (fractional) delay, but on the
other side, to the larger broadening at the same time. This suggest the trade-off between the latter
two when optimal pulse duration is required, for example in delay lines and other applications.
The straight forward optical setup, that can be further simplified, doesn’t require high coupling
(pump) laser intensities achievable even with conventional laser diodes and enables slowing of
the pulses within the broad range of gains. It turned out that light slowing systems with gains,
including unity, are important in order to manipulate photonics quits [26]. Eventually, the results
shown in this study suggest potassium as an medium that is worth to be considered in application
of the slow light and FWM effects.
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Slowing 80-nslight pulses by four-wave mixing in potassium vapor

D. Arsenovi, M. M. Curgie,” T. Khalifa, B. Zlatkovi, Z. Nikitovit, 1. S. Radojtic, A. J. Krmpot, and B. M. Jelenkowi’
Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

®™ (Received 30 June 2018; published 14 August 2018)

We experimentally and theoretically study propagation of 80-ns Gaussian-like probe pulses in hot potassium
vapor under conditions of four-wave mixing (FWM). The atomic scheme for FWM is off-resonant, dauble-
atomic scheme, with pump and probe photons, mediated in the K vapor, generating new probe and conjugate
photons. We define the subset of FWM parameters, one-photon pump detuning, two-photon pump-probe Raman
detuning, vapor density, the pump Rabi frequencies, when slowed pulses exit the vapor are also Gaussian-like.
When Gaussian-like pulses exit the cell we are able to compare theoretical and experimental results for fractional
delays and broadening for the probe and conjugate. We have obtained fractional delays above 1. Results of
the model are compared with the experiment, with and without the model of Doppler averaging, when the
atom velocity distribution is divided into different number of groups. We analyze possible causes for pulse
broadening and distortion of slowed probe pulses and show that they are the result of quite different behavior
of the probe pulse in the FWM vapor. Besides presenting the first results of slowing 80-ns probe pulses, this
work is a useful test of the numerical model and values of parameters taken in the model that are not known in
experiments.

DOI: 10.1103/PhysRevA.98.023829

I. INTRODUCTION a physical system, allowing much longer propagation of probe
ses.

. . ul
Slow light, or reduced pulse groupvelocltybelowthespeedD In this work we use the off-resonant doublescheme

of light, was demonstrated in different systerhs][(]. There is for FWM in K vapor to theoretically and experimentally

gstror)g interest for SI.OW l'ght because O.f its app."c?‘“d@[ investigate propagation of 80-ns probe pulses and generation
in particular for all-optical signal processing. Optimizations of d : f . | Thi . h
different slow light systems are based on results forfractiona‘i71n propagation o _con]u_gate puises. IS atomic scheme
delavs and broadeninas of initial pulse waveforms was used before to investigate slow light in Ri®][and Na

Tzere are different grotocols ar?d different ph sic;als stem 20]. However, there is a growing interest in the behavior
for generating slow IF|) ht and ultimatel st%rg e ofyli ht f transitions on D lines in potassium vapa4ps), as

9 9 9 o y 9 9" well as interest in potassium as an active medium for a
A quantum phenomenon that is widely used for slow light

is electromagnetically induced transparency (EIT2-15] study of strong nonlinear processes due to its characteristics
9 y In p y L r[126_30]' Parameters of FWM inZ6] simultaneously support
Narrow EIT resonance is accompanied by steep dispersio

. 8 X tWo propagation regimes of light pulses, slow and fast light.
effectively slowing down wave packets propagating thrOUQhIn oEr vxl?orgk, we arcgJ focused gn tﬁe FWM regime when ?his

Fhe medium. EIT for slowing and storing I'ghF was applied system acts as a slowing and amplifying medium, with obtained
in many physical systems, very often in alkali-metal VaPOrS actional delays typically larger than 1. In the model we

[16-18]. ! )
. . use Maxwell-Bloch (MB) equations to calculate propagations
Four-wave mixing (FWM), characterized by both quantumof pump, probe, and conjugate beams through the K cell.

and strong nonlinear processes, has been used in the IE?—‘QGVM parameters in the study are one-photon detunings of

decad for N Slowrs 120 a1 sraqe2L 29 13 ey e, e hoon Fama Geaning beweer
yp ' por, pumpp P ump and probe beands pump and probe Rabi frequencies

photons couple two sublevels of ground states to the sa and 2, respectively, pump laser powe;, and potas-

excited state. The second pump photon simultaneously excit%ﬁjm vapor density, related to cell temperaturg.. Fixed

Fhe atom, allowing .nonlmear conversion of pump phOtonS‘for all measurements and calculations were phase-matching
into probe and conjugate photons. The process is therefore

dominated by a strong photon-photon coupling meditated bangle and probe Rabi frequency, related to the probe

the nonlinear medium, and photon conversion. Transmissio oweer.. — .
Potassium is different from other alkali metals. It has

: ﬂ1e smallest hyperfine splitting (HFS) of the ground state

two-photon Raman resonance. Also, the index of refractio . .
varies strongly around the resonance. The FWM gain comrg-Jf all alkali metals p4], smaller than the Doppler width.

, Lo Comparing theoretical and experimental results, qualitatively
pensates optical losses, which is an advantage over the EIT & terms of pulse waveforms and quantitatively in terms of

fractional delays and broadening, we have tested the model
and also values of dephasing and decoherence relaxation rates
“marijac@ipb.ac.rs assumed in the calculations. We have discussed results of

2469-9926/2018/98(2)/023829(7) 023829-1 ©2018 American Physical Society
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3 gty Our model describes interaction betwe@K atoms in the
-~ I_r | G . T | vapor and electromagnetic (EM) field. The same as in the
: EoOL T ML i _f L & experiment, four levels of the double-scheme, two ground
—i o "a,l B ! states|1) and |2), and two excited stateg3) and |4), are
. se— 1 1‘=. coupled to produce FWM, Fidl. Three components of the
Ly S ey [T total electric field, pump, probe, and conjugate, are denoted
s = ; {I;C L ' by d, p, andc, respectively. The pump couples tfe — |3)

5 ¢ and|2) — |4) transitions and the probe couples tBg— |3)
transition. In the medium, the conjugate beam is generated
FIG. 1. (a) Experimental setup. (a) Doublescheme foD, line  from optical coherence between levels and |4). Let the
in potassium. Pump beam-thick line (blue for online version), probeenergy levels beE; = hw; With w3 = wa, and the angular
beam-—thin Iin_e (red fqr online version), conjugate beam-dashed “”F’requencies ofthe EM field modes, »,, andw, for the pump,
(green for online version). probe, and conjugate, respectively. The one-photon detuning
is then Apsy = wg — (w3 — w1), and two-photon detuning
iS 8(132) = wa — w, — (w2 — w1). Detuning of the conjugate
the model with and without Doppler averaging of densitypeam is defined a8 1320y = 20y — @) — (w4 — wy).
matrix elements. At the end, we have investigated whether The total electric field

there is a relation between the waveform of the outbound . o ) el

slowed probe pulse, which is either broadened Gaussian-like or E= Z e ;e T 4 )
distorted, and the pulse behavior as it propagates through the K i=d.p.c

vapor.

serves as an interacting potential 8K atoms. The Hamilto-
nian is therefore

4
H = Ho+ Hiw = )_hoyli)(i| — d-E(F, 1),  (2)

The schematic of the experiment is shown in Fig. i=1
The output from the CW laser (MBR, Coherent) locked to = o
48, ,-4Py ), Dy transition in K, at 776 nm, is used for both Wheredis the atomic dipole operator. _ _
probe is sent through two acousto-optic modulators, witrfequation for the density matrix
the first one in double pass, in order to scan the frequency R i n o — oA
of the probe beam around Raman resonance with the pump 0= —ﬁ—[H’ 01+ SE +R, 3)
beam frequency. We use the electro-optic modulator to form - "
Gaussian probe pulses. The probe is combined with the pumigith spontaneous emissidtE' and relaxatiorR included. We
on the nonpolarizing cube, and both beams are sent to dave
4-cm-long vacuum glass cell containing the natural abundance 4
of K vapor. The beams intersect at the center of the cell at the SE =Y Ti(AidA] — AlA;5/2—0A[A;/2).  (4)
angle of 3 mrad. The pump and the probe beams are linearly im1
and mutually orthogonally polarized with Gaussian radial . - A -
intensity disfribution ¢2 at 1.08 and 0.8 mm, respectively. With A1 = [1)(3], A2 = [1){(4], A3 = [2)(3], A4 = |2)(4], and
The K cell was heated by hot air up to 18D, or a K density r; all (_equal to .half of the spontaneous emission rate. The
of 1.7x10 cm~2. The probe and the conjugate beams ard€laxation term is

I1. EXPERIMENT

detected with two photodiodes, and their signals are sent R = —7/[@ —diag(%, %’0, o)]
to the storage oscilloscope. Group velocities of the probe 5 di 5
and conjugate beams were measured by recording the arrival — Vaeprl0 — diag(e11. €22, 033, 044)]. ®)

times of the probe and the conjugate relative to the referenogherey andyqepnare relaxation rates. After the substitution,
pulse.

The doubleA scheme was realized on the; line of Bi; = e etk g, (6)
39K (A =770 nm P4)), Fig. 1. The pump beam couples
the lower hyperfine ground levelS4,, F = 1 to the excited
4Py, level with one-photon detunings. Due to the small ~©(13) = @(23), @(34) = @(14) — P(3) @(ij) = —@(ji) k3 =
hyperfine splitting of 55 MHz 24], the hyperfine structure k(2a) = ka, k(23) = kp, k(a) = ke, k(12) = k13) — k(23), k(3a) =
of the 4P;,> level is omitted. The probe beam couples thek(iay — kay, k¢j) = —k(ji), With ke = 2kq — k, — Ak, we ap-
excited 4Py, level to the upper hyperfine ground levedi4, ply the rotating wave approximation. The resulting system
F =2 and makes a loweA scheme with the two-photon of differential equations does not have coefficients depending
Raman detuning. Pump photons and new conjugate photonson time. Some coefficients have dependence’6ff, where
couple &1, F = 2 to the 4,5, F = 1 via an excited state, Ak = 2k;(1 — cosd), i.e., itis related to the angiebetween
detuned from the 2y, levels by~(A + HFS), inthe uppenr  the pump and probe beam. Here we set the propagation of the
scheme. pump in thez direction.

where w3y = w4y = W4, WE3) = Oy, OL4) = O, w(12) =
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FIG. 2. Experimental observations of slow light, probe (thick black), conjugate (thin black), and reference 80-ns incoming probe beam
(green) waveforms for (é) = —4 MHz, (b)é§ = —8 MHz, and (c) = —12 MHz. In all three cases (a), (b), and (8)= 0.7 GHz,T = 120°C,
pump powerP, = 220 m\W, probe poweP, = 20 uW.

With a slowly varying envelope approximation, the propa- —mZ

gation equations are Jm/[2nkgTesT . In the results below, with the Doppler
averaging, we have chosaé# = 3 with Doppler shiftsA; =
—0.25GHz,A, = 0 GHz,andA3; = +0.25 GHz; the densities

d 10 kN, . -
— + == )EW = i = d (B2 + p31). (7a) areN., = (1.1/3)N. andN. 1 = N, 3 = (0.95/3)N.,.
dz cot 2¢gg
ad 10 kN,
e - (+) — C 7~
<8z te at)E” i 2eg 4P32 (70) IV. RESULTS AND DISCUSSION
9 19 EG) — .chd~ (7¢) The probe pulse waveform before the cell is Gaussian
9z R 260 P with a FWHM of 80 ns; behind the cell the amplified probe
. _ and conjugate pulses have different forms. For some FWM
whereN, is the atom density. parameters they are (broadened) Gaussians, while for others

In order to take into account the Doppler effect, we dividethey are distorted. Only when outgoing pulses are Gaussians
atoms intoM groups, each having differentcomponent of  can we get fractional delays and broadenings. We first present
the velocityv,. Due to the Doppler effect these groups differ the experimental results, which are compared with the results
by effective detuning. Let us denote witk13)0, 1320 @and  of numerical simulations, with and without Doppler averaging.
A(1324)0 detunings subject to atoms with velocity = 0. For
an atom withz component of the velocity, different than

zero, the observed angular frequensy is w, = /175w, A. Experimental results

where w; is the angular frequency of the light source and  We observe propagation of 80-ns probe pulses under condi-
B = v;/c. The Doppler shift isAp = w, — w;. The detun-  tions of FWM when several parameters are varied. In order to
ings are thereforedis),, = Ausyp+ Ap, dusaym = das20  have Gaussian shapes for outgoing probe and conjugate pulses
A@324ym = A@z2a0+ Ap,Wherem =1, ..., M enumerates in K vapor, the FWM ought to be realized for densities be-
velocity groups of atoms. In our model, we keep track oftween 3<10*2 cm—2 and~1.75x 10 cm~3 (cell temperature
density matriceg;; »,m = 1, ..., M foreach group ofatoms. 120°C-150°C), A between 700 MHz and 1.3 GHz, aid
There areM sets of Bloch equations. Propagation equationsn the range+10 MHz. Note that not every, or any arbitrary
are slightly modified. The source term on the right-handchoice of parameter values from the above ranges will produce
side of Eqg. 8) is the sum of contributions of all groups of Gaussian-like pulses at the cell exit. In Figve present pulses
atoms: of reference, probe, and conjugate beams, with theiramplitudes
normalized to the reference pulse, whter= 0.7 GHz for three
9 3\ () M kNew . . values o, —4,—8, and—1.2 MHz. The resona_ntprobe scatters
<8_z + E)Ed = Zl 2e d(0a2m +031m), (82)  much more than the conjugate beam, and is slowed more and
m=1 amplified less than the conjugate, as shown inEighe results
presented in FigB are gains, fractional delays, and broadening

SR

M
<i + 1 3) EC) = ,'kNC”” dd3om, (8b)  versuss obtained from waveforms of Gaussian-like outbound
9z cor) * —t 2e9 ’ pulses, like the ones shown in F&.Gains of twin beams are
Iy calculated as the ratio of their outbound intensities to the probe
<i + } i)E(-r) _ Zich,m dBatm. (8c) mbound_lntensny. The maximum of probe gain, around 100, is
9z cot) ¢ — 2¢g0 ' atnegativé, ~ — 4 MHz, a small shift from Raman resonance

due to Stark shift of energy levels, induced by the blue detuned
Here N., is the atom density of theith group. We pump laser. Delays and broadening also have small maximums
choosev, ,, andN, ,, to mimic Maxwell distributionf (v,;) = at these negative values &fMaximum values for probe and

023829-3
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FIG. 3. Probe (solid squares, black for online version) and conjugate (solid triangles, red for online version) (a) gains, (b) fractional
broadenings, and (c) fractional delayssy$or A = 0.7 GHz, T = 120°C, P, = 220 mW, P, = 20 uW.

conjugate fractional delays arel.08 and~0.6, while their ~ the MB equations is

fractional broadenings are 0.35 and 0.15, respectively. —4In2(—imax?
E](;+) = E,(,JB) (fdc+ fpulsee FWHM? )s (9)
) where FWHM is the pulse full width at half maximum,ay is
B. Theoretical results the time when the pulse reaches peak value fand fouse =

In the model, the probe entering the cell has a Gaussiah and represents dc and pulse components. To improve the
profile with 80-ns pulse width and the pump has a constanstability of numerical simulation, we first solve a stationary
intensity. The pump and probe detunings, and the gas densigystem where we set= 0 in Eq. @) and obtain dependencies
correspond to their values in the experiment. However, th®f z for all unknown variables. These solutions are initial
model uses parameters whose values are not known in th@nditions forr = 0 in the time propagation of MB equations.
measurements, such as relaxation coefficients. In the calciariable parameters in the numerical simulations are the pump
lations the pump is a plane wave, and although the angland the probe intensities, atom densityA, §, propagation
between the pump and the probe is the same as in thdistancernay, and relaxation coefficients. As a result, we have
experiment, there is a different overlap of two beams in theobtained dependencies of the probe and the conjugate beam
model than in the experiment. Hence, to find the pump angbulses orr andz. We have found, like in the experiment, that
the probe electric field amplitudes adequate to those in thpulse shapes may be Gaussian-like or deformed by a strong
experiment is not straightforward. We obtain better agreemerdsymmetric broadening or presence of multiple peaks.
with measurements if electric field amplitudes in the model Similar to the experiment, FWM parameters giving
are a little lower than those implied by the measurements. Th€aussian-like outgoing pulses in the calculations are limited to
presented results are with Doppler averaging of density matria rather small range. Both measurements and the model show
elements, assuming three velocity groups for atoms, resulthore deviations from Gaussian profiles when atom densities
ing in three Doppler shifte\; = —0.25 GHz, A, = 0 GHz,  are higher or when the gains are lower. In Fgve present

A3z = +0.25 GHz. calculated waveforms of the probe and the conjugate pulses at
Propagation of EM fields through FWM alkali vapors, when zmax = 4 cm.
all fields are continuous waves, was discussedih. When If outgoing pulses have Gaussian waveforms, we can extract

probe field is in the form of a pulse, the initial condition for gains and delays of probe and conjugate pulses by fitting the
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FIG. 4. Calculated waveforms of probe (thick black line) and conjugate (thin black line) for 80-ns incoming probe pulse (green line).
(a) 8 = —4 MHz, (b) § = —8 MHz, (c) § = —12 MHz. Values of other parameters were kept const@pt= 1.38 GHz,Q2, = 189 MHz,
y = 0.5x10" Hz, ygeph = 1.5x 10" Hz, A = 0.7 MHz, N, = 3x102cm=3 (T = 120°C), # = 3 mrad.
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FIG. 5. Calculated probe (solid squares, black for online version) and conjugate (solid triangles, red for online version) (a) gains (note
that probe gain is multiplied by 10), (b) fractional broadenings, and (c) fractional delay®80-ns input Gaussian pulses in K vapor at
3x10%2 cm~3 (T = 120°C), @, = 1.38 GHz,Q2, = 189 MHz, A = 0.7 GHz.

time dependence of both fields to Gaussian profiles. The fit Relaxation coefficients are fitting parameters in the model.
gives three values; ", 1; nax... aNdFWHM; o, i = p,c,  Fory = 0.5x10” and ygepn= 1.5x10’, we get good agree-
for gains, delays, and broadening, respectively. Gains of theent with the experiment.
probe and the conjugate beams are defined as

1. Effect of Doppler averaging with different numbers

E(out 2 of atom velocity groups
G, = % , (10a) Including the Doppler effect into the model has, for most of
ELo the FWM parameters, a strong effect on probe and conjugate
E(Hout 2 waveforms ir_l and be_hind the vapor. Since E_)oppler a\_/eraging
L= = (10b)  of the density matrix elements can considerably increase
ES computing time, it is also good to know what might be

the optimal number of atom velocity groups onto which the

In Fig. 5 we plot gains, fractional delays, and broadeningvelocity distribution is divided. In Figé we plot the results
versuss for A = 0.7 GHz andN. = 3x10'2 cm™3. Gain of  of the model without taking into account the Doppler effect,
the conjugate beam in Fi§.is larger than that of the probe, top graph (a), with Doppler averaging with three velocity
but that is not the general property. At the beginning of thegroups, middle graph (b), and with the Doppler averaging
propagation, at = 0, there is only a probe beany;, =1  using five velocity groups, lower graph (c). Results are for
andG, = 0, while atz = zmax we haveG. > G,. Therefore the following parametersA = 0.7 GHz ands = —12 MHz.
G,/G. is directly dependent o for other parameters fixed. Values of other parametersin simulations &g:= 3.08 GHz,
The values of for which gains are maximal depends on the 2, = 189 MHz, N = 3x10" cm™3, y = 5x10', ygeph=
pump intensity, a property known already from the CW regimel.5x10’. Having no Doppler averaging gives very much
[31]. Gains have maximums at the negatbyaletermined by different results than obtained in the experiment. Averaging
the detuningA and the pump Rabi frequene€y;,. with three velocity groups gives a more compact profile at

In the study of slowing light, we are looking for the range the end of the propagating distance. It is broadened with
of values of§ where the broadening is low and fractional delaythe small secondary peaks, features that measurements have
is as high as possible. Similar to the experimental results, thialso showed. In the presented case, a further increase of the
turns out to be the case fér~ —4 MHz. number of velocity groups does not make a big difference in
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FIG. 6. Numerical simulations of probe (thick black) and conjugate (thin red) waveforms. a) without Doppler averaging, b) with Doppler
averaging using 3 velocity groups, and c) using 5 velocity groups. Results are for 80 ns probe inbound pulk&Hz, ands = 4 MHz.
Other parameters for simulatior®; = 2.31 GHz,Q,, = 189 Mhz, N, = 3x10? cm™3, y = 5x10" HZ, ygeph = 1.5x10" Hz.
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Time (ns) Time tres vapor cell of 4 cm, example of pulse broadening. (a)—(d) Pulse wave-
forms at different percentages of cell length, 0%, 20%, 60%, 100%, re-
FIG. 7. Dynamics of 80-ns probe pulse propagation through Kspectively.Q, = 1.72 GHz,N. = 1x1022 cm=3 (T = 110°C), A =
vapor cell of 4 cm, example of pulse destruction and revival. (a)—(f)0.7 GHz, ands = 0 MHz. y andygepn are the same as in Fig.
Pulse waveforms at 0, 8, 16, 24, 52, and 100% of the total cell length,

respectively. Small perturbations at the top of the probe pulse are . . . L
followed in several figures representing pulse waveform at a latePropagation distance, they dominate over the initial pulse. An

time (distance). Parameters for the simulatiohs= 0.7 GHz,s =  €xample is given in Fig7 for the following parametersa =
—2 MHz, @, = 3.08 GHz, 2, = 189 MHz, N, = 3x10'2 cm™3, 0.7 GHz,$ = -2 MHz, Q; = 3.08 GHz,Q, = 189 MHz,
y = 0.5x10" HZ, ygepn = 1.5x 107 Hz. N. =3x10" cm3, y = 0.5x10", ygeph= 1.5x10". It is

clear from the location of the marker that the pulse entering

the cell disappears at aboutz0.6x zmax (2.5 cm from the
the obtained pulse’s waveforms. This is not always the casentrance). The choice of parameters for results in Fig.
For higher pump Rabifrequencies and higher gas temperaturegive a broadened and slightly distorted outbound pulse, and
calculations with five groups of atoms give better agreementve see that the secondary pulses, in the high-gain regime, are
with the experiment compared to the ones with three velocityesponsible for the slowed light pulse and broadening.
groups. Also, for larges, when stronger multiple peaks are  In Fig. 8 we give an example of pulse propagation when
observed in the pulse profile, averaging with five velocitythe initial pulse is preserved, i.e., the same pulse travels from
groups is a better option. However, one has to be careful witthe entrance to the exit of the medium. It is only slowed and
the choice of velocity values. broadened, and as seen from the graphs in&ithe marker
is slipping behind the pulse peak as it slowed more than the
probe pulse. Observed pulse broadening is the result of the
pulse front traveling faster that the back of the pulse.
) The different behavior of pulses in Figg.and 8 is at

Whether the outbound pulse waveform is broadenegjifferent gas density and pump power. This type of simulation

Gaussian-like or distorted with multiple pulses depends on thehows that for some parameters, there will be only the primary
pulse behavior from the time it enters the vapor to the timqjl_nse' while for OtherS, Secondary pu'ses may appeatr, in the
when it exits from the vapor. We have studied probe pulse&apor and at the exit. The additional pulses may be small,
propagation, while the pulses are at different distances froar dominate, or can completely replace the initial pulse,
the (cell) vapor entrance, for two sets of FWM parametersdepending on the length of the vapor cell. For ranges of
Both sets of parameters give Gaussian-like outbound pulseg\wyM parameters both theory and measurement give complex
but as we will see below, these pulses exit the vapor aftefyaveforms of outbound pulses, which theory describes as the
different behaviors while in the vapor. To ease Compal‘ison Ofesun of a generation of new pu|Ses_ The Secondary pu]se is
different and sometimes complex behavioral studies of pulsegore delayed and less broadened than the primary, and thus

in the K vapor, we numerically followed propagation of the offers new possibilities for slow light applications.
marker, placed on the top of the probe input pulse, in respect

to propagation of the pulse itself. This wavelet is so small that
it does not generate an additional effect on the behavior of the
pulse, its delay, or broadening. By following the location of  Gains, frictional delays, and broadening of probe and
the marker versus the pulse peak, we show that the Gaussiannjugate pulses after 80-ns probe pulses traverses the
pulse at the output may not be directly connected to the inpud-cm K vapor cell have been measured and calculated when
pulse by a time evolution. Instead, another pulses, behind theWM is generated by the double-scheme. Of the broad
initial, start to appear, and with enough gain at the end of theange of FWM parameters good for parametric gains in the

2. Probe pulse behavior in the hot potassium
vapor—Two case studies

V. CONCLUSION
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medium, only the small subrange is good for slowing Gaussiathe propagation of the probe pulse itself, we have shown that,
pulses. Both the experiment and the model have shown that atepending on the FWM parameters, the outbound Gaussian-
outbound pulse is a nondistorted Gaussian only when everjke pulse is the result of quite different pulse propagation
FWM parameter is in a specific, small subrange: 0.7 GHzdynamics in the vapor. In some cases the initial pulse will
< A < 1.3 GHz,~16 MHz< § < 4 MHz, 3x10* cm=®  disappear and new one can be formed, and for a sufficient gain
< N. < 9.96x10% cm~3. Both model and experiment have or length of the vapor, a newly generated pulse will dominate
shown that maximum fractional delays are at the maximum othe waveform of the outbound pulse.

pulse broadening, and typically at two-photon detuning when
gains of the probe and conjugate have the highest values. The
maximal fractional delays are 1 in the experimentand 1.4 in
the model.

We have shown that without Doppler averaging the model The authors acknowledge financial help from Grants No.
fails to reproduce correct pulse profiles. For more complexl145016 and No. 01131038 of the Ministry of Education,
waveforms, Doppler averaging over a larger number of atongcience, and Technological Development of Serbia, MP COST
velocity groups, a minimum of 5, might be needed. Following4103 NQO and 1Z73Z0 152511, Joint Research Projects
the time (and distance) propagation of the small wavelet, place(SCOPES). We are thankful to M. Minifor thoughtful
at the top of the probe pulse at the cell entrance, in respect iscussions and help with the electronics.
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We investigate both theoretically and experimentally four-wave mixing (FWM) in hot potassium vapor,
generated by a copropagating pump and probe in an off-resonant double-A system, and present conditions
when thisatomic systemis (1) astrong phase-insensitive parametric amplifier and (2) asource of large-amplitude
squeezing. Theoretically, nonperturbative numerical calculations of optical Bloch-Maxwell equations have been
solved for a four-level atomic system of K in order to derive the atomic polarization and then amplitudes of
propagating optical waves, pump, probe, and conjugate. For potassium, to our knowledge, there are no such
comparisons of theoretical and experimental results of gains of twin beams under the large range of FWM
parameters as presented here. Results have shown that one-photon detuning has to be dightly larger than the
Doppler broadened transition for large gains and strong squeezing. The gain is particularly large for small red
two-photon detuning (—2-6MHz) and high K density (5.5-10 x 10*2 cm~2). Following experimentally and
theoretically determined relation between gains, probe transmissions, and squeezing in Rb and Cs, we have found
parameters of FWM when maximum squeezing in hot K vapor is expected.

DOI: 10.1103/PhysRevA.97.063851

I. INTRODUCTION

Four-wave mixing (FWM) is a nonlinear phenomenon
that in alkali-metal vapors can efficiently generate entangled
photon pairs, essential for probing quantum properties of light
and for quantum information [1-3]. It also enablesslowing and
storing of light in atomic ensembles [4-9], essential elements
for quantum memories.

Different schemes have been used to generate paired pho-
tons, such as on-resonant spontaneous FWM [2], the diamond
[10], and double ladder scheme FWM [11]. An atomic system
that is often used for generation of twin beams s off-resonant
FWM in a double-A scheme, realized by two input fields,
pump and probe, in a three (four) -level atomic system.
The lower A is made of pump and probe photons, while
the pump photon and conjugate photon close the upper A
(see Fig. 1). This atomic scheme is similar to schemes for
electromagnetically induced transparency (EIT) and becomes
nonlinear FWM under certain conditions: whether the system
will behavelike EIT or aparametric amplifier dependson laser
detunings, atomic density, and pump power [12,13]. While
resonant absorption processesfor EIT conditionslead tolosses,
FWM gainsof both probeand conjugate, typically observed for
high pump beam, allow for much larger propagation distances
[4,14,15].
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A nondegenerate, off-resonant double- A schemewasfound
to be a good source for relative amplitude squeezing [16-19]
and for simultaneously generated intensity correlations and
phase anticorrelations or entanglement of probe and conjugate
[20,21]. Large entanglement is an important resource for
guantum information [22]. A correlation between the amount
of squeezing and entanglement and the gain of the twin beam
is established [20].

Theoretically, FWM was studied in degenerate and coun-
terpropagating laser beams [23], as well as in hondegenerate
and copropagating beams. In the latter, nonlinear parametric
processes in FWM were studied in a double-A configuration
with either resonant (larger contribution from CPT and EIT
phenomena) [24] or off-resonant pump frequency [15], in hot
gasvaporsor incold atoms[25]. Therearedifferent approaches
to model complex processes in FWM. They depend on the
intended applications of the system, which can be parametric
gain, quantum-correlations of twin beams, squeezing and
entanglement, slow and stored light, i.e.,, whether classical
or quantum properties are of interest. For work presented
here, the most relevant are models that analyze the continuous
wave regime and calculate gains of twin beams. Quantum
mechanical theory of multiwave mixing was applied for
calculating Rabi sidebands generated by FWM [26]. In most
models, the treatment is based on analytical solutions, after
perturbation theory and a number of approximations being
applied [15]. In the seminal paper [24], pump and probe are
resonant with atomic transitionswith conditionsfor EIT, while

©2018 American Physical Society
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b1 line

FIG. 1. Double A scheme at D; line of an alkali-metal atom.
hfs = hiperfine splitting, A = one-photon detuning, § = two-photon
detuning. Levels: |1) and |2) = hyperfine levels of 4S,,,, F = 1 and
S1/2, F = 2 respectively, |3) = 4Py, |4) = virtual level, degenerate
with |3), introduced by the model. Hfs of the level |3) isnegligiblein
comparison with ground state hfs.

cross susceptibilities are enhanced by coherence in the ground
hyperfine levels. Heisenberg-L angevin formalism was used to
calculate the classica and quantum properties of probe and
conjugate beams beyond the linear amplifier approximation
[25,27]. A phenomenological approach when the medium
is quantum mechanically described by a simple model of
distributed FWM gain and probe loss was used in Ref. [16].

FWM in akali metals has been extensively studded, partic-
ularly in Rb and Cs[4,14,16,19,25,28,31], but little work was
done on potassium [32—37]. Potassium has hyperfine splitting
(hfs) of the ground state of only 460 MHz, by far smaller
then for any other alkali metal. For FWM based on two pump
photons, small hfs meansthat detuning of the upper A scheme
isnot far from detuning of the lower A scheme. This suggests
that large gains and squeezing and other FWM properties are
possible at lower laser power.

With this study, we extend our previous work on FWM
in K [33] with results of the theoretical model and new
experimental results. The model is a semiclassical treatment
of FWM processes, and atomic polarization, calculated from
optical Bloch equations (written for the system presented
schematically inFig. 1), isappliedin the propagation equations
to obtain amplitudes of three optical fields at the exit from the
K vapor. We compare calculated and measured gains for a
wide range of parameters, which isimportant for efficiency of
FWM. Thisincludesthe anglebetweenthe pump and theprobe,
atomic density, detuning of the pump from the D; transition,
A, and two-photon detuning in respect to hfs of the ground
State, §.

Performance of FWM for high-level squeezing, quantum
information protocols, and quantum cloning machines [3]
strongly depends on FWM parameters. vapor density, A
and 8. The former controls probe absorption, while two
detunings control nonlinearity and gain. Measurements and
models [16,18] have shown that for stronger squeezing and
low noise figures, moderate gains of probe and conjugate are
at a maximum, while probe absorption is minimal. We made
intensive cal culations of gains and probe transmissions for the
large range of K density and one- and two-photon detuning,

and present parameters of FWM that we believe will generate
the strongest quantum correlations and squeezing in K vapor.
In the theoretical analyses for FWM parameters for strong
squeezing we have included results that take into account the
Doppler average of density matrix elements. These values
are compared with values used in a resent experiment [38]
to measure squeezing in K vapor. Since for the alkali-metal
atoms with higher hyperfine splitting of the ground state,
higher powers are required for efficient degree of sgueezing
[19,29], we believe that potassium, having the smallest hfs
of the ground state, could be more convenient, compared to
others, for high-level amplitude squeezing.

II. THEORETICAL MODEL

In the model, the three electric field modes, pump (drive),
probe, and conjugate, with frequencies w,, w,, and w., re-
spectively, interact with four levels of the 3$K atom. The
double-A scheme with modes coupling atomic levels of the
D, transition is given in Fig. 1. Level [3) is 4Py, while
levels |1) and |2) are hyperfine levels of 45y, F =1 and
F = 2, respectively. The lower A scheme consists of the
pump photon that couples the level |1) to the level |3) with
the one-photon detuning A3 = A. The other “leg” of the
first A scheme is the probe photon that stimulates the Stokes
scattering from level |3) to the level |2), with two-photon
detuning A3z = é. The pump is sufficiently strong to drive
the off-resonant transition |2) — |4) in the upper A scheme.
By the way of stimulating anti-Stokes scattering the conjugate
photon closes the upper scheme. The total detuning for the
level |4) iSA(1324) = (Za)d — a)p) — ((1)4 — a)l),wherew4 — w1
isangular frequency of thetransition |1) — |4). Weintroduce
level |4), whichisdegenerateto the level |3), and like level |3)
is weakly coupled to both level |1) and level |2) because of a
large detuning.

Atoms are simultaneously illuminated by the pump, probe,
and conjugate and experience a total electric field approxi-
mated by the sum of three monochromatic fields:

E = Z e,'Ei(+)€7iwt+ikir+C.C. (1)

i=d,p,c

Here EM) is the slowly varying approximation of the fields
envelope, at positive frequencies. The Hamiltonian for the
atomic system is given by

4
A=Ho+Hn=)Y holi ><il—d-Er.0), (2
i=1
where Hy is the unperturbed Hamiltonian of the system and
Hiry isinteraction Hamiltonian, hw; isthe energy of atom level
i, and d is atomic dipole moment.

Atomic dynamicsisdescribed by the set of Bloch equations
for density matrix elements p:

5:_%_[ﬁ,ﬁ]+s75+1%, @)

where SE denotes the spontaneous emission from the excited
states, and R istherelaxation due to atom transit time-induced
losses and collisional dephasing. Thefull set of Eq. (3) isgiven
in the Appendix. Because of the fast oscillating laser field, as
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FIG. 2. Experimental setup. M = mirror, PBS = polarization beam splitter, PD = photodetector.

in Eq. (1), substituting H from Eq. (2) into Eq. (3) produces
fast oscillating termsin p;;. After substitution,

Pij > 4)

where w(;;) are different angular frequencies. w1z = wpg =
Wd, W23 = Wp, @(14) = W, O(12) = D(13) — W(23), @(34) =
w14 — W13), W) = —oyi), andk( ;) arewavevectorsof sums
(differences) of wave vectors: k(13) = K2a) = Ka, K23) = K,
Kaa) = ke, Kaz) = Kag) — Kes), kg = Kag) — Kag), ke =
—k¢jiy with k. = 2k; — k, — Ak. Terms that oscillate with
the sum of frequencies are neglected in the rotating wave
approximation. Left in Eq. (3) are time-independent terms and
a few spatialy dependent terms with oscillating coefficients
eiAkz.

Propagation along the z direction and temporal evolution
of pump, probe, and conjugate are described by the set of
nonlinear equations for the slowly varying envelopes of the
threefields:

ﬁij — e—iw(;j)z+ik(,»j)r

ad 10 kN
(_ + —_>E¢(J+) = z—d(,o(42) + 0(31))5 (59)

dz ¢ Ot

9 19 kN

A T VEW =
(3Z+Cat) (9 = i dja, (56)
9 19 kN

— + = — |EW =i = dpua. 5¢,
(8z+c81) ¢ T g, tPuen (5¢)

Here N isthe atom density.

Since we are also interested in probe absorption, we cal-
culate the above eguations by setting the intensity of pump
beam to be zero. The probe transmission is then the quotient
of the intensities of the outgoing and incoming probe beam.
In a hot vapor the Doppler effect is present. The shift of the
observed angular frequency is dependent on the z component
of the velocity, v,, for which the Maxwell distribution is given

by

Flv)) = 5 ©)

The observed angular frequency iswg = 1+§ wy, Wherew; is

angular frequency of the source and 8 = v/c. The frequency
shift alters one photon detuning and detuning of the conjugate
pulse, while two-photon detuning stays the same since the
pump and probe are aimost copropagating. Hence, density
matrices depend on v,. We perform Doppler averaging with
the most basic approximation. We calculate the signals, gains
of twin beams, and probetransmission for different v, and then
average them over the Maxwell distribution.

The gains of the probe (conjugate) are calculated from
the ratio of amplitudes of probe (conjugate) at the exit from
the K vapor to the probe amplitude at the entrance to the
vapor. The model assumes that the pump and the probe
fully overlap. The gas cell used in the experiment is 5 cm
long, therefore for a typical angle between the probe and
the pump ~3 mrad, beams are overlapped only in the part
of the cell. Our theoretical results are for a 1 cm long
interaction region. Parameters used in the calculations are as
in the experiment, like atom density, one- and two-photon
detuning, and angle between pump and probe. Rabi frequen-
cies of the pump and probe are calculated from the laser
intensity / using Q= 2dE° .E = Egcos(wt) = E{De " +
E{) e ESD = ﬂnl_/Zj Here n = 376.73 Q [39] is
the vacuum |mpedance and d is the reduced dipole matrix
element, which for potassium isd = 1.74 x 102 Cm [40].
For total relaxation rates, y (see the Appendix), we used the
valuey ~ 10° Hz

I11. EXPERIMENT

We have measured gains of the probe and the conjugate
using the setup described in Ref. [33]; see Fig. 2. Laser beam
from the high-power, narrow line laser (Coherent, MBR 110)
issplitintwo by a90:10 beam splitter. A stronger beamisused
as the pump beam, and the weaker fraction is the probe beam.
The probeis sent through two AOMS, onein adouble pass, for
the probe frequency detuning in respect to the pump frequency,
and for scanning of thisdetuning around thehfsof theK ground
state. Thus, we vary two-photon detuning § by changing the
probe frequency and vary one-photon detuning A by tuning
the pump frequency. Diameters of the pump and the probe
beamsare 1.1 mm, and 0.75 mm, respectively. Two beams are
orthogonally polarized and recombined on the polarizing beam
cube before entering the K cell. Thisisthevacuum K cell with
natural abundance of isotopes, 5 cm long, 25 mm in diameter.
The cell was heated by hot air up to 150°C. Pump and probe
beams enter the cell at the small angle 6. We can adjust this
angle by changing the probe direction with the entrance mirror,
placed before the combining cube. With the pump beam behind
the cell blocked, two beams emerge: probe and the frequency
up-shifted beam (conjugate). Both beams are detected with the
pair of photodetectors. We get the gains of the probe and the
conjugate from the ratios of measured powers of the probe and
conjugate beamsbehind the cell to the probe beam input power.
Radius and shape of beams behind the cell are monitored with
a CCD beam profiler.
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FIG. 3. Calculated gain of the conjugate beam as a function of the angle 6 for two pump powers. () 2, = 3.25GHz, (b) 2, = 1.95GHz,
for N =1x 102cm=3,8 = —~9.5MHz, A = 1GHz, and @, = 22.5MHz.

IV. RESULTS AND DISCUSSION

In this section we present results of gains of twin beams as
afunction of FWM parameters: the angle between the pump
and the probe, gas density, one- and two-photon detuning, and
the probe power. But, as we will show, dependence on one of
the parameters depends on values of the other parameters.

A. Measured and calculated gains of probe and conjugate
1. Dependence of gains on the angle between pump and probe

Probe and conjugate gains as a function of the angle 6
between the pump and the probe are results of FWM phase
matching. As we see from results in Figs. 3 and 4, the phase
matching conditionissatisfied at different angles, depending
on values of other parameters. Behavior of FWM gains versus
6 isinfluenced by theindex of refraction at the probefrequency,
which is influenced by values of laser powers, densities, and
detunings. In Figs. 3 and 4 we present calculated conjugate
beam gains as a function of 6. We decided not to show results
for the probe because the model gives very similar behavior of
gains of the probe and the conjugate.

Results in Fig. 3 are obtained for different pump Rabi
frequencies, while results in Fig. 4 are for different density
of the K vapor. Results show that FWM gains have different
behavior at high and low pump Rabi frequencies 2, (Fig. 3)

and at high and low K densities (Fig. 4). In both figures, one-
and two-photon detunings, and probe Rabi frequency 2, are
A =1GHz,8 = —9.5MHz, and Q, = 22.5MHz. Aswe can
see, at high @, and higher density, FWM gainsarein anarrow
range of angles 6 and the gain maximum is away from zero
values of §. On the other hand, at lower power and density,
FWM phase matching is found at smaller angles. Here gain
increases asé isdecreasing. Occurrence of FWM gains at near
zero angle means negligible changes of index of refraction
at the probe frequency and/or its continuous change along the
vapor dueto strong pump absorption and therefore variation of
pump power along the propagation direction. Thepossibility of
thelatter was not supported by the cal culated pump absorption.
On the other hand, our model shows correlation between how
gain depends on angle, and the amount of the phase changes
of the probe and conjugate. When the gain versus angle is a
narrow peak as in Fig. 3(a), then Ak, varies for more then
27 over the propagated distance. When gain monotonically
changes as the angle increases from zero, Ak, changesonly a
little, less then /4.

Experimental results for the gains of twin beams as a
function of the angle ¢ for K densities of 5.5 x 102 cm—2
(cell temperature 130°C) and 1.75 x 10% cm~3(150°C) are
givenin Fig. 5. The smallest value of the angle between pump
and probe we needed to separate the probe and conjugate

il]

0o n ]
1 AR -
083, T { ."'ﬁ"- IrI
| 1 | W |
[l B ml"._ 2 | I.I|I 1 I |
[ 5 ."I \ 50 |
el L Fot B L | = |
| | | 'E_ 4 i |I T I | |
2 gais 1 ::,"' 3] .-" | L |
! | Fi | 15560 |I
LEALE i 24 1 |
\ | \ 10000 1A
030 \ s \ [
) f000 | 5
| I‘"‘*-—-— S ™ M | "'x
e ———————— T T L ——————— - —
EI F 4 6 & 10 12 W 18 O 4 B B 10 12 W 1 B = 1z L] b
BE{mrad) Eimrad) {mrad)

FIG. 4. Calculated gain of the conjugate beam as afunction of the angle#, for three val ues of the potassium density. (&) N = 1 x 10 cm3,
(b) N =1x10%cm=3,and () N = 1 x 10" ecm—3for @, = 1.95GHz, , = 22.5MHz, § = —9.5MHz, and A = 1GHz.
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FIG. 5. Experimental results of gains of probe (open symbols)
and conjugate (filled symbols) for two K density, 5.5 x 10?2 cm~3
(squares) and 1.7 x 108 cm~3 (triangles). A = 1GHz (for lower
density) and 1.35 GHz (for higher density). § = —3.7MHz, P, =
370mW, and P, = 25 uW.

behind the cell was6 = 1.5 mrad. The twin beam gains at the
highest vapor density that we had in the experiment are lower
and were measured only at high A = 1.35GHz. Experimental
results of gains versus angle, as shown in Fig. 5, are typical
for copropagating pump and probe with a similar diameter in
arather long gas cell, because beams do not fully overlap in
parts of the cell.
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2. Dependence of gains on two-photon detuning

Calculated and measured gains of the probe and the con-
jugate versus two-photon detuning §, for several values of
one-photon detuning, are presented in Fig. 6. Dependence is
given for two A, 1 GHz and 1.35 GHz, and for & = 5.5 mrad.
Typical widthsof calculated gainsare between 1.5 and 3MHz,
and of measured gains are 6-13MHz.

Maximum of gains are, at §,,, shifted from two-photon
resonance (§ ~ 0). Thisshiftismainly dueto differential Stark
shift, 8s, because of different detunings of hyperfine levels
from the off-resonant pump. As shown in Fig. 6, §,, is larger
for smaller A. Not shown, but when A is 670 MHz, §,, =
—12MHz. The maximum of the gain curve may not coincide
with the FWM resonance because of Raman absorption at
the resonance. We experimentally investigate how §,, varies
with certain parameters by keeping A fixed. For A = 1GHz,
6 = 3mrad, and change of K density from 1.5 x 102 cm—3to
1.7 x 10 cm3, §,, stayed the same, —3.7 MHz for the probe
and —1.7 MHz for the conjugate. On the other hand, changing
6 from 55 to 2.6 mrad, for the K density of N =5.5 x
102 cm~3, moves §,, from —4MHz to —2.5MHz. Thisdlight
shift to smaller two-photon detuning when the angleisdecreas-
ing is the same behavior of §,, asfound for Rb in Ref. [15].

It appearsfrom Fig. 6 that typical curvesrepresenting gains
versus 8, both calculated and measured, are not symmetric
around the maximum. The asymmetric shape of lines might
be because of inhomogeneous differential ac Stark shift, since
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FIG. 6. Gains vs two-photon detuning. (@), (b) Calculations of the conjugate gain. The pump and probe Rabi frequencies are 1.94 GHz
and 22.6 MHz, respectively. (c), (d) Experimental results of gains for the probe (solid circles, blue for online version) and the conjugate (solid
squares, red for online version). Pump and probe powers are 370mW and 25" W, respectively. (@), () A = 1GHz, (b), (d) A = 1.35GHz.

Density N = 5.5 x 10%2cm~3, 9 = 5.5 mrad.
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FIG. 7. Gains vs one-photon detuning. (a), (b) calculations of the conjugate gain. (c), (d) experimental results of gains of probe (solid
circles, blue for online version) and conjugate (solid squares, red for online version). (a), (c) § = —4MHz, (b), (d) § = —8 MHz. Pump and
probe Rabi frequencies, as well as pump and probe powers, K vapor densities, and angle ¢ are the same asin Fig. 6

atomsindifferent areas of Gaussi an beamsexperiencedifferent
laser fields, and thus have different ac shift.

3. Dependence of gains on one-photon detuning

Potassium has larger Doppler broadening than other alkali
metals, ~850 MHz. Width of Doppler line broadening in hot
alkali metal vapors determines the range of A for large FWM
gains. It is between 0.5 and 1 GHz for large gains and best
sgueezing for Rb and Cs[17,18,30,31].

We have calculated and measured gains versus A, with §
and 0 as parameters. Presented results are for K vapor density
of N = 5.5 x 102 cm~2 (130°C) (see Fig. 7). Parameters in
the calculations are the same as for results in Fig. 6. Results

(Al

i P T T LT M LI Py T TN T LT
5 100 150 IO 251 3 350
Probe power (u\W)

Gain

in Figs. 7(a) and 7(c) are for § = —4MHz, while those in
Figs. 7(b) and 7(d) are for § = —8 MHz. Gains versus A
are broad, asymmetric curves whose width is 200 MHz for
calculated and 400 MHz for measured results.

One-photon detuning for the maximum gain, A,,, is close
to 1GHz. We found that A,, doesn't change when 6 changes
if we keep § the same. On the other hand, for the same angle
0 (Fig. 7), A,, will have a different value when § is changed:
it isat 0.9 GHz for é§ a -8 MHz and can go as far as 1.2
GHz for § ~ 0 MHz. Because of different detuning, gain of
the conjugate is larger then the gain of probe. Large detuning
of the probe, beyond the Doppler broadening, minimizes the
effect of EIT on the probe absorption.
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FIG. 8. (a) Calculation of conjugate gain vs probe power. (b) Measurements of probe (solid circles, blue for online version) and conjugate
(solid squares, red for online version) gain vs probe power, for A = 960MHz, § = —3.7 MHz, and cell temperature 130°C.
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FIG. 9. Calculations of probe transmission (solid squares, black for online version) and gains for probe (solid triangles, blue for online
version) and conjugate (solid circles, red for online version): (a) without Doppler averaging; (b) with Doppler averaging.

4. Gain dependence on probe power

Efficiency of FWM in alkali metals depends on the probe
power, aspresented in Fig. 8, for both cal cul ated and measured
valuesof gains. Evidently thelower the probe power, thehigher
the gain of both beams. The FWM gain in K vapor can thus
be very large. In the experiment, we could not decrease probe
below 5 uW because of limited sensitivity of photo diodes.
Even without the probe beam at the entrance, with the probe
initially in the vacuum state, a strong pump can generate side
modes or twin photons [26].

B. Parametersof K vapor for optimum squeezing:
Theoretical diagnostics

The numerical model explained above and derived in the
Appendix allows us to search for the set of FWM parameters
which should provide strong degrees of squeezing in K vapor.
It was found, both experimentally and theoretically, in Rb and
Cs[16,18,19] that in order to increase the squeezing and noise
figure, it is necessary to reduce probe absorption and have
modest and similar gains of both probe and conjugate. When
plotted as a function of detuning, squeezing is at a maximum
when gainisat amaximum. But too large gain resultsin probe
noise that is large due to absorption and losses (fluorescence
and nonlinear processes), and depending on gains, one needs
FWM parameters that provide optimum probe transmission.
Typically, the strongest squeezing is for A near the edge of
Doppler broadening, when gains are at a maximum and probe
transmission at about 90% [16].

We performed thorough analyses of effects of FWM pa-
rameters on gains and probe transmission in a search for those
that produce maximum gains and large probe transmission at
the same time. Results in Fig. 9 show dependence of gains
and transmissions on A, for K density of 1 x 102 cm=3, §
—0.5MHz, and 6 2.8 mrad. Clearly there is the range of A
near 900 MHz when modest gains are at maximum and probe
transmission is high. We recommend this set of parameters
for the new measurements of squeezing in K. Results of gains
and transmissions are presented with [Fig. 9(a)] and without
Doppler averaging [Fig. 9(b)]. Apparently, corrections due

to Doppler broadening are small for gains, as found to be
the case aso for Rb [15], but are considerable for the probe
transmission. Results obtained for squeezingin potassium [38]
for A of 500 MHz and probe transmission below 50% are
below valuesfor Rb [16,29] and Cs[19]. Parameters of FMW
in Ref. [38] are outside ranges we believe, based on present
results, are optimal for squeezing.

V. CONCLUSION

A nonperturbative numerical model was applied to the
double- A atomic systemin potassium vapor, and gainsof probe
and conjugate were calculated under the conditions of FWM.
Results are in agreement with experimental results and show
high gains when A is dightly larger than the Doppler width
and § is in the range —10-0MHz. This system is a strong
parametric amplifier with gains of several hundred, larger than
observed with other alkali-metal atoms for similar pump laser
power. On the other hand, potassium is the only alkali metal
whosehfsof theground stateissmaller than the Doppler width,
i.e., both pump and probe couple simultaneously both ground
hfs levels to the excited level.

The model was also used to find parameters of FWM in K
vapor that would be optimal for relative amplitude squeezing.
In search for these parameters we included results that take
into account Doppler averaging of density matrix elements.
We have found that the density of 1 x 102 cm~3, the angle
between the pump and the probe 6 = 2.8 mrad, while§ and A
are —0.5 MHz, and ~900 M Hz, respectively, and for the pump
and the probe Rabi frequencies 1.938 GHz and 23.72 MHz,
respectively, are the set of parameters required for strong
squeezing in hot potassium vapor.
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APPENDI X

Far-detuned FWM is treated here as an atomic system with two ground and two excited levels. The pump couples two
transitions, |1 >— |3 > and |2 >— |4 >, while the probe and conjugate couple |2 >— |4 > and |4 >— |1 >, respectively.
Transitionsto |3 > are highly detuned, which justifies introducing another far detuned level |4 >, with asimilarly weak coupling
strength from the levels |1 > and |2 >.

The explicit form for the spontaneous emission in Eq. (3) is given by

['13033 + 14044 0 __r1,342rr2<3 P13 ——FMZF“ 014
B 0 ['23033 + T'2.4pa4 —Laatles 8 — el o (A1)
- _ rl.3‘£r2,3 a1 _ rl.szrz.s 032 —T'13p38 + M23p3 _ 1“1,3+1"2.3-5F1.4+F2.4 o ’
_ F1,4;F2,4 om _ F1,4J2rF2,4 pa2 _ 1"1_3+1"2A3;F1A4+1"2,4 043 —T'1.40a4 — T2.404
and therelaxation termis
~ . ) 11 R .
R ==y - dig( 5.5.00) | - vounld — oo .oz )] (A2)

Optical Bloch equations are
X 1 I *
puL=y <§ - ,011) + T'1,3033 + I'1,4044 + Z—(El(;r) dpz — E¢(1+)d,013 + ESdpy — E£+)d014), (A33)
R 1 i
p2 =y <§ - Pzz) + 23033 + T24080 + E_(E *dpsy — ESdpas + S dpag — E{Pdpaa), (A3Db)
- i * *
p33 = —px3y — 'spss + ﬁ(Et(fL)de — E{dpay + E§+)d,023 - E§,+) dpao). (A3c)
A i " X
Pa4 = —pasy — Tapas + Z—(E§+)dp14 — EMdpgy + E,(1+)d,024 - E[(]+) dpsz), (A3d)
P12 = —(¥ + Veeph + i A1z2) p12 + %—(Et(f)*dmz - eiZAkEy)d,Om + AR EM g, — E§,+)d,013), (A3e)
A F J * *
P13 = —<7/ + Ydeph + 73 + iA13> P13+ IZ—(E‘(;F) dp3z — Efg+) dpi + EM*dpgg — E§,+)*d/012)7 (A3f)
A Iy . i —i %
pra=— (y + Ve + >+ zA1324> pra+ 7 (Ey " dpss — e ES dpra + EFdpas — EFdpa). (A3g)
A FS . i % * —i * *
023 = —<7/ + Vdeph + > + 1A13> P23+ Z_(Eff) dps3 — E[(fL) dpo1 + e ZA"E((;“) dpaz — ED dp2), (A3h)
A F4 . i iz * iz * H
pP2s = — (V ~+ Ydeph + > + 1A1324> 024 + E—(Ey)*dpM - Ef;r)*dng + efeAk EI(,J’) dpas — M ED dpa1), (A3i)

X I's I's . . i . ,
p3s = —<7/ + Vaeph + -+ o +i Az — lA13) p3a + Z_( Fpra — e E dpay + ¢ EM dpoy — E*dpay).

(A3))

Here Ak isthe phase mismatch defined as Ak = 2k; — k,, — k., where k, isthe pump wave vector. T; ; isthe decay rate from

level jtolevel i, whilel’; = I'; 1 + I'; 2. y = 10° Hz is spontaneous decay from the excited state, and ygepn = 0 isthe dephasing
decay rate.
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ARTICLE INFO ABSTRACT

Keywords:
Upconversion nanoparticles

Lanthanide-doped fluoride up-converting nanoparticles (UCNPs) represent the new class of imaging contrast
agents which hold great potential for overcoming existing problems associated with traditionally used dyes,
PLGA proteins and quantum dots. In this study, a new kind of hybrid NaYF,:Yb,Er/PLGA nanoparticles for efficient
N_a‘_{F":Y_b’Er biolabeling were prepared through one-pot solvothermal synthesis route. Morphological and structural char-
2:;:::‘2 :1‘(15 acteristics of the as-designed particles were obtained using X-ray powder diffraction (XRPD), scanning and
Human gingival cell transmission electron microscopy (SEM/TEM), energy dispersive spectroscopy (EDS), Fourier transform infrared

(FTIR) and photoluminescence (PL) spectroscopy, while their cytotoxicity as well as up-conversion (UC) labeling
capability were tested in vitro toward human gingival cells (HGC) and oral squamous cell carcinoma (OSCC). The
results revealed coexistence of the cubic (Fm-3m) and hexagonal (P63/m) phase in spherical and irregularly
shaped nanoparticles, respectively. PLGA [Poly(lactic-co-glycolic acid)] ligands attached at the surface of UCNPs
particles provide their enhanced cellular uptake and enable high-quality cells imaging through a near-infrared
(NIR) laser scanning microscopy (Aex = 980 nm). Moreover, the fact that NaYF4:Yb,Er/PLGA UCNPs show low
cytotoxicity against HGC over the whole concentration range (10-50 ug/mL) while a dose dependent viability of
OSCC is obtained indicates that these might be a promising candidates for targeted cancer cell therapy.

1. Introduction

Head and neck cancers represent the sixth most common cancer
worldwide, with the highest incidence rates in Melanesia, South-Central
Asia and Central and Eastern Europe [1]. Among them, oral squamous
cell carcinoma (OSCC) is the most common malignant epithelial neo-
plasm affecting the oral cavity. The incidence of oral cavity cancer
appearance is higher in males and as the major risk factors are con-
sidered smoking, alcohol use, smokeless tobacco use and human pa-
pillomavirus (HPV). Early stages of disease are asymptomatic and very
similar to other mucosal diseases and if diagnosed at advanced stages
result with a 5-year survival rate of around 50%. Fatal outcomes are
mostly caused by local recurrence and neck lymph node metastasis [2].
Therefore, advancements in both, early diagnosis and therapy, are
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necessary and most likely will come from innovative non-invasive se-
lective optical techniques [3]. Among the various optical diagnostic
methods, fluorescence imaging is of immense importance since that
provides accurate visualization of the molecular and functional pro-
cesses in the human body [4].

Moreover, with the current progress in designing of the new hybrid
multifunctional  lanthanide-doped  up-conversion nanoparticles
(UCNPs) whose excitation/emission falls into the biological tissue
transparency window, superior optical diagnostic and targeted drug
delivery is expectable in the near future [5, 6]. Due to efficient two-
phonon excitation and the large anti-Stocks shift UCNPs are able to emit
visible or UV photons under excitation by near-infrared (NIR) light, to
achieve deeper tissue penetration, and to exhibit higher photochemical
stability in comparison with a traditionally used fluorophores [7]. The


http://www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2018.05.081
https://doi.org/10.1016/j.msec.2018.05.081
mailto:lidija.mancic@itn.sanu.ac.rs
https://doi.org/10.1016/j.msec.2018.05.081
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2018.05.081&domain=pdf

L. Mancic et al.

effectiveness of these materials is principally dependent on the crystal
structure and phonon energy of a host matrix, as well as, on the choice
and concentration of lanthanide dopants. Efficient lanthanide pairs
which can easily upconvert low energy photons into higher ones com-
prise ytterbium (Yb®%) as a sensitizer and erbium (Er®*), thulium
(Tm®**) or holmium (Ho®*) as activator. The rich energy levels and
long-lived intermediate excited states of activators provide various
energy transfer pathways for UC emissions in visible spectra. Following
initial Yb®>* excitation by 980 nm laser, energy transfer upconversion
(ETU), excited state absorption (ESA), photon avalanche (PA), co-
operative energy transfer (CET) and cross-relaxation (CR) processes
take place determining resulting fluorescence efficiency of UCNPs [8].
Among many compounds, fluoride based cubic or hexagonal crystal
lattices of NaYF, phase have been extensively studied as the most ef-
ficient hosts because of their low phonon energy (i.e., 350 cm 1), which
minimize harmful non-radiative relaxations, and high optical trans-
parence necessary for migration of NIR photons. In particular, hex-
agonal phase exhibits approximately one order of magnitude higher UC
emission in comparison to cubic counterpart since it possess a higher
degree of asymmetry, multisite occupation with lanthanide dopant ions
and shorter distance among them. Since that particle size also affects
the luminescence efficiency (higher energy transfer loss is attributed to
the higher density of the surface defects) different synthesis strategies
were developed to highlight tailored performances of specially designed
core-shell, hybrid and composite UCNPs for cell imaging and tracking,
drug delivery, photodynamic therapy and target recognition of bio-
species [9, 10]. Although showing remarkable characteristics during
both in vitro and in vivo investigations studied structures were usually
obtain through complex multi-steps procedure which involves decom-
position of organometallic compounds in oleic acid and subsequent li-
gand exchange (or oxidation, coating, intercalation, etc.). Usage of toxic
and hazardous substances during synthesis raised deep concerns re-
garding potential toxicity of synthesized UCNPs [11-13]. Recently, it
was shown that such obtained UCNPs could regain their cytotoxicity
upon interaction with cells if weakly coordinated surface groups are
used to render them biocompatible after synthesis [14]. Thus, the safe
biological application of UCNPs implies establishing of facile and reli-
able procedure which would minimize the usage of toxic solvents and
provide hydrophilic reactive surface in situ toward enhanced conjuga-
tion of proteins and drugs. One-pot polymer assisted hydrothermal
approach, originally reported by Wang et al. [15] is a simple procedure
which enables direct synthesis of water-dispersible UCNPs. To date, it
was used for in situ functionalization of UCNPs surface with a wide
range of biocompatible capping ligands, including carboxylic and
amine/imine groups of polymers, such as: polyethylenimine (PEI),
polyacrylic acid (PAA), polyvinylpyrrolidone (PVP) and polyethylene
glycol (PEG) [16-18]. Among others, we have also shown that PVP-,
PEG- and EDTA-assisted hydro/solvothermal route, performed in a
controlled manner, led to the generation of hydrophilic/biocompatible
upconverting particles with a different shape (spherical, rod, prisms,
octahedron and desert-rose) [19, 20]. Here, we reported for the first
time usages of poly(lactic-co-glycolic acid) (PLGA) during solvothermal
synthesis of NaYF,:Yb/Er nanoparticles. PLGA, approved by the United
States Food and Drug Administration and European Medicine Agency
for pharmaceutical application and human use, is one of the most
widely utilized biodegradable polymer with a minimal toxicity asso-
ciated with its use as scaffolds for tissue engineering or for delivery of
macromolecular therapeutics [21-23]. For example, PLGA nano-
particles have been proposed as a delivery medium of an amphiphilic
Gd®* complex developed for the need of high sensitive magnetic re-
sonance imaging (MRI) and imaging guided drug delivery applications
[24]. Similarly, it was shown that pH-responsive PLGA(UCNPs/doxor-
ubicin hydrochloride) nanocapsules obtained through self-assembly
strategy could act as T1l-weighted contrast agents MRI, cell imaging
label and effective chemotherapy drug delivery system [25]. Due to fact
that PLGA comprises both, hydrophilic and hydrophobic moiety, it was
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usually used in combination with PEG in the form of amphiphilic block-
copolymer for posterior UCNPs coating via flash nanoprecipitation.
PEG-PLGA layer formed in such way provides excellent UCNPs colloidal
stability in deionized water, buffers and serum media, but in the case of
a thicker layer formation decrease of the upconversion luminescence
was observed [26]. Recently, fabrication of a multifunctional nano-
vector for simultaneous gene delivery and real-time intracellular
tracking based on UCNPs modified by positively charged amphiphilic
polymer and PEG-PLGA copolymer was reported [27]. In accordance to
the literature, PLGA solely was used, up to date, only for coating of the
bare UCNPs through intercalation process, but obtained biocompatible
particles sized around 250 nm exhibited negligible cellular uptake and
mild cytotoxicity (cellular viability of about 80%) when applied at
concentration of 62.5 pg/mL to the human keratinocyte and fibroblast
cells [28].

In this study, a new kind of hybrid NaYF4:Yb,Er/PLGA nano-
particles for efficient cell labeling was prepared through one-pot sol-
vothermal synthesis using non-toxic reagents. Hence, PLGA functional
groups attached in situ to the UCNPs surface ensure excellent bio-
compatibility =~ without compromising upconverting  process.
Furthermore, NaYF4:Yb,Er/PLGA UCNPs demonstrated dose-dependent
cytotoxicity against oral squamous cell carcinoma (OSCC) without da-
maging healthy non-cancerous human gingival cells (HGC), so could be
considered as promising and reasonably safe candidate for theranostic.

2. Materials and methods
2.1. Synthesis and characterization of NaYF,:Yb,Er/PLGA UCNPs

All of the chemicals used for PLGA mediated solvothermal synthesis
of NaY gYbg 17Erg o3F4 were purchased from Sigma-Aldrich. Deionized
water was used throughout. Defined stoichiometric amounts of rare
earth nitrates (5 mmol in total) were dissolved in 15 ml of deionized
water and then mixed with 5 ml of NaF solution (1.75-fold excess) and
0.1 g of PLGA (lactide:glycolide, 75:25; Mr. 66,000-107,000) dissolved
in 40 ml of acetone. Obtained mixture was stirred for 15 min, trans-
ferred to 100 ml Teflon lined autoclave and sealed. Since that PLGA is
thermally stable until 250 °C under atmospheric pressure [29] synthesis
was carried out at twice lower temperature of 120 °C with a continual
stirring (100 rpm) for 24 h. After cooling, the as-prepared NaYF,:Yb,Er/
PLGA UCNPs were washed with acetone by centrifuging (8000 rpm,
10 min) and dried at 80 °C for 3 h.

The NaYF,:Yb,Er/PLGA UCNPs were characterized by the X-ray
powder diffraction (XRPD) using Bruker D8 Discovery equipped with a
Cu-Ka source (A = 1.5406 A). The pattern was recorded with a step
scan of 0.02° and accounting time of 5s per step. Powders micro-
structural data were acquired through combined La Bail and Rietveld
refinement in Topas 4.2 software. For cubic a- and hexagonal B-NaYF,
phase refinements were carried out in Fm-3m (No. 225) and P63/m (No.
176) space groups, respectively. The morphological features of the as-
prepared particles were investigated by means of both, scanning and
transmission electron microscopy (JEOL JSM-6701F SEM and JEOL
JEM 2010 TEM operating at 200 kV at phase contrast and selected area
electron diffraction (SAED) modes) coupled with energy dispersive
spectroscopy (EDS). For the aforementioned analyses the particles were
suspended in isopropyl alcohol and dropped directly on the stub (for
SEM) or on lacey carbon film supported on a Cu grid after 20 min so-
nication (for TEM). The SemAfore 5.21 JEOL software was used to
construct particle size distribution diagrams, while Fourier processing
of high resolution TEM images was performed with Digital Micrograph
3.7.4 Gatan Inc. software. Detection of the PLGA ligands on the parti-
cles surface was done by Fourier transform infrared spectroscopy (FTIR)
using Thermo Scientific Nicolet 6700 spectrophotometer (Thermo
Fisher Scientific) with a Smart iTR Diamond Attenuated Total
Reflectance accessory. Spectra were recorded using typically 128 scans
at the resolution of 4 cm ™', Dynamic light scattering measurements of
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the UCNPs hydrodynamic radius (Ry) were performed on a Malvern
Zetasizer Nano ZS in the de-ionized water and medium used for testing
of the cell viability and imaging. For that purpose, NaYF,:Yb,Er/PLGA
UCNPs were dispersed at the concentration of 1 mg/ml and passed
through a 0.45pm cellulose syringe filter before DLS measurements.
Photoluminescence emission measurement was performed at room
temperature using Spex Fluorolog with C31034 cooled photomultiplier
under diode laser excitation at 980 nm. From obtained spectrum the
chromaticity coordinate calculation was done.

2.2. OSCC and HGC cultures

Human tumor and healthy gingival tissues were obtained from the
patients at the Clinic of Maxillofacial Surgery of School of Dental
Medicine, University of Belgrade immediately after the surgery, with
signed informed consent approval from each patient prior to study
participation. The planning experiments were approved by the Ethical
Committee of the School of Dental Medicine (36/31), University of
Belgrade.

Tumor tissues were oral squamous cell carcinoma (OSCC) of a
tongue. Preparation of the cell cultures was performed using slightly
modified procedure of Pozzi et al. [30]. Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 20% fetal bovine serum (FBS) and
100 U/ml penicillin-streptomycin (Sigma-Aldrich, St. Louis, USA) was
used to transport the tissue sample. The tissue samples were minced
with blades into small pieces. The cells were grown in DMEM supple-
mented with 10% FBS and 100 U/ml penicillin-streptomycin seeded
onto T25 cell culture flasks. The cells were maintained at 37 °C in hu-
midified atmosphere containing 5% CO,. The medium was changed
every 2-3days and the cells were passaged prior to reaching 80%
confluence. To avoid fibroblast contamination in cultures, brief ex-
posure to TrypLE Express (Thermo Fisher Scientific, Waltham, USA)
was used. OSCC used for the present study were obtained after the third
passage.

Human gingival tissues were obtained from three different, healthy
patients, aged 19-25years, during extraction of the impacted third
molar. The gingival tissue was transported in Gibco Dulbecco's mod-
ified Eagle's F12 medium (D-MEM/F12; Thermo Fisher Scientific),
supplemented with 20% FBS and 1% antibiotic/antimycotic (ABAM;
Thermo Fisher Scientific) solution. The gingival tissue was rinsed in
phosphate-buffered saline (PBS) from Sigma-Aldrich (St. Louis, USA)
and subjected to outgrowth isolation method. Tissue was minced into
approximately 1 mm? fragments, and placed in 25-cm? culture flasks
with DMEM/F12 supplemented with 10% FBS and 1% ABAM, and in-
cubated at 37 °C in 5% CO,. The cells were allowed to reach 80%
confluence prior to passage. The culture medium was changed every
2-3 days. HGC after the second passage were used in this study.

2.3. MTT assay

For assessment of cytotoxicity, NaYF,:Yb,Er/PLGA UCNPs suspen-
sions with three different concentrations (10, 25 and 50 pg/ml) were
prepared. For each concentration, adequate mass of NaYF:Yb,Er/PLGA
UCNPs was aseptically weighted and suspended in sterile water, shaken
vigorously and sonicated for 3 min. OSCC and HGC were seeded in a 96-
well plate (10,000 cells per well) and incubated at 37 °C in humidified
5% CO, atmosphere. After 24 h hours 100 pl of the NaYF,:Yb,Er/PLGA
UCNPs were added (10, 25 or 50 pg/ml) in each plate. Incubation with
the cell cultures was stopped after 24 h by discarding of spent media,
and medium containing 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenylte-
trazolium bromide (MTT, 0.5 mg/ml) (Sigma-Aldrich, St. Louis, USA)
was added to each well and than incubated for additional 4 h, as pre-
vious described by Castiglioni et al. [31]. The supernatant was dis-
carded and formazan crystals were dissolved in 100 pul dimethyl sulf-
oxide (DMSO) (Sigma-Aldrich, St. Louis, USA) by shaking in duration of
20 min at 37 °C. Optical density was measured at 540 nm using ELISA
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Fig. 1. XRPD pattern of NaYF,:Yb,Er/PLGA UCNPs (black), refined structure
(red) and difference curve (gray); Standard patterns of cubic (PDF 01-077-
2042) and hexagonal (PDF 01-016-0334) NaYF, phase are given as bottom bar
line diagram. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

microplate reader (Enzyme-linked immunosorbent assay) RT-2100c,
Rayto, China). Three wells without NaYF4:Yb,Er/PLGA UCNPs were
used as a control group.

2.4. Statistical analysis

According to the cytotoxicity test procedure, the experiments were
performed in triplicate and repeated three times in the independent
experiments. Cells viability, expressed by the ratio of absorbance of the
cells incubated with UCNPs to that of the cells incubated with culture
medium only, were given in diagram as the mean * standard devia-
tion (SD).

2.5. Cells imaging by laser scanning microscopy

For the visualization of NaYF,Yb,Er/PLGA UCNPs uptake, the
lowest concentration of NaYF,:Yb,Er/PLGA UCNPs suspension (10 pg/
ml) was filtered through 0.45um syringe filter to separate large ag-
glomerates and to avoid saturation during visualization. Filtered solu-
tion was used further for incubation with cells and preparation of
samples for laser scanning microscopy. Sterilized 22 mm X 22 mm glass
coverslips were placed in 6-well plates, and 10,000 of OSCC and HGC
were seeded per coverslip and incubated at 37 °C in humidified atmo-
sphere containing 5% CO,. The next day cells were exposed to
NaYF4:Yb,Er/PLGA UCNPs solution and incubated for another 24 h.
Coverslips with adherent cells were gently rinsed with PBS twice and
fixated with 4% paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis,
USA) for 20 min. Residuals of PFA were washed by PBS (3 X 3 min),
coverslips were dried, 10 pul of Mowiol (Sigma-Aldrich, St. Louis, USA)
was placed on fixated cells, and coverslips were placed on microscopic
slides with cells positioned in between. Samples were stored in a dark
until they were observed under confocal microscopy.

The homemade nonlinear laser scanning microscope used in this
study was described in detail elsewhere [32]. Ti:Sapphire laser (Co-
herent, Mira 900-F) was used as a laser light source. It operates in two
regimes. The first regime generates femto-second (FS) pulses at 730 nm
convenient for unlabeled cell imaging since that enables two photon
excitation of auto-fluorescence in cells. Note that two photon excitation
here is considered as excitation of the molecule with no intermediate
levels between ground and excited state and it is not related to
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Fig. 2. SEM (a) and TEM (b-d) images of NaYF,:Yb,Er/PLGA UCNPs. Corresponding particle size distribution histograms are given as insets in a and b; SAED inset in
c represents d values of the interplanar spacing of hexagonally crystallized elongated nanoparticles, while FFT (inset in d) confirms cubic crystal cell arrangements in

a spherical ones.

upconversion process. The second regime comprises generation of
continuous wave (CW) radiation at 980 nm and was used for the ex-
citation of NaYF,:Yb,Er/PLGA UCNPs in cells. Due to the long UCNPs
lifetime, the scanning rate was reduced during imaging in order to
extend pixel dwell time. Hence the pixel dwell time was several times
longer than fluorescence lifetime. Each fixed cell culture was imaged
using Carl Zeiss, EC Plan-NEOFLUAR, 40 x 1.3 oil immersion objective
for laser focusing and collection of the fluorescence. A visible inter-
ference filter (415 nm-685 nm) positioned in front of detector is used to
remove scattered laser light. Thus, the whole visible range has been
detected either for auto-fluorescence from cells or up-conversion from
NaYF4:Yb,Er/PLGA UCNPs in cells.
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3. Results and discussion
3.1. Structural and morphological properties of NaYF,:Yb,Er/PLGA UCNPs

To confirm the composition and the crystallinity of the synthesized
NaYF,:Yb,Er/PLGA UCNPs XRPD analysis was performed. Pattern pre-
sented in Fig. 1. reflects that obtained sample is a mixture of well
crystallized cubic (Fm-3m) and hexagonal (P63/m) phase since all of the
reflections, i.e. their positions and intensities, are in a good agreement
with the reported 01-077-2042 and 01-016-0334 ICDD data, presented
as bottom bar line diagram in the same figure. In general, NaYF, ma-
terial has three different polymorphs: low temperature cubic, hexagonal
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Fig. 3. FTIR of pure PLGA and NaYF,:Yb,Er/PLGA UCNPs.

and high-temperature cubic — whose structure lacks detailed char-
acterization [33]. In a low- temperature cubic phase (Fm-3m) there is
only one site coordinated by eight fluoride anions over which Na* and
RE3" ions are randomly distributed in the cationic sub-lattice, whereas
in the hexagonal (P63/m) there are two types of low-symmetry sites at
which dopants could be arranged. As it is indicated recently, high-
temperature cubic phase could be described with the same space group
as a low-temperature one, but with the well-ordered distribution of
sodium and RE cations [34]. The unit cell parameters of low-tempera-
ture cubic phase and hexagonal one crystallized in the NaYF,:Yb,Er/
PLGA sample were determined from XRPD data to be (Z\):
a = 5.4764(1); and a = 5.9785(3), ¢ = 3.5088(4); respectively. Since
cubic phase prevails in the sample (~85 wt%), refinement of this phase
was performed starting from the ICSD 6025 card data. Decreased oc-
cupation of the cation site by Na* and Y** of 0.98(1) and 0.76(1)
corresponds well with a nominal compound stoichiometry, while Rpagg
value of 1.79 reflects good compliance with the structural model used
during refinement. The average crystallite size of 33(1) nm was cal-
culated using volume weighted mean column height broadening
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Fig. 5. MTT assay comparing viability of OSCC and HGC incubated with
NaYF4:Yb,Er/PLGA UCNPs for 24 h.

modeled by a Voigt function while Gaussian microstrain distribution
was determined to be 0.113(4).

The morphological characteristic of the NaYF,:Yb,Er/PLGA UCNPs
were evaluated based on SEM and TEM analysis, Fig. 2. As presented in
Fig. 2a, sample is composed of uniform and well defined spherical
particles with average size around 100nm. Backscattered electron
images and EDS chemical analysis (not presented) implied composi-
tional homogeneity and high particles purity. As it is notable from SEM,
particles are stick together due to the PLGA presence. TEM analysis
revealed existence of smaller nanoparticles with elongated shape and
length up to 60 nm, Fig. 2b. The high resolution TEM image presented
at Fig. 2¢, exposes their good crystallinity, clear lattice fringes and the
interplanar spacing of 2.98 A which might be associated with a (110)
plane of hexagonal phase. Furthermore, diffraction pattern via SAED
mode presented as inset at the same figure pointed out that all of de-
termined d values are consistent with the interplanar spacings of the
hexagonal NaYF, phase (PDF 01-016-0334) confirming results derived
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Fig. 4. Up-converted spectrum of NaYF,:Yb,Er/PLGA UCNPs excited at 980 nm and corresponding CIE diagram (given as inset).
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Fig. 6. Images of OSCC following 24 h incubation with 10 pg/ml of NaYF,:Yb,Er/PLGA: bright field (top-left) and cells auto-fluorescence upon femto-second ex-
citation at 730 nm (top-right), pseudo color image of the NaYF,:Yb,Er/PLGA UCNPs upon CW excitation at 980 nm (bottom-left) and their positioning in cells,
revealed through co-localization of the cell auto-fluorescence and the UCNPs emission (bottom-right). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

from XRPD. Cubic NaYF, phase was detected in somewhat smaller
nanoparticles with a spherical shape, as it is shown in Fig. 2d. Confined
growth of NaYF, nanocrystals was presumably caused by the interac-
tion between the lanthanide ions and the carboxyl end groups of PLGA,
which presence is verified further by FTIR analysis.

Colloidal size, polydispersity index (PDI) and stability of the
NaYF,:Yb,Er/PLGA UCNPs solutions were estimated from dynamic
light scattering measurements, Fig. S1. While a monomodal size dis-
tribution was obtained in water (due instant agglomeration of the na-
noparticles sized below 20 nm), the bimodal one was preserved in a
medium over time (24h). As a result, slightly higher average hydro-
dynamic diameter (Rya,) of the NaYF,:Yb/Er/PLGA UCNPs was de-
tected in water (177 nm, PDI 0.32) than in medium (127 nm, PDI 0.31).
Minimal changes distinguished after 1 h, confirms good stability of both
colloids (195nm, PDI 0.32; and 127 nm, PDI 0.31; in water and
medium, respectively). With prolongation of time, after 24 h, magni-
tude of the NaYF,:Yb,Er/PLGA UCNPs Ry,, in water increased to
488 nm (PDI 0.3), while stayed unchanged in medium which is further
used for cells bioimaging (122 nm, PDI 0.34).

Infrared absorption spectra of pure PLGA and NaYF,:Yb,Er/PLGA
UCNPs were recorded and presented at Fig. 3. Pure PLGA exhibited
characteristic absorption bands which are classified in accordance to
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the literature [35] as follows: CH; and CH, asymmetric stretching at
2850 and 2920 cm ! respectively; C=O stretching around 1750 cm ™ ?,
CH; and CH, symmetric angular deformation in the 1500-1250 cm ™ *
region and C—O ester stretching in the 1300-1150 cm ™! region. FTIR
analysis of NaYF,:Yb,Er/PLGA UCNPs revealed a decreased PLGA ab-
sorption due to side-chain vibrations as well as low-frequency shifting
of its most intense band associated to the C=O0 stretching, which might
be due to the carboxylic acid salts formation, O=C—ONa, as it was
suggested in the literature [36]. This evident that applied synthesis
method preserves the highly reactive carboxylic acid groups on UCNPs
surface which is very important for their conjugation with biomolecules
containing —NH, group, like antibodies, streptavidin and DNA, creating
in that way carriers with high binding potential for targeted imaging
and therapy [13].

3.2. Optical properties of NaYF .:Yb,Er/PLGA UCNPs

The upconversion spectrum of NaYF,:Yb,Er/PLGA UCNPs is pre-
sented in Fig. 4. Following excitation with 980 nm into the °Fs , state of
Yb3*and subsequent energy transfer from Yb** to Er** ions (and vice
versa), three distinct Er>" emission bands centered at 520, 539 and
653 nm are clearly observed in the visible part of spectrum. The double
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Fig. 7. Images of HGC following 24 h incubation with 10 pg/ml of NaYF4:Yb,Er/PLGA: bright field (top-left) and cells auto-fluorescence upon femto-second excitation
at 730 nm (top-right), pseudo color image of the NaYF,:Yb,Er/PLGA UCNPs upon CW excitation at 980 nm (bottom-left) and their positioning in cells, revealed
through co-localization of the cell auto-fluorescence and the UCNPs emission (bottom-right). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

green emissions between 512 and 533 nm and between 533 and 560 nm
are attributed to the Hiq,, — *I;5/5 and *S;,, — *I15,» transitions re-
spectively, while a red emission observed between 630 and 690 nm is
due to the *Fg/, — *I15,, transition. Green band emission at 539 nm,
characterized by several narrow lines associated with a splitting of the
S, energy level by the matrix electric field, reflects the homogeneous
distribution of Er®* in the NaYF, phase [20]. On the other hand, the red
emission appears due to a direct population of *“Fs, level from *I;5/5
level (following the non-radiative decay from *111,2 level which is in-
tensified in nanocrystals) and a non-radiative relaxation from “F,,,
through the °Hy, ,2 and 4S5 /o levels. As a result, the integrated green to
red emission ratios of 0.62 and CIE of (0.37, 0.61) determines the final
color output of NaYF4:Yb,Er/PLGA UCNPs, Fig. 4. Photostability of the
NaYF,:Yb,Er/PLGA UCNPs emission was also traced during 1 h, Fig. S2.
As one could see, exceptionally stable UC luminescence signal was re-
corded.

3.3. Cytotoxicity of NaYF4:Yb,Er/PLGA UCNPs

The viability of HSCC and HGC after 24 h exposure to NaYF,:Yb,Er/
PLGA UCNPs at concentrations of 10, 25 and 50 pg/ml, expressed in
terms of percentages compared to the surviving cells in the control
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group is presented at Fig. 5. As it is notable from Fig. 5, the viability of
HGC was highly preserved after 24 h exposure, being above 88% for all
examined concentrations of NaYF,:Yb,Er/PLGA UCNPs. At the same
time, the tolerance of OSCC was found variable with the increase of
NaYF,:Yb,Er/PLGA UCNPs concentration. Only in the case of the lowest
concentration viability of OSCC implied non-significant cytotoxicity of
89%, while higher NaYF,:Yb,Er/PLGA concentrations exerted in them
certain level of cytotoxicity, i.e. cell viability of only 60% was detected.
This is quite surprising since cancer cells are usually highly resistant to
therapeutics. Obtained data regarding preserved viability of HGC cor-
roborated well by recent conclusions about cytotoxicity of bare and
PLGA coated NaYF4:Yb:Er UCNPs tested on human skin cells [28].
Guller et al. [28] used the solvent evaporation technique for posterior
formation of PLGA shell over the NaYF,:Yb/Er nanoparticles that have
been synthesized through decomposition of rare earth trifluoroacetates
in oleic acid/octadecene mixture. Although the authors reported much
lower internalization capacity, higher sensitivity of keratinocytes than
of fibroblasts has been achieved, emphasizing the importance of
studying normal cells. As it will be shown latter, maintaining of the
high HGC viability in this study is not a consequence of the lower in-
ternalization of NaYF,:Yb,Er/PLGA UCNPs in them, so evaluated dif-
ferences in OSCC viability indicates that synthesized UCNPs could be
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useful in therapeutic treatments of cancer cells.
3.4. In vitro laser scanning microscopy imaging of OSCC and HGC

For the evaluation of the NaYF,:Yb,Er/PLGA UCNPs capability to be
internalized in OSCC and HGC, the lowest NaYF4:Yb,Er/PLGA UCNPs
concentration of 10 ug/mL has been used. For this concentration, no
significant cytotoxicity has been observed in both OSCC and HGC
(Section 3.3) and therefore, it could be considered as the most pro-
mising concentration for diagnostic purpose.

Visualization of the OSCC and HGC labeled with the NaYF,:Yb,Er/
PLGA UCNPs was done using of a safe 980 nm laser intensity of 6 and
7.5 mW, respectively. The size of the imaged region was approximately
200 x 200 um?. Images of the OSCC are shown in Fig. 6. The top row,
left panel shows bright field image of the sample. A pseudo color image
of the cells auto-fluorescence upon femto-second excitation at 730 nm is
shown in top-right panel. Bottom row - left panel shows the pseudo
color image of the NaYF,:Yb,Er/PLGA UCNPs upon CW excitation at
980 nm. Overlapping of the latter two images clearly implicates that
observed fluorescence spots are related to the non-specific uptake of
UCPNs through cell membrane and their positioning in a cytoplasmic
area around cells nuclei. Size of the fluorescence spots indicates UCNPs
aggregation in cells.

The consistent finding of the UCNPs internalization in the HGC has
been drawn from Fig. 7, which presents HGCs labeled in the same way
as OSCC. The fact that UCNPs are mainly localized in the vicinity of the
cells nuclei, without visible entering in, designates that UCNPs didn't
provoke gene disruption. In order to show comparable level of the
NaYF,:Yb,Er/PLGA UCNPs internalization in OSCC and HGC, quanti-
fication of the UCNPs signal from the Figs. 6 and 7, as well as additional
one which show labeling of a single OSCC were done, and results ob-
tained are presented in Supplement File (Figs. S3 and S4). Significant
cellular internalization of NaYF,:Yb,Er/PLGA UCNPs coupled with the
preserved cells viability indicates that these could be useful theranostics
for oral cavity cancers.

As it is pointed out before, the amount of literature showing cells
viability and labeling with UCNPs is respectable and summarized in
many reviews, but great majority is focused on cancer cells testing. At
the same time, data about mucosal cytotoxicity and drug deliver ca-
pacity of UCNPs tested on primary cultures and normal cells are limited
and inconsistent in achieved results due to the considerable disparity of
the UCNPs characteristics and type of protective organic shell used
[37-39]. Thus, it is not easy to compare these with data presented in
this study but it is worth to note that realistic UCNP-assisted imaging
depth nowadays is estimated to be up to 1 cm [28], which corresponds
well with the depth of skin and mucosa, so successful OSCC and HGC
labeling with NaYF,:Yb,Er/PLGA UCNPs holds promise for these to be
used as theranostic agents in the future.

4. Conclusion

In conclusion, we have demonstrated the successful fabrication of
the new NaYF,:Yb,Er/PLGA UCNPs that could be used as probes for
NIR-excited fluorescence (in vitro) imaging of human mucosal cells.
Comprehensive morphological and structural analyses implied crystal-
lization of a low-temperature cubic phase in spherical nanoparticles
(~100nm), as well as, hexagonal one in elongated nanocrystals
(~60nm). As a consequence of the upconversion, green emission (be-
tween 512 and 533 nm and between 533 and 560 nm) and red emission
(between 630 and 690 nm) are both prominent in spectra, yielding a
final light green output (CIE 0.37, 0.61). PLGA functional groups pre-
sent at NaYF4:Yb,Er UCNPs surface make them accessible for further
conjugation with biologically important molecules, while in the present
form enable non-specific cellular uptake without compromising cells
viability. Moreover, evidences about lower cytotoxicity under sig-
nificant internalization of NaYF,:Yb,Er/PLGA UCNPs in the vicinity of
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the cell nucleus without gene disrupting, represent an important step
toward application of UCNP-based particles for diagnosis or the treat-
ment of cancer cells.
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Abstract

We introduce and demonstrate an experimental method, optically-detected spin-echo (ODSE), to
measure ground-state relaxation times of a rubidium (Rb) atomic vapor held in a glass cell with buffer-
gas. The work is motivated by our studies on high-performance Rb atomic clocks, where both
population and coherence relaxation times (T and T, respectively) of the ‘clock transition’ (5%S, /2
|F, = 1, mp = 0) < |F, = 2, mp = 0))arerelevant. Our ODSE method is inspired by classical
nuclear magnetic resonance spin-echo method, combined with optical detection. In contrast to other
existing methods, like continuous-wave double-resonance (CW-DR) and Ramsey-DR, principles of
the ODSE method allow suppression of decoherence arising from the inhomogeneity of the static
magnetic field across the vapor cell, thus enabling measurements of intrinsic relaxation rates, as
properties of the cell alone. Our experimental result for the coherence relaxation time, specific for the
clock transition, measured with the ODSE method is in good agreement with the theoretical
prediction, and the ODSE results are validated by comparison to those obtained with Franzen, CW-
DR and Ramsey-DR methods. The method is of interest for a wide variety of quantum optics
experiments with optical signal readout.

1. Introduction

Alkali atomic vapors are widely used in many types of high-resolution atomic physics experiments like nuclear
magnetic resonance (NMR) [1] and precision measurements in applications such as optical magnetometry [2],
vapor cell atomic frequency standards [3, 4], quantum entanglement and information storage [5], miniature
atomic clocks [6], navigation systems [7—9], spin squeezing [ 10]. All these applications rely on long-lived
ground-state spin-polarization of the alkali vapor in the cell [ 11]. Particularly in the vapor-cell atomic clocks, the
clock stability critically depends on width and contrast of the atomic resonance line. The resonance linewidth is
determined by various parameters, and ultimately, by the relaxation processes occurring in the cell. Like in
NMR, alkali atoms in the vapor cell may lose their polarization due to various types of collisions, interactions
with electro-magnetic fields, and also due to inhomogeneity of the static magnetic field.

Studies of relaxation processes in various spin-polarized systems have a long-standing history of more than
70 years. In the case of atomic relaxations in alkali vapors, Franzen presented the ‘relaxation in the dark’ method
[12]1in 1959 and measured the population relaxation time of optically-pumped Rb atoms in the vapor cell.
Franzen’s method has been modified and used by other groups to determine both population and coherence
relaxation times in Rb or Cs wall-coated vapor cells [ 13—16]. Moreover, methods of nonlinear magneto-optical
rotation [11, 17], ground-state Hanle effect [ 18, 19] and optically detected magnetic resonance [19, 20] were
employed to measure the hyperfine and the Zeeman relaxation times in wall-coated or in buffer-gas alkali vapor
cells. Various modified NMR spin-echo techniques [21] have been studied both theoretically and experimentally
for solid-state systems to extend the coherence time [22, 23]. Similar techniques like dynamical decoupling
approach [24, 25] and gradient echo memory [26] applied in quantum memory studies aim for example to

©2017 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. Atomic level scheme of *’Rb. The optical pumping with the laser at 780 nm creates a population imbalance between two
ground states F, = 1 and F, = 2 via excited-state 5°P; . Due to Doppler and collisional broadening, the hyperfine levels of the
excited-state are not resolved by the laser light. The clock transition (5%, 2|F = 1, mp = 0) < |F, = 2, mp = 0))isaddressed by
choosing appropriate microwave frequency. 7, and , are the population and coherence relaxations rates for the clock transition,
respectively.

minimize the detrimental effect of inhomogeneous broadening on the coherence storage time of the quantum
bit (qubit) or to use the artificially created broadening for storage of broad-band optical pulses without
deterioration of the storage time [27-29].

In this paper, we present our ‘optically-detected spin-echo’ (ODSE) method to measure the relaxation times
in a Rb vapor cell with buffer-gas. This method is a combination of Franzen [12], Ramsey-DR [16] and NMR
spin-echo [21] techniques. We apply the ODSE method to our high-performance *Rb atomic frequency-
standard setup presented in [30, 31] and show how to determine the intrinsic coherence relaxation time (T)
specifically for the ‘clock transition’ (5°S, 2 |F = 1, mp = 0) < |F, = 2, mp = 0), seefigure 1). Here we use
the term ‘intrinsic’ to describe the relaxations that do not include any influence of any electro-magnetic field but
are influenced only by the various types of collisions that depend on the cell design and the temperature [19] (see
section 2). Gradients in the static magnetic field across the vapor cell are some of the main sources of the
relaxation processes. Such induced relaxation processes may mask the real intrinsic relaxation times during
measurements, thus hindering their precise determination. The ODSE method enables measurements that are
free of the influence of the static magnetic field gradients.

In section 2 we briefly recall the theory of relaxation processes in a buffer-gas vapor cell [3], and use it to
estimate the ‘intrinsic’ population and coherence relaxation times (T} and T, respectively) of the clock transition
in our ¥Rb vapor cell. In section 3, we introduce the experimental setup which is basically a Rb atomic clock
[30, 31]. Finally in section 4, we present the results of relaxation times measured in the same *’Rb vapor cell by
using ODSE, Franzen, continuous-wave double-resonance (CW-DR), and Ramsey-DR methods. The
advantages and limitations of these methods are discussed.

2. Theory of relaxation processes in a buffer-gas vapor cell

Ultra-narrow signal linewidths employed in atomic precision experiments and instrumentations, such as atomic
clocks, are ultimately limited by the relaxation processes in the atomic sample. For example in a Rb atomic clock,
the frequency of a quartz oscillator is stabilized to the frequency of the *’Rb hyperfine clock transition [32]
observed in a Rb vapor cell. Rb atoms are optically pumped with a laser to create a population imbalance and
microwave interrogation creates a coherence between the two ground states F;= 1and F;= 2 of *'Rb atoms.
Due to the relaxation processes, this population imbalance and coherence may be destroyed and the prepared Rb
atoms lose their polarization. The dynamics of this process is characterized by the relaxation times on the atomic
levels. The two parameters of longitudinal relaxation rate , and transverse relaxation rate -,—which are inverse
of the relaxation times T and T5, respectively—describe the population and coherence relaxations for the clock
transition, respectively (see figure 1).

We use the well-known relaxation theory [3] and the experimentally-determined parameters presented in
[3] to estimate approximately +, and -, for our 87Rb vapor cell. Collisions of polarized *Rb atoms with the cell
walls, with buffer-gas particles and with other Rb atoms—the latter is known as spin-exchange—are the sources
of relaxation processes occurring in a vapor cell. The total intrinsic population and coherence relaxation rates, ~;
(here and in the following index i stands for 1 and 2 for the population and coherence, respectively), are equal to

2
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Table 1. Calculated intrinsic relaxation rates/times in Rb vapor cell, at

T = 336 K.

SO G
Buffer gas collisions () 12 79
Diffusion to cell walls (7;,) 26 25
Spin-exchange (v;) 185 116
Total rates 223 220
Calculated relaxation times (ms) T, = 4.5(3) T, =4.5(3)

the sum of the three relaxation processes induced by the cell walls +,,,,, the buffer-gas ;. and spin-
exchange 7.

The presence of a buffer gas in the cell reduces the rate of depolarizing collisions between Rb atoms and the
cell walls. Therefore, relaxation rates -, due to collisions of Rb atoms with the cell-walls, depend on the cell
dimensions, cell temperature T and the total buffer-gas pressure, P, in the cell. In lowest order diffusion
approximation, it is described by [3]:

Yiw = ((2.405/a)* + (m/L)*) Di(Py / P), (Y]

wherea = 1.25 cmand L = 2.5 cm are the radius and length of our cylindrical *Rb vapor cell, respectively. D;
is the diffusion constant of Rb atoms in the buffer-gas particles of interest which is proportional to T>/%, Py is the
standard atmospheric pressure (1013.25 mbar) and Pis about 33 mbar in our vapor cell.

Rb atoms also collide with the buffer-gas molecules in the vapor cell, which changes the electron density at
the Rb nucleus and results in a change of hyperfine coupling in the Rb atoms [33]. The resulting buffer-gas
relaxation rate 5 ; is described as:

visg = LoVr0;(P/Py), (2)

where Ly = 2.686 7774 (47) x 10> m ™ at 0 °Cis Loschmidt’s constant, 7 is the mean relative velocity
between a *’Rb atom and a buffer-gas particle, and o; are the collisional cross-sections between colliding particles
responsible for population and coherence relaxations. The temperature dependence of the above equation
appears in the average relative velocity 7 = (8kg T /71)'/2 where kg is the Boltzmann constant and y is the
reduced mass of the colliding particles (here Rb and buffer-gas atoms).

Note that in the case of anti-relaxation wall-coated cells the relaxation processes as described by
equations (1) and (2) do not apply and the relaxation rates are instead governed by the properties and the quality
(such as purity and coverage) of the coating [34—36]. Such wall-coated cells are however not considered in this
study.

Collisions between Rb atoms in the vapor cell result in de-coherence due to spin exchange. The resulting
population 7y, and coherence ,¢; broadening are described by:

YISE = NV;OSE, 3
Yase = Yse (61 + 1) /(81 + 4), 4)

respectively, where 7 is the number density of the Rb vapor, 7 is the average relative velocity between two *’Rb
atomsand og; = 1.6 x 10~ '® m*is the spin-exchange cross section. I is the nuclear spin and for *Rb is equal to
3/2.

The total expected relaxation rates in our cell are given by:

Yi = YisG + Yiw + Yisk- (5)

All these contributions to the intrinsic population and coherence relaxation rates are listed in table 1. They
were calculated from equations (1)—(4) for the clock transition in our *Rb vapor cell using experimentally
measured parameters for D; and o; taken from [3]. Finally, both intrinsic relaxation times for the clock transition
are calculatedtobe T}, =~ T, = 4.5 ms. We note that the reported literature values for D; and o; show
considerable scatter, which results in a total uncertainty of 7% for both intrinsic T; and T, [12, 37-39].

In addition to the various presented types of collisions of the polarized Rb atoms in the vapor cell, their
interactions with other electromagnetic fields may also be interpreted as sources of relaxations. The
electromagnetic fields present in our atomic clock are the optical and the microwave fields that are used to
prepare, drive and detect the resonance [30, 32] and the static magnetic field applied to lift the Zeeman
degeneracy. The latter may have some residual inhomogeneity across the vapor cell. In a microscopic view, Rb
atoms can move in the vapor cell and—due to the field inhomogeneity—they may experience various static
magnetic fields. This effect introduces additional dephasing [40] which results in a decrease of the measured
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Figure 2. Schematic of the experimental setup. The static magnetic field B isoriented parallel to the cell’s symmetry axis and the laser
propagation vector (Z direction). The cylindrical vapor cell has both diameter and length of 25 mm. (AOM—acousto-optical-
modulator.)

coherence relaxation time depending on the method (see section 4). In NMR, the overall coherence relaxation
time T,* due to the field inhomogeneity is given by [41]:

Tz*71 — ’1371 + 77G2’ (6)

where, T, is the intrinsic coherence relaxation time, G is the local gradient of the static magnetic field and n isa
proportionality factor depending on atomic and experimental parameters.

In this study, we determine the coherence time T,* by using CW-DR and Ramsey-DR schemes (sections 4.2
and 4.3, respectively), while with ODSE method the intrinsic coherence relaxation time T, is obtained
(section 4.4).

The system studied here is an alkali vapor cell with relatively high buffer-gas pressure, where the Rb atoms
are effectively localized to a few micrometers over the measurement timescales. Due to this localization, the
sample shows inhomogeneous shifts and broadenings because of the inhomogeneity of external fields [42]. This
is fundamentally different from the case of anti-relaxation wall-coated cells without buffer gas where the atoms
move freely through the entire cell volume and experience only homogeneous shifts and broadenings as well as
narrowing [43].

3. Experimental setup

Figure 2 shows the schematics of our experimental setup, basically a Rb atomic clock, whose details were
previously presented in [30, 31]. It consists of three main parts: (1) the physics package containing the
microwave cavity and the vapor cell, (2) the compact frequency-stabilized laser head (LH), and (3) the
microwave synthesizer. The physics package contains the in-house-made cylindrical glass cell with both
diameter and length of 25 mm. The cell contains isotopically enriched *’Rb and a mixture of Argon and
Nitrogen as buffer gases. The vapor cell is placed in a compact magnetron-type microwave cavity which
resonates at the *’Rb clock transition frequency of ~6.835 GHz, with a TE, ;-like field-mode geometry [44]. A
magnetic coil placed around the cavity generates a static magnetic field oriented parallel to the cell’s symmetry
axis and the laser propagation vector (Z direction) to lift the degeneracy of Rb hyperfine ground states into
their respective Zeeman levels. The laser is a distributed-feedback laser diode emitting at 780 nm frequency
stabilized on Rb D2 sub-Doppler absorption lines using a compact (1.4 cm’) magnetically-shielded and
thermally-controlled *Rb evacuated cell. An acousto-optical-modulator (AOM) is implemented in the LH and
serves as a switch to control the duration and intensity of the laser pulses [45]. The AOM has the fall and rise
times <5 ps. The microwave synthesizer is used to generate the ~6.835 GHz radiation for *’Rb clock transition
with aresolution below 1 ;tHz, and also controls the optical and microwave pulse sequences with a timing
resolution at the level of 2 s, as used in the pulsed schemes [46]. All pulse durations and synchronization in the
pulsed schemes are referenced to the high-stability quartz oscillator of the atomic clock setup, thus assuring a
timing accuracy far below the nanosecond level over the duration of the pulse sequences employed (for typical
pulse sequences, see sections 4.1, 4.3, and 4.4).

4, Characterization methods and results

We apply four methods, Franzen, CW-DR, Ramsey-DR and ODSE to measure the relaxation times in the buffer-
gas *’Rb vapor cell. The CW-DR and Ramsey-DR schemes were previously also used for analyses from a
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Figure 3. Optical density of the vapor cell in the Franzen scheme with the pump and probe pulse duration of 1 msand 0.1 ms,
respectively. The frequency of the laser pump and probe pulses are the same but the intensity of the optical detection pulse is about 100
times weaker than the intensity of the optical pumping pulse. Solid red circles are the experimental data with corresponding error bars
and blue dashed curve is a fit based on equation (8). Error bars are dominated by technical noise and increase with increasing i,k due
to decreasing transmitted intensity, I,. Inset: timing sequence of the Franzen scheme.

metrological point of view including the short- and long-term frequency stability of our Rb atomic clock [47].
Franzen, Ramsey-DR and ODSE methods operate in pulse mode. In these three pulsed methods, first an optical
pumping laser pulse creates a population imbalance by depopulating the ¥ Rb F,= 2andfilling the F, = 1
ground state in the vapor cell (see figure 1). In the cases of Ramsey-DR and ODSE methods, optical pumping is
followed by series of 7/2 and/or 7 microwave pulses that create/modify coherence between the ground states.
Finally—in all three pulse schemes—a laser probe pulse with the same frequency as during the optical pumping
pulse is used to measure the optical density (OD) on the transition starting from F,= 2 state by usinga
photodetector. To avoid re-pumping, this probe pulse has an approximately 100 times weaker intensity than the
pump pulse. The variation of the OD as a function of time gives information about the population and/or
coherence relaxation times. OD is defined to be the ratio of the incident I, and transmitted I, laser probe pulse
intensities:

OD = — In(L; /Iy). (7

In the pulsed schemes, the laser probe pulse used for the detection does not resolve the atomic excited state
because all the optical transitions to this 5°Ps , state are overlapped within Doppler linewidth. Furthermore, the
clock transition cannot be addressed selectively by the laser alone either, because both the intrinsic transition
linewidth and the Doppler linewidth are much larger than the Zeeman splitting in the 55, ,, ground state. Hence,
in these pulsed schemes, we can only address the population relaxation time between all mglevels of the ground
stats F, = 1and F, = 2 simultaneously (and not the clock transition only) which we write T; throughout this
article. In Ramsey-DR and ODSE methods the frequency of the microwave field selects a particular hyperfine
transition, which allows measuring its coherence relaxation time referring to the two involved i states only.

In the case of the CW-DR scheme, the linewidth of the resonance signal can be used to extract the coherence
relaxation time for the clock transition. Also in the CW-DR scheme, the microwave frequency selects the specific
Zeeman sublevels of interest. In all the above methods, no Doppler broadening occurs on the microwave
transition, due to Dicke narrowing [43].

4.1. Franzen scheme

Franzen’s well-known scheme of relaxation in the dark [12] for measuring population relaxation time is an all
optical method, with absence of any microwave pulse. The timing sequence of the Franzen scheme is shown in
inset in figure 3. First, a population imbalance is created between the ground states of *”Rb atoms with the optical
pumping. Then during the dark time Tp,k, the laser beam is switched off and the hyperfine population
imbalance relaxes towards the thermal equilibrium. Finally, with a second laser pulse the sample’s OD is probed
which is a measure of the atomic population in Fy= 2. Figure 3 shows the experimentally obtained OD when
Thark is varied, with the pump and probe pulse duration of 1 ms and 0.1 ms, respectively. By increasing the dark
time, more atoms decay from F,= 1to F,= 2 which results in increasing the OD. The data for the measurement
is fitted with the equation:

OD = A — Bexp(—Tpar /T, ®)

where A, Band T;/F4%%¢" are the fitting parameters. As mentioned above, with this scheme only the population
relaxation time of all mlevels simultaneously is measured, which is determined as T;/Fr27%¢" = 3.23 (6) ms from
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and 125 pW, respectively. Inset: timing sequence of the CW-DR scheme.
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Figure 5. Extrapolation of the DR signal linewidth to zero optical and microwave powers. Solid red circles are the linewidths obtained
by extrapolation to zero laser power and the blue dashed line is the linear fit of the data.

equation (8). This result did not change significantly when the measurement was repeated with the pump and
probe pulse durations varied by £50%.

4.2. CW-DRscheme

In the case of CW-DR scheme [30], the laser optically pumps the Rb atoms in the vapor, while simultaneously a
microwave field near-resonant with the *’Rb hyperfine clock transition is applied. The transmitted light signal as
a function of microwave frequency is a measure of the atomic ground state polarization known as DR signal.
Figure 4 shows a typical DR signal which is obtained when the microwave frequency is scanned near resonance
with 0.45 W input power to the cavity and with 125 W optical power to the cell. The linewidth of the DR
signal is a measure of the coherence relaxation rate [32], but is additionally increased by optical and microwave
power broadenings. To correct for this power broadening, the intrinsic DR signal linewidth, Av /,, is
determined by extrapolating the measured linewidth to zero with respect to both the optical and microwave
powers, figure 5. By using this method, a coherence relaxation time for the clock transition, which is selectively
driven by the applied microwave, is found to be L*W-PR = (7rAvy ,)7! = 2.4 (4) ms [3]. However, this
T,*W-DR s significantly smaller than the predicted intrinsic T, from table 1. This can be attributed to
uncertainties in the extrapolations and to additional relaxation due to gradients of the static magnetic field in the
vapor cell which are well-known from NMR [40, 41].

4.3.Ramsey-DR scheme

In the Ramsey-DR scheme [48, 49], the three steps of optical pumping, microwave interrogation and optical
detection are separated in time, see inset in figure 6. First, during the optical pumping a strong laser pulse creates
a population imbalance between the two ground-state sublevels of ® Rb. The optical pumping pulse has an input
power to the vapor cell on the level of 14 mW and a duration of 0.4 ms. After this pumping pulse, in absence of
light, two coherent 7m/2 microwave pulses are applied that are separated by the Ramsey time Tx. Both microwave
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Figure 7. Optical density of the vapor cell in the Ramsey-DR scheme. Solid red circles are the experimental data and blue dashed curve
isa fit based on equation (9). Inset: plot of the third term of equation (9).

pulses have the same duration of 0.4 ms, the same amplitude corresponding to a power of —18.2 dBm injected to
the cavity and the same microwave frequency. The amplitude and duration of the /2 microwave pulses in our
Rb atomic clock were optimized according to the Rabi oscillation method presented in [50].

On the atomic level, the first 7/2 microwave pulse creates a coherent superposition of the two hyperfine m;
= O states involved in the clock transition. During the Ramsey time, atoms evolve freely at the Larmor
frequency. The second resonant microwave pulse converts the accumulated atomic phase into a population
difference between the hyperfine states. Finally, in the last sequence the optical detection takes place with the
laser. The laser frequency is the same for both optical pumping and detection steps, but the laser intensity is
about 100 times weaker during the detection. In the Ramsey-DR scheme, the optical detection pulse duration is
0.7 ms [51] which results in an overall duration of one complete interrogation cycle of the scheme equal to T'g
+1.9 ms.

Figure 6 shows typical detected Ramsey fringes obtained by varying the microwave pulse frequency around
the clock transition frequency, here for a Ramsey time of T = 3 ms. The OD of the Rb vapor is recorded for
various values of T, with the microwave detuned from the clock transition by a fixed detuning 6 (see figure 6)
[16]. Figure 7 shows the recorded OD as a function of Ramsey time when the cavity is placed in a static magnetic
field of 40 mG and the frequency of the microwave field is detuned from the resonance by 6 = 3.8 kHz. The data
is fitted with the function [16]:

OD = A — Bexp(— Ty /T’Rmsy) + C exp(—Tx / To¥Ramsey) sin Qmé Ty + @), )

where A, B, C, T;/Ramsey, Ty¥Ramsey | § and ¢ are the fitting parameters. The fit gives the relaxation times with
uncertainties T;"R™¢Y = 3,20 (1) msand T,*R*™sey = 3,95 (25) ms. Inset of figure 7 is the plot of the third term
of equation (9) which shows the Ramsey oscillations in better contrast than the OD plot in figure 7.

In this method, like in the Franzen method, the T;"R*™Y is a measurement of the population relaxation time
for all mplevels confounded and it is consistent with 7;/F27%¢" However in contrast to the T;"8™¢Y population

7



I0OP Publishing NewJ. Phys. 19 (2017) 063027 M Gharavipour et al

(a)

Optical

»

/2 T /2 time
(b) Echo Echo
t t t t
—> J L o
/2 n T time

Figure 8. Timing sequences of: (a) ODSE scheme. (b) Classical spin-echo scheme.

relaxation time, To*R3MSeY refers to the coherence relaxation time specific for the clock transition alone [16]. Itis
longer than T, from CW-DR method, but this T,*R2mseY ig still significantly shorter than the predicted coherence
relaxation time (T, = 4.5 ms) from section 2. A likely reason for this can be the presence of the inhomogeneity
of the static magnetic field inside our vapor cell that motivated us to propose our ODSE method to suppress this
effect and measure the intrinsic T, (see section 4.4). Although, we note that such static magnetic field gradients
are generally small across the vapor cell in our atomic clock, for example on the order of 4% in a similar physics
package (see [52]).

In addition to the relaxation times, the microwave detuning from the resonance—which is given by the
Ramsey oscillations—is obtained from the fit to equation (9) tobe 6 = 3.8 £ 0.003 kHz which is in excellent
agreement with the measurement conditions.

4.4. ODSE scheme

In order to suppress coherence relaxation due to static magnetic field gradients (see section 2), we propose the
new scheme of ODSE. The ODSE method is inspired by the NMR spin-echo method presented by Hahn [21]
which is used to narrow the resonance line broadening in inhomogeneous static magnetic fields.

In classical NMR spin-echo, a pickup coil is required to detect the magnetic moments’ precession of the
sample [40], which on one hand cannot easily be integrated into an atomic clock using a microwave cavity and
on the other hand can collect noise from the cell and reemit the collected microwaves through the wires outside
of the cell, thus producing additional noise. In the proposed ODSE method a photodetector is used to measure
the OD in the vapor cell which is much more robust, reliable and does not feedback noise to the atoms, thus
circumventing the problems existing in the standard method of detection using pickup coil.

In the Ramsey-DR scheme, after the first 7/2 microwave pulse, because of the inhomogeneity of the static
magnetic field, the atomic spins dephase at different rates and their coherence starts to decay which finally results
in a shorter coherence relaxation time compared to the intrinsic T,. To suppress this effect—Ilike in NMR spin-
echo—we apply a m microwave pulse added between the 7/2 microwave pulses of the Ramsey-DR method and
propose this resulting ODSE method for relaxation time measurements in an atomic vapor cell (see figure 8(a)).
In the ODSE method, all the experimental conditions of optical pumping, optical detection and 7/2 microwave
pulses are the same as for the Ramsey-DR scheme (see section 4.3). The additional 7 pulse is separated from each
of the two 7/2 pulses by a dephasing time Tsg and has the same frequency and amplitude as the /2 pulses, but
its duration is two times longer so the duration of one complete cycle of ODSE scheme becomes 2 Tsg + 2.7 ms.
The 7 pulse flips the direction of dephasing spins and reverses the spin phases (spin-flips). After some time equal
to the dephasing time, T, the dephased states are rephased at the instant of the second 7/2 microwave pulse.
Finally, the detection by the second 7/2 pulse and the laser pulse destroys the atomic coherences so no more
consecutive echoes (as observed in NMR, see figure 8(b)) can be detected. The OD of the vapor sample is
recorded by varying the rephasing (and dephasing) time T, with the same experimental conditions as in the
case of Ramsey-DR scheme, i.e. a static magnetic field of 40 mG and microwave frequency detuning of
6 = 3.8 kHz from the clock transition. Like in the Ramsey-DR method, a trade-off exists for selecting 6 in the
ODSE method: for very small ¢, big initial variations in I, and thus in OD can be observed, but only few
oscillations occur before they are damped away after about T or Tsg &~ 2 - T,. For very big ¢ on the other hand,
many oscillations can be observed over this timescale but the maximum variation of I; is small, which reduces
the signal-to-noise ratio of the OD data.

The experimental data shown in figure 9 is fitted to the function:

OD = A — Bexp(—2Tsg /T;’OP5E) + C exp(—2Tse / T,OPSE) sin (4méTae + ), (10)

where A, B, C, T,'OPSE, T,OPSE | § and ¢ are the fitting parameters. The fit gives both the relaxation times of
T,/OPSE = 3.21 (5) msand T,°PSE = 4.30(85)msand § = 3.8 & 0.005 kHz. T;’OPSE refers to the population
relaxation time for the transitions between all mplevels (like in the Franzen and Ramsey-DR methods). It shows
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Figure 9. Optical density of the vapor cell in the ODSE scheme. Solid red circles are the experimental data and blue dashed curve is a fit
based on equation (10). Inset: plot of the third term of equation (10).

avery good consistency with the obtained 7;’ from Franzen and Ramsey-DR methods. The measured T,°P5E is

in a good agreement with the predicted intrinsic coherence relaxation time T, (4.5 ms).

In our proof-of-principle experiment, the measured relaxation times in ODSE method have larger
uncertainties (3—5 times) compared to the ones from the Ramsey-DR method. We attribute this phenomena to:
(1) the ODSE signal has a lower amplitude than the Ramsey-DR signal which is due to the longer duration of one
complete interrogation cycle (2.7 ms + 2 Tsg versus 1.9 ms + Tr), and (2) the residual instabilities of the
microwave-synthesizer frequency over the entire measurement duration of about two hours may introduce
additional noise on the signal (in Ramsey-DR and ODSE methods about 250 (figure 7) and 150 (figure 9) data
points are presented, respectively).

To demonstrate the enhanced immunity of the ODSE method to inhomogeneity in the static magnetic field,
the measurements were repeated with both Ramsey-DR and ODSE methods when the static magnetic field was
doubled to 80 mG—resulting also in doubling of the static magnetic field gradient dominated by the geometry of
the field coil—while all other parameters were kept unchanged. Under these conditions, with ODSE scheme the
coherence relaxation time was measured to be T °PSE = 4.26 (80) ms which is consistent to better than 1% with
the measured coherence relaxation time when the magnetic field was 40 mG. But in the case of the Ramsey-DR
scheme at higher magnetic field, the coherence relaxation time was measured to be T,*Rams¢Y = 3,80 (25) ms
which is about 4% shorter compare to T,*?mseY = 3.95 (25) ms obtained with lower magnetic field and its
gradient. This comparison shows that the ODSE scheme is a promising method to suppress the effect of
inhomogeneity of the static magnetic field across the vapor cell, even in the case of our well-controlled clock
physics package with its highly homogeneous magnetic field.

5. Conclusion

We have introduced and demonstrated the method of ODSE to determine the population relaxation time (for all
mplevels of the F;= 1 and F, = 2 ground states simultaneously) and the intrinsic coherence relaxation time, 7>,
specifically for the clock transition in a thermal atomic vapor with buffer-gas in view of its application to atomic
clocks. This method was compared to other well established Franzen, CW-DR and Ramsey-DR methods using
the same ®”Rb vapor cell. The population relaxation time measured with the ODSE method was very consistent
with the ones from Franzen and Ramsey-DR methods. In all those pulsed methods, the obtained population
relaxation time measured for all mplevels simultaneously (and not only for the clock transition). We have shown
that the ODSE method suppresses coherence relaxation arising from gradients in the static magnetic field across
the vapor cell and thus yields the intrinsic coherence relaxation time closer to the theoretically predicted T5. In
contrast, the measured coherence relaxation times by both CW-DR and Ramsey-DR methods were shorter than
the predicted T5, due to the inhomogeneity of the magnetic field.

Our proof-of-principle demonstrations shows that ODSE is a highly useful tool for measuring intrinsic
relaxation rates in atomic vapors, independently of present magnetic field gradients. By measuring T, times with
both the ODSE and Ramsey-DR schemes, it should also be possible to obtain experimental information on the
magnetic field gradients across the atomic sample or vapor cell under study. Contrary to NMR spin-echo, our
ODSE method does not need any pickup-coil but uses a photodetector to record the light absorbed in the vapor
cell (OD), which is more robust and less noisy than detection in the radio-frequency or microwave regime.
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Moreover, the photodetector can be conveniently placed outside the atomic vapor system under study—in our
case outside the entire vapor-cell clock physics package—which makes the ODSE method an ideal candidate for
characterizing relaxation times in atomic clocks with a cavity. While not covered by this present study, it would
be of interest to study a potential extension of the ODSE technique to less localized atomic systems such as vapor
cells without buffer-gas but equipped with an anti-relaxation wall coating. Similarly, the ODSE method is of
high interest for characterizing relaxation rates in other quantum optics systems with optical readout, such as
quantum information storage or processing [5, 53], cold-atom experiments [54], and other applications of
quantum systems that rely on long-live atomic coherences.
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Scattering-enhanced absor ption and interference produce a golden wing color of the burnished
brass moth, Diachrysia chrysitis
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Here we report how interference and scattering-enhanced absorption act together to produce the golden wing
patches of the burnished brass moth. The key mechanism is scattering on rough internal surfaces of the wing
scales, accompanied by a large increase of absorption in the UV-blue spectral range. Unscattered light interferes
and efficiently reflects from the multilayer composed of the scales and the wing membranes. The resulting
spectrum is remarkably similar to the spectrum of metallic gold. Subwavelength morphology and spectral and
absorptive properties of the wings are described. Theories of subwavelength surface scattering and local intensity
enhancement are used to quantitatively explain the observed reflectance spectrum.

DOI: 10.1103/PhysReVvE.95.032405

I. INTRODUCTION Golden wing patches are prominent features of some

C{1octuid moths. The patches might be just small marks as
In Autographa jota (Linnaeus, 1758) and. bractea (Denis
Schiffermiller, 1775), or large areas, as Diachrysia

alluca Geyer, 1832. The physics behind the golden moth

Biophotonics of insects is a particularly active subjectCOIor was previously e_malyzed using the diﬁraqtion_theory of
Stratton-Silver-Chuq] in the case ofThysanoplusia orichal-

s e e 1T e (Fabrics, 177) oreviously ncluced n the ert

a comprehensive overview of the .current researtid]] &opl usia McDunnough, 1944) (Noctuidae family). However,

Surprising results are still being published, such as the photon%correspondenc_e bt_atween theory and experlm_ental_ly recorded
) A - Spectra was qualitative, probably due to approximations of the

system of a Saharan silver ant, enabling radiative dISSIpatIOH]athematical formalism

of heat, directly through the IR atmospheric windo¥. [ X

This and a number of other studies suggest that nature h Other insects with a golden cuticle do exist, such as
. : 99 ?:Qhrysi na aurigans (Rothschild & Jordan, 1894) (Coleoptera:
developed many technologies which can be used to solvgC

everyday problems, if successfully imitateaf]. arabaeidae)1p], whose broadband metallic reflection is

Optical photonic structures in the living world are diversedue to achirped Bragg mirror within the cuticle. Some species
and rﬁ)ave b%en classified by Lanf, pased gn their bioloaical have a tunable color, which depends on atmospheric humidity
. X i yLang, ; 9 [17] or stressful eventslP], enabling the insects to change the
function, including tapeta (light-path doubling or image

X . . ' color from red to golden.
forming), camouflage, display, optical filters (e.g., corneal Rothschild et al. [13] found that carotenoid pigments
nipples of insect compound eyes), and anatomical accideanI :

(features whose optical properties have no obvious biologic ay also contribute to golden metalic areas of Danainae
: P Proper 9 6butterﬂy pupae. Similar results were obtained by Taylor
function, e.g., mother-of-pearl in some mollusks).

ore speciial th bophotois of Lepdoptera craws( 14,20 Nevle 19, 1 contes, Stenurectt 4. (1]
much attention, mostly due to the attractiveness of butterflies, ~ . ) : o .
Much less is known abyout moths (suborder Heterocera) WhiC{Lepldoptera. Nymphalidae) pupae have an entirely physical

represent a aroun of Lenidontera. characterized by the win nature. They showed that reflectance spectra of the cuticle
P L group pidop ’ y g(Spossessing multiple endocuticular thin alternating layers) and
mostly having drab colors (gray or brown), and feathery or

. ; .metallic gold are very similar, with a characteristic edge at
‘:’na(\)'f[’;]esdg?ed rigtringﬁae(\r/gug“iﬁ:nhiﬁg r}ﬂegu?ﬁ?fﬁ%}b\lgrhl 50—550_ nm. The authors als_o emphasize that the carotenoids
structural coloration studies is significantly, smaller OnlyInthe e_pldermls_cannot contribute to the colore_ffects because
. . . ' tﬂe cuticle practically does not transmit yellow light at all.
attractive and conspicuous moth species were 'exploreq, sue Scattering from an irregular surface is a secondary mech-
as th_ilM%dag?sc;ﬁn Sl."ns?t mc_Bh [I'hellaclt< oftlnterefst Is,th anism of structural coloration—interference and diffraction
possibly, due 1o the Simpler wing-scale structure ot mo Sbeing dominant ones. For example, lycaenid butterflies (in

compared to really complex features present on the scales .. . . .
of dgy flying buttgrflies er.g. Bragg gratings or photonic particular, subfamily Polyommatinae) scatter light from the

internal, pepper-pot-like, Bragg layers (having holes of 100 nm

Fascinating “inventions” of evolution have been discovere
in a large number of recent studies dealing with the biophysic
of living creatures. In that respect, insects are an excelle
research subject due to their diversity and abundance.

crystals). average diameter). The wing-scale laminae are almost hollow
and permit the blue radiation to escaft&][ Pieridae can also

be mentioned due to the nanobeads (pigment granules), which
“pantelic@ipb.ac.rs fill the space between the laminad], where the scattering

2470-0045/2017/95(3)/032405(10) 032405-1 ©2017 American Physical Society
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and fluorescence extend the reflection spectrdrd2[)]. reflection of the sun’s rays may imitate the glittering of dew
Scattering in the living world is sometimes accompanied bydroplets. Even more, it seems that the wing color is optimized
light trapping, as in diatom2[l]. This seems to be a significant to efficiently reflect the yellowish light of the sun. As a
mechanism for efficient light harvesting in photosyntheticdusk species, the moth may emit a signal in the IR spectral
organisms. range from the golden patches, which might be used as a

Here we describe how several optical mechanisms interagtignal for intraspecific recognition. Anatomical accidents seem
to produce the golden wing color of the burnished brasainlikely because metallic areas Dnchrysitisforewings form
moth,Diachrysia chrysitis (Linnaeus, 1758). We have studied species-specific patterngf.
spectral properties of the golden wing patches, as well as From the optical point of view, the most prominent features
the internal and external ultrastructure of the wing scale®f the studied moth are golden-color wing patches, as seen
and wing membranes. It was found that the scattering fronin Fig. 1. The corresponding wing spectra were recorded
irregular internal surfaces of each scale suppresses the U¥A reflection using a fiber optic spectrometer (manufactured
blue reflection, while interference efficiently reflects the red-by Ocean Optics, HR2000CG-UV-NIR), with a 400n core
infrared spectral range. A theoretical model is proposed, whickliameter fiber. A halogen lamp was used as a light source, and
combines interference and scattering from the scale laminaspectra were referenced to a standard white surface. The light
The finite element method (FEM) is used to confirm thecollection angle was limited by the numerical aperture of the
trapping and local intensity enhancement of light inside thefiber (NA = 0.22, which is equivalent to an angular range of
laminae, while the modified transfer matrix method is used tak12.7), positioned such that an approximately 40-frarea
calculate the reflection spectrum. 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 ofD. chrysitis is broad, with a cutoff
wavelength at approximately 500 nm. Its exact shape slightly

The burnished brass motb ( chrysitis; shown in Fig.1) depends on the angle between light source, wing, and detector.
is a common species of the Noctuidae family (InsectaThere is a close similarity with the spectrum of metallic gold,
Lepidoptera). It inhabits temperate climates in the Palearctias shown in Fig2. The specular reflectance spectrum of gold is
region R2]. D. chrysitis is a remarkable moth with big, takentabulated from Ref2f], whereitis treated as areference
golden (sometimes brassy-green) areas on each forewing. Tstandard.
wingspan is 28-35 mm, while the length of each forewing is  Optical reflection microscopy of the. chrysitis forewing
16-18 mm P3]. The burnished brass moth is usually found in reveals an almost uniform, intense golden sheen as shown
marshy areas or in slightly moist forb communities. The larvadén Fig. 3(a) In contrast, reflection from individual scales is
feed on plants such adrtica spp.,Lamium spp., orCirsium  yellowish, with occasional red and green bands, presented
spp. R4]. The moth flies from May to October depending on in Fig. 3(b). Overlapped scales show increased reflection and
the location. It flies regularly in dusk, and was seen visitingcolor bands, as can be observed in the same image. If observed
flowers of various plants. Sometimes it can be noticed duringn transmission, an individual scale in air [see Bi)] is quite
the day, even sucking nectar. The species is widespread transparent, with a slight residual absorption. By immersing
Serbia P5].

Itis supposed that irregular golden patches in the forewings
of D. chrysitis are an example of disruptive coloring, as an 100+
excellent way of hiding oneself by breaking up the body ] Au
contours R6]. Additionally, it was also postulated that specular 1

801 permm e L

II. OPTICAL PROPERTIESAND STRUCTURE
OF D. CHRYSITISWING

[=)
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FIG. 2. Spectral reflectance of metallic gold (red curve) and
golden wing patch ofD. chrysitis forewings (black curve). Re-

FIG. 1. Burnished brass motB(chrysitis) with golden areas on flectance ofD. chrysitis is scaled to emphasize the similarity with
its forewings. the gold.
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FIG. 3. Optical microscope images bf chrysitis: (a) Scales on the forewing showing the uniformly golden reflection. (b) A microscope
reflection image of two individual, overlapped scales. (¢) 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 Cargilelts thickness is of the order of 500 nm and contains a num-
series A, with the certified refractive index 1.57600.0002)  ber of 300-nm diameter, randomly dispersed, hemispherical
Fresnelreflection was suppressed. We measured the absorptipotuberances [see inset in Figfa)).
spectrum [Fig3(d)], which is very similar to that of melanin Individual scales were prepared for scanning electron
[29], showing exponential decrease from the UV to the IRmicroscopy by the double transfer method, which was begun
part of the spectrum. We were able to estimate the valuby detaching a scale with a low-surface-energy adhesive
of the absorption coefficient (or the imaginary part of the (adhesive layer of “Post-it” sticky note), followed by the
complex index of refractiok = aA/47), and use itin further transfer to a high-surface-energy tape (conductive carbon).
calculations. We have found thatranges between 0.081 (at By that means, the original scale orientation was preserved.
380 nm) and 0.0013 (at 800 nm). Figure 5 shows one of the partially destroyed scales and
A field-emission gun scanning electron microscopeits internal and external laminae structures. We see that the
(FEGSEM) was used to study the fine anatomy of the mottexternal side of the upper lamina (the one facing outwards)
scales. TheD. chrysitis forewing possesses a number of is strongly patterned, as explained above, while its internal
overlapping scales [as in Figi(a), but we were not able surface is very irregular, with linear grooves directly beneath
to see a difference between cover and ground scales. At hightire ridges. The external side of the lower lamina (the one
magnification, as in Figl(b), we can see that the upper lamina facing the wing membrane) is smooth, while its internal surface
is ornamented with very thin lamellar ridges (separated bys completely irregular, similar to nanometer-sized “pebbles,”
approximately 18 um). They are connected with herringbone with a diameter less than 60 nm.
shaped cross ribs, which constitute a subwavelength diffraction We have observed a strong autofluorescence of scales,
grating with the period of roughly 150 nm. A dual wing which is enough for nonlinear (NL) fluorescence microscopy.
membrane seems to be an important optical component, toVe used a nonlinear microscope for laser processing and

032405-3
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FIG. 4. (a) Scales ob. 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).
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FIG. 5. FEGSEM images of a sing®. chrysitis scale at two

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 cade. of
chrysitis, in contrast to scales of other lepidopteran species,
which produced clear, well defined, lines.

To further reveal the cross-sectional geometry @f
chrysitismoth scales, we cut them as explained above. A SEM
image of a laser-cut scale is shown in F&.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 Eigvhere
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

different magnifications. (a) This image reveals the internal andelevant features at several positions, and were able to find that
external structure of a single scale. (b) Enlarged zone of a scalthey vary between 15% and 20% (depending on the measured

showing rough internal surfaces.

characteristics).
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the widely used scalar surface-scattering the@®,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
transmittancd; and reflectanc®y, = 1 — Tp of an ideally flat
surface, when Fresnel equations hold. Accordingly, the haze
transmittancdy (1) and reflectanc®&y (1) of a rough surface
are described by3[l]

2
Tu(A)= To<1— expi - i:znTa(ni COSsp; — n; co&m)i i)
1)

2
Ry()) = Roil—expi—<4nTan,- cos¢i> i] (2)

whereTy and Ry are the transmittance and the reflectance of
a perfectly flat surface, respectively;is the wavelength in
vacuum;¢; andg, are the angles of incidence and refraction;
n; andn, are corresponding refractive indicesis the surface
FIG. 6. A cross-sectional image of a femtosecond-laseiBcut RMS roughness.

chrysitiswing scale. The image of the whole, laser-cut scale is shown A simple calculation, based on Eq$) @nd @), shows that

in the inset. between 1% and 3% of incident radiation is scattered at each
interface, depending on the wavelength and assuming normal
l11. OPTICAL MODELING OF THE angle of incidenceg(; = 0), RMS roughness = 20 nm, and
D. CHRYSITISWING SCALES the refractive index of chitin; = 1.57. As expected, short

wavelengths are scattered more than long ones. The scattered

The transparency db. chrysitis scales and the apparent |ight has a tendency to be trapped inside chitin layers, in a
simplicity of their internal and external structure pose amanner similar to textured solar cell3g. It was shown in
problem in explaining the golden wing color. We show that[33] that the local light intensity is increased by% and
all the wing components (a double layer of scales and &bsorption by 42, wheren is the refractive index. This
wing membrane, possibly also the pigmented scales on thgas verified for theD. chrysitis moth by using the finite
wing underside) work together to produce the final effect.element method (FEM) with periodic boundary conditions,
Several features operate synergistically: slight absorbance @jplied to the model simulating a double layer of scales, as
each scale, scattering on internal scale surfaces, interferengfown in Fig.8(a). The corresponding electromagnetic field
of light within the scale, reflection of light from the wing (distributions can be seen in Fig(b) showing the strong
membrane, and diffraction on the upper lamina grating. electromagnetic field enhancement.

We first demonstrate that the Scattering on the internal scale Local field enhancement due to scattering is accompanied
surfaces leads to significant dispersal of incident light. Aspy increased absorption as predicted by the model described

shownin Fig5, the internal scale surfaces are highly irregular,in [33]. We made slight modifications to correctly describe the
with the root mean squared (RMS) roughness estimategcales oD. chrysitis.

between 10 and 30 nm. The WaVElength of the incident visible The change of the beam cross section is ignored due to

light (inside material) is much larger than the roughness anghe thinness of the scales. This is justified by the following
arguments: Assume that the angle of divergenéedis40° and
scale laminae thickness I3 = 75 nm; then the beam spread
is defined by Drg(6/2) = 55 nm. This is insignificant for a
6 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 absorptigp inside the
2 planar layer can be described by

4n®Tinc
FIG. 7. A dimensional scheme of B. chrysitis scale cross Aint = mv 3)
section. All dimensions (expressed in nanometers) are estimated ese
from SEM images and vary across the scales. Due to the variabilityvherea is absorption coefficient, is the refractive indexjjnc
of features in the living world, uncertainty of all the dimensions is is incident light intensity/ is the layer thickness, arf is
between 15% and 20%. a fraction of light transmitted through the interfa@gs.is an

-]
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Cover scale

Ground scale

i 1) (NEAE | HE) i ) |iHHi 1 50
o=, A=440 nm
{al {bi

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 incidead®asd there is no absorption.

average transmission factor of the escaping radiation, due twill produce diffraction orders which will be treated similarly
partial (Fresnel) transmission at the interface. According taluring the propagation through the scales, the only difference
the same model, fraction of the incident radiation escaping thbeing the angle of incidence. The dense grating is incapable

layer is described by of generating any propagating modes and will not enter the
calculations. The inside scale surfaces are rough with RMS

Fose= & (4)  roughness of 10-30 nm, and the wing membranes are treated
Tesc+ 4n?al as flat. Fresnel reflection and transmission will be taken into

Now we have tools to treat the problem of the gmdenaccoqnt at flat_surfaces, whilg rqugh surfaces W?” also includg
coloration of the burnished brass moth. Its geometry include82z€ in reflection and transmission as schematically shown in
two layers of scales and two wing membranes as shown iffi9- 9(b). In the latter case, hazey (1) and 7y () diminish

Fig. 9(a). It is assumed that the outside surfaces of the scalesresnel coefficient®o and 7o by the amountskoR (%) and

are flat, which is strictly true only for the lower lamina. The ToTH(2). 'I_'he resulting transmission and reflection coefficients

upper lamina is structured with two gratings. The coarse on@'e described bRo — RoRy (1) andTo — ToTwu ().

Incident miensic
Iy

Conver scale

Retlection
Retlection

haze

Groumd scale Ta Rarfd = Ruf' Akl [T

fa Ta 1= Tl Al To o T

Transnussin

Transmissio
haze

Wing membranes

(il ih

FIG. 9. (a) Geometry of the model used to simulate the winD.afhrysitis. Ry and R,, are reflectance of a scale and a wing membrane,
respectivelyTy is a transmittance of a single scale. (b) Reflection and transmission through the interface, as treated in a model. Incident intensity
Iy is split into four components: Fresnel reflectankg)( Fresnel transmittancdy), reflection hazeRy), and transmission haz&).
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TABLE I. Numerical values of the parameters used for modeling g4
optical reflection fronD. chrysitis moth scales.

0.351 J

Parameter Meaning Value Cover scales
N Refractive index of chitin 157 g 03
ap Melanin absorption parameter, E§) ( 0.23 (1/nm) 2 0.25! i
A Melanin absorption parameter, EG) (90 (nm) 2
Ao Melanin absorption parameter, E§) (380 (nm) T o2 |
o RMS surface roughness 30(nm) 8
& 0.15f 1
g°
EB: Ground scales |

The interference problem will be solved for an individual
wing scale, as well as for the wing membranes, but not for the 0,05} :

wing as a whole. This is a reasonable assumption, because the Wing membranes

i . . 0 ‘
reIat|v9 dlstancgs between the scale§ and the wing membrane 700 =00 500 700 800 900
are highly variable and the resulting effect is averaged Wavelength [nm]

across the wing surface. As a consequence, the resulting
reflection spectral intensities of scales and membranes will FIG. 10. Contributions of wing membranes, cover scales, and
be incoherently added. ground scales to the resulting wing spectrum. They are calculated

Opuca' parameters of the model were estimated frorﬂJSing the transfer matrix method and normalized to the intensity of
the measurements performed on the scale embedded in Hi¢ incident light before being transmitted through the layers.
immersion liquid ¢ = 1.57), as described in the previous
section. Therefore, the refractive index was taken to be 1.5
(consistent with the results published B4]). According to
the same studys], the refractive index_dispersion is less than R = Rg + TgRsTs + TszRMTSZ- (6)

4% within the wavelength range of interest (380—900 nm)

and the resulting effects were found to be insignificant. The The first term corresponds to the reflection from the cover

coefficient of absorptiorr was modeled with an exponential scale, the second to the transmission through the cover scale,

function (assuming that the residual pigment is most probabl¥ollowed by the reflection from the ground scale and return path

melanin): through the cover scale. The third term describes transmission
through the cover and ground scales, followed by the reflection

A— /\o> ®) from the wing membrane, and return path through both layers

A ' of the scales. The calculated contribution of each term to the

final spectrum is shown in Fig.0 (hormalized to the intensity

All parameters of the model are summarized in Tdble of light before being transmitted through the layers).

Finding the exact solution to the multilayer interference  Spectral contributions of wing components significantly
is a problem requiring numerical tools. Here we adopt thedepend on their geometry, i.e., scale laminae and wing
transfer matrix method, described and usedj fo analyze  membrane thicknesses. For some combination of dimensional
light scattering and trapping in silicon thin film solar cells. parameters, even a single scale can quite faithfully reproduce
We divide incident light into two components: a scattered onean experimentally recorded spectrum (as in Eilj. However,
which is mostly absorbed and diffused, and an unscatteretthere are slight modulations within the whole spectral range,
one, which interferes in wing scales and wing membranes. Fatue to thin film interference effects. They disappear when
the unscattered component we apply a transfer matrix methodpatial and angular averaging is included, as further explained.
where scattering from subwavelength rough surfaces is treatels explained above, losses are much higher inside the blue-UV
as a wavelength-dependent correction for Fresnel coefficientspectral range, as can be seen in Eig According to Egs.J)

Reflection and transmission from a single scale are treatednd @), most of the light energy is absorbed, and the rest
coherently using the transfer matrix method. As a result, thef the radiation is scattered. It is interesting to note that
spectral reflectanceks and transmittancel’s were found. a significant amount of radiation is transmitted through the
Similarly, the reflection from the double wing membrane wing membranes (green curve in Fil). However, the UV
was treated coherently (with the resulting reflectaigg). component of transmitted radiation is efficiently absorbed by
Scattering from the wing membrane was not included inthe dark, pigmented scales, on the wing underside.
calculations due to the sparsity and large dimensions of There is an important word of caution. In order to get a
scattering inclusions (as illustrated in Fig). The resulting consistently golden wing color, the dimensional and optical
spectrum of the wing as a whole is composed of thregparameters of each individual scale should be kept within quite
components: one which is reflected from the cover scalegdjght tolerances—a task completely impossible in the living
the other reflected from the ground scales, and the final oneorld. It is more realistic to expect significant variability of
due to the wing membranes. We combine them incoherenthall the parameters. Thus they were varied in our simulations
because the mutual position between scales and membran@gecording to the normal distribution) withi#t15% of the
is stochastic and highly variable. The final reflected spectravalues producing fitin Figl1 The angle ofincidence was also

Aistribution of the whole wing is thus

o = oo exp(—
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FIG. 11. A spectral reflectivity (red curve) of B. chrysitis okl

moth wing, calculated by the transfer matrix method is shown.

The corresponding experimental curve (black curve) is added for FIG. 13. CIE color coordinates of metallic gold abdchrysitis

reference. Losses (due to scattering and absorption, blue curve) aferewing golden patches, with and without scattering.

the wing transmittance (green curve) are displayed, too.

The final shape of the spectrum is influenced by the layer
allowed to fluctuate withia=20°, which imitates variability of  thicknesses and the RMS surface roughness. They collectively
scale orientations. influence the final calculated spectrum, but in general terms

As aresult, 100 different spectra were calculated (for claritywe have observed that increased thickness shifts the spectrum
only 25 of them are displayed in Fi@2 as light blue curves). towards the red, while increased roughness depletes the blue
They were consequently averaged, in agreement with oypart of the spectrum and decreases overall reflectivity.
experimental procedure where the light is collected from the All the computations are based on a transfer-matrix code,
wing area and within an angular range (the resulting curve isleveloped in 36] (declared free to use and made public at
shown in blue). By comparing the calculated spectrum withthe URL provided therein). The program was modified by
the experimentally recorded one (red curve in the same figurejacluding scattering and local field enhancement effects [as
agreement appears remarkably good, except for the radiatiatefined by Eqgs.1)—(4)].
above 800 nm.

V. DISCUSSION AND CONCLUSIONS

06 In contrast to most other lepidopteran species, each and
every wing structure oD. chrysitis plays a certain role in
05/ i 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 (E3).
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
s ‘ ‘ ‘ ‘ scattering, the color coordinate would approach the achromatic
400 500 W 700 800 900 center of the diagram—i.e., the wing will have only a slight
avelength [nm] . L . .
coloration. It is interesting to note that the moth wing looks
FIG. 12. Spectral averaging of light reflected frddn chrysitis ~ “yellower” than the gold.
wing, calculated by the transfer matrix method which includes AS noted before, scattering stimulates confinement of light
scattering and local field enhancement. Light blue curves ar@nd increases the intensity by the?Xactor. It seems that
individual spectra, blue curve is the averaged spectrum, and the rdtie ground scale layer further amplifies the confinement [see
curve is the experimentally recorded spectrum. Fig. 8(b)]. One possible explanation is that the cover scales

N
»

Reflectance [relative units]
o o
N w

o
[
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diffuse the incoming light, while the ground scales additionallyreflection is really small, because it is dispersed over the 4
disperse it and make it amenable for wave guiding within thesolid angle, while the reflected light is concentrated around the
layer. specular direction.

Angular variability of D. chrysitis wing coloration is A dual wing membrane is densely covered with nanosized
noticeable, and the golden color is observable withintB6° spherical inclusions, conveniently situated, just beneath the
from the specular direction. Beyond that, the color abruptlyscales. It seems that this could be an additional mechanism to
changes from golden to brown-gray. However, within thescatter light back through the layer of scales. Transmission
specular range, dependence of the reflected spectrum is slight the membranes is high and light further propagates to
for several reasons. On one hand, it results from irregulaunderside scales. They are gray, most probably due to melanin,
internal surfaces of the scale laminae and irregular mutualhich will further absorb the UV-blue part of the spectrum.
position of scales in ground and cover layers. The othetn the red-infrared range, melanin absorbance is insignificant,
reason is that the reflectivity at air-chitin interfaces is almostand scales are again capable of reflecting light back through
constant betweert@nd 30, as predicted by Fresnel equations. all the previous layers. This might account for the increased
Therefore, the overall shape of the spectrum is not altered, buflectivity in the infrared, which is not predicted by the theory
slightly shifted with the angle of incidence. Coarse diffractiondescribed in the previous section.
grating on the upper lamina additionally diminishes angular Insects with golden body parts are rare and interesting from
dependence. From whichever direction light enters the scalg¢he biological point of view. The roles of the golden color
at least one of the diffraction orders is being reflected. This isnay be diverse and are related mostly to possible defense
what gives the notable stability of the optical effect with respecimechanisms. We suppose that h chrysitis the golden
to the illumination direction (within the stated angular range).forewing patches may appear to predators as warning and/or

We have not observed polarization sensitivity of thethey can facilitate the conspecific recognitidri
described reflection spectra, even though it certainly exists To summarize: All the structures—cover and ground scales,
at the single wing-scale level. If observed macroscopicallywing membranes, and underside wing scales—contribute to
across the whole wing, polarization effects cancel out due tthe golden wing color of the burnished brass moth. Inter-
strong variability of individual scale orientations with respectference, scattering, and absorption enhancement are optical
to incident radiation. mechanisms responsible for the effect. In short, interference

Itis also interesting to note that the scales from brown-grayn the scales produces a broad reflection spectrum with a
and golden areas of the wing have very similar morphology ifpeak in the green part of the spectrum. The blue part of the
observed under the scanning electron microscope. The maospectrum is absorbed due to scattering-enhanced absorption on
important difference is optical: while the golden area scales ara residual pigment. The red part of the spectrum is transmitted
almost transparent, the others contain a significant amount @b the wing membrane, where it reflects, goes back through the
absorbing pigment which leads to suppression of the speculacales, and combines with the reflection from the scales. The
component in the brown wing regions. Also, the brown scalesesulting spectrum is strongly attenuated below 520 nm, being
are flatter, while the golden ones are slightly curled. almost flat up to 800 nm. The forewings of tBe chrysitis

Calculations, according to Eqs3)(and @), have shown moth seem to be a remarkable, finely tuned, optical filter.
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), This research was supported by Projects No. ON171038,
only 20% of light is scattered, without being absorbed to anyNo. 11145016, and No. ON173038 funded by the Ministry
significant extent. As a whole, the spectrum of unabsorbedf Education, Science and Technological Development of the
light is quite flat from UV to IR. Its contribution to the wing Republic of Serbia.
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Abstract. The present study describes utilization of two photon excitation fluorescence (2PE) microscopy for
visualization of the hemoglobin in human and porcine erythrocytes and their empty membranes (i.e., ghosts).
High-quality, label- and fixation-free visualization of hemoglobin was achieved at excitation wavelength 730 nm
by detecting visible autofluorescence. Localization in the suspension and spatial distribution (i.e., mapping) of
residual hemoglobin in erythrocyte ghosts has been resolved by 2PE. Prior to the 2PE mapping, the presence of
residual hemoglobin in the bulk suspension of erythrocyte ghosts was confirmed by cyanmethemoglobin assay.
2PE analysis revealed that the distribution of hemoglobin in intact erythrocytes follows the cells’ shape. Two
types of erythrocytes, human and porcine, characterized with discocyte and echinocyte morphology, respec-
tively, showed significant differences in hemoglobin distribution. The 2PE images have revealed that despite
an extensive washing out procedure after gradual hypotonic hemolysis, a certain amount of hemoglobin local-
ized on the intracellular side always remains bound to the membrane and cannot be eliminated. The obtained
results open the possibility to use 2PE microscopy to examine hemoglobin distribution in erythrocytes and esti-
mate the purity level of erythrocyte ghosts in biotechnological processes. © 2017 Society of Photo-Optical instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JB0.22.2.026003]

Keywords: multiphoton fluorescence microscopy; ultrafast lasers; hemoglobin; label-free imaging; erythrocytes; erythrocyte ghosts.
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1 Introduction Recently, we have reported the production of drug encapsulated
porcine and bovine erythrocyte ghosts by gradual hypotonic
hemolysis in much higher quantities than those described in lit-
erature so far.'> However, it was noted that after the hemolysis
process a certain amount of hemoglobin remains in the final sus-
pension of the resulting erythrocyte ghosts.'* The fraction of this
so called residual hemoglobin, which cannot be easily elimi-
nated from the system, significantly affects subsequent encap-
sulation processes and encapsulated drug releasing profile."®
Although this residual hemoglobin can be determined by the
spectrophotometric method (e.g., cyanmethemoglobin method),
data on spatial distribution of hemoglobin at the single cell level
in erythrocytes and remaining erythrocytes ghosts are scarce.
Demonstrated spatial redistribution of hemoglobin throughout
intact erythrocytes in patients with vascular disorders'® pro-
motes the importance of this parameter monitoring in disease
diagnosis as well.

Based on the aforementioned wide applicability of erythro-
cytes in biomedical research and diagnostic tests, it is important
to have a reliable microscopy method for single cell analysis,
including spatial distribution of hemoglobin. Although phase
contrast microscopy traditionally represents a fast method for
tracking changes of erythrocytes during the gradual hypotonic
hemolysis and appearance of erythrocyte ghosts,'”"'*!® it does
not provide enough information for detailed morphological
analysis. Unlike the phase contrast microscopy that visualizes

Two photon excitation fluorescence (2PE) microscopy as an
advanced technique offers the possibility for noninvasive,
label-free high resolution imaging of living cells and deep tis-
sues by using the fluorescence emission from the endogenous
fluorescent molecules.'™ The near-infrared radiation generates
2PE signals of endogenous fluorophores, such as tryptophan,
riboflavines, nicotinamides, collagen, elastin, and so on, and
thus provides rich morphological and biochemical information
of biological systems.*® Less investigated and reported is the
intrinsic fluorescence of hemoglobin, the main intracellular
component of erythrocytes, which emits a strong Soret fluores-
cence with the peak at 438 nm upon two-photon excitation by
femtosecond pulses in red and near-infrared region (600 to
750 nm).”® Such optical properties of hemoglobin opened the
possibility to use 2PE microscopy as a tool for label-free imag-
ing of erythrocytes, even in vivo.’

In addition to the well-known physiological functions
of erythrocytes, they serve as a natural blood compartment par-
ticipating at the same time in biodistribution, metabolism, and
action of certain drugs.' Furthermore, intentional usage of
human and animal erythrocytes, erythrocyte membranes (i.e.,
ghosts), and their nanoderivatives presents modern approach in
terms of prolonged and controlled drug delivery systems.'!'™!*

*Address all correspondence to: Aleksandar J. Krmpot, E-mail: krmpot@ipb.ac
.rs 1083-3668/2016/$25.00 © 2016 SPIE
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all the changes of the index of refraction regardless of their ori-
gin, 2PE microscopy has high chemical selectivity, thus ena-
bling the visualization of the distribution of certain chemical
compounds. Confocal microscopy, scanning electron micros-
copy, transmission electron microscopy, and atomic force
microscopy are considered as the most powerful tools for struc-
tural analysis of various cells, including erythrocytes. However,
these methods mandatorily include cell fixation and/or labeling
which might influence the fragile cell structure.'” So far, large
numbers of optical microscopic techniques have been utilized
for erythrocyte imaging. Comparative study of stained cells
by confocal and unstained cells by holographic microscopy
has been elaborated as shown in the work of Rappaz et al.”
Scanning microphotolysis (Scamp), also referred to as fluores-
cence recovery after photobleaching, has been employed for
erythrocyte examination either in a linear®! or in a two photon,
i.e., nonlinear, regime.”> Volumetric imaging of erythrocytes
using photoacoustic microscopy has been described by
Shelton et al.,”> while the same method in combination with
confocal microscopy is used for hemoglobin oxygen saturation
measurements., as shown by Wang et al.>* 2PE was combined
with stimulated Raman scattering for hemoglobin imaging in
mouse retina.”> Even second harmonic generation (SHG)
microscopy, usually accompanied with 2PE as another modality
of nonlinear microscopy, has been utilized for label free imaging
of human erythrocytes membrane exposed to various glucose
concentrations in phosphate buffered saline (PBS).? In addition
to demonstration of the imaging possibilities of hemoglobin by
the aforementioned techniques, 2PE has recently been applied in
examination of particular biomedical problems related to eryth-
rocytes: tracking blood vessels within the tissues*’ and photo-
physical characterization of sickle cell disease hemoglobin.

In this work, we report label-free imaging of two kinds of
erythrocytes, porcine and outdated human ones, at single cell
level by 2PE microscopy, with the specific aim of investigating
the spatial distribution (i.e., for mapping) of hemoglobin within
intact erythrocytes and residual hemoglobin in erythrocyte
membranes obtained after a gradual hypotonic hemolysis proc-
ess. Furthermore, the quantity of residual hemoglobin was
determined by analysis of 2PE images relative to the hemoglo-
bin concentration in intact erythrocytes. This investigation
opens the possibility to use 2PE microscopy as a tool for quality
assessment of erythrocytes and erythrocyte membranes as a
starting material in various biotechnological processes, such as
the production of erythrocyte-based drug delivery systems'>!3
or isolation of hemoglobin.'®?° Additionally, 2PE microscopy
could help in revealing the ability of erythrocyte membranes,
originating from different species, to bind different amounts
of hemoglobin. Since various processes require various levels
of purity, this information is important for the selection of
raw material.

2 Materials and Methods
2.1 Blood Samples

Porcine slaughterhouse blood and human outdated blood were
used as starting biological materials. Porcine blood was taken
from the jugular veins of Swedish Landrace swine and collected
in a sterile glass bottle with 3.8% sodium-citrate as an antico-
agulant, at slaughterhouse “PKB Imes” in Belgrade, Serbia.
Blood samples were transported at ambient temperature and
processing started 2 h after the collection. The outdated
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human erythrocyte concentrates were from the Institute for
Transfusiology and Hemobiology, Military Medical Academy,
Belgrade, Serbia. The erythrocytes were enriched by the
standard procedure and preserved in saline-adenine-glucose-
mannitol solution (each 100 mL contains 0.900 g dextrose
monohydrate, 0.877 g sodium chloride, 0.0169 g adenine, and
0.525 g mannitol) for 42 days at 4°C. The outdated cell packs
were anonymized prior to distribution, and the link to the
donor was broken. If not used for the research, the cell packs
would have been discarded.

2.2 Preparation of Erythrocytes and Erythrocyte
Membranes (i.e., Ghosts)

Both porcine and human erythrocytes were precipitated by
blood centrifugation at 2450 X g for 20 min at 4°C. The plasma
and leucocytes were carefully discarded by vacuum aspiration.
The precipitated erythrocytes were resuspended in isotonic
saline solution (0.9% NaCl), washed twice by centrifugation,
and finally resuspended in an isotonic PBS, pH 7.2 to 7.4
(0.8% saline buffered with 10 mM sodium phosphate). Porcine
and human erythrocyte ghosts were prepared by gradual hypo-
tonic hemolysis'>?* by using hypotonic 35-mM sodium phos-
phate/NaCl buffer for porcine and 5-mM sodium phosphate
buffer for human erythrocytes (30 min, flow rate 150 mL/h.)
After the hemolysis, the erythrocyte ghosts were precipitated
by 40 min centrifugation at 3220 X g, at 4°C. Erythrocyte ghosts
were washed out three times in the buffer solution used for
hemolysis and finally in PBS solution. Concentration of hemo-
globin in suspensions of erythrocytes and residual hemoglobin
in erythrocyte ghosts were determined by the cyanmethemoglo-
bin method.*® To quantify residual hemoglobin, prior to the
determination of the concentration, erythrocyte ghosts were
dispersed in 1 mL of isotonic PBS containing 1% w/w of Triton
X100 detergent.

2.3 Experimental Setup for 2PE

The homemade two-photon microscopy experimental setup is
similar to that reported in our previous study.>’ The schematic
of the setup is given in Fig. 1. The train of the femtosecond

Obj.

Con.

N
—(O- Bulb
/Cl)\ u

Fig. 1 Schematic of the imaging system: Ti:Sa, Ti:Sapphire laser,
VNDF, variable neutral density filters, GSM, galvo scanning mirrors,
L1 and L2, lenses, DM, dichroic mirror (short pass), Obj., microscope
objective, Sam., sample, Con., condenser, Bulb, bulb for bright-field
imaging illumination, TL, tube lens, BS/M, beam splitter or mirror,
Cam., camera, F, filter, PMT, photomultiplier tube.
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pulses is generated by the Ti:Sapphire laser (Coherent, Mira
900-F). The repetition rate is 76 MHz, and pulse duration is
160 fs. The galvoscanning mirrors (Cambridge Technologies,
6215H) are used to raster-scan the samples.

The laser beam is expanded in order to fill the entrance pupil
of an objective (Carl Zeiss, EC Plan-NEOFLUAR, 40 x /1.3
oil). A short-pass dichroic mirror (Thorlabs, M254H45) reflects
the laser beam toward the objective, and transmits the signal
toward the camera (Canon, EOS 50D) and the photomultiplier
tube (PMT) (RCA, PF1006). The tube lens forms the sample
image on the camera and/or PMT. The camera is used to take
the bright-field image of the samples (green light in Fig. 1). The
high intensity fluorescence can be seen by camera (blue light in
Fig. 1). The commercial cameras usually have an infrared block-
ing filter. We removed this filter from our camera in order to see
the backscattering/backreflection of the laser spot from the sam-
ple/cover slip which facilitated the alignment of the system. This
is possible due to the fact that a small portion of the laser light
leaks through the dichroic mirror (leakage of the laser is not
shown in Fig. 1). A drawback of the infrared filter removing is
the false coloring of the bright-field images. Thus, our bright-
field images are greenish.

A beam-splitter or the mirror is used to reflect part of the
signal or the complete signal to the PMT. An interference filter
in front of the PMT removes scattered laser light. This filter is
transparent for visible (415 to 685 nm) light, while blocking the
IR and UV. Since the excitation wavelength is chosen in such a
way that fluorescent signal comes predominantly from hemo-
globin (Soret fluorescence), using the broadband filter ensures
that all the fluorescent light will be collected, even from the
wings of the fluorescent spectrum which is important in the case
of relatively low excitation efficiency (see Sec. 2.4). This pro-
vides good signal-to-noise ratio and high contrast of images.
Erythrocytes (hematocrit 5%, i.e., 5% suspension) and ghosts
in the amount of 20 ul. were allowed to settle onto a micro-
scopic slide. Afterward, coverslips were put above settled cells
and fixed to microscope slides. Imaging of erythrocytes and
erythrocyte ghosts was performed at 730-nm excitation
wavelength.

2.4 Excitation Wavelength

The excitation wavelength is of the great importance in this
study and it has to be carefully selected according to its avail-
ability and the properties of the samples. Selection of the wave-
length can significantly affect the chemical selectivity of the
imaging, providing excitation of the specific and desired objects,
and quality of the images by means of excitation efficiency and
fluorescence strength. The excitation wavelength in this study is
selected to be 730 nm by the following criteria:

— We have tested different excitation wavelengths within a
Ti:Sapphire laser tuning range (700 to 1000 nm). Our
excitation spectrum is consistent with the spectrum shown
in study of Zheng et al.,” i.e., the excitation is the most
efficient for the shortest wavelengths.

— The 2PE signal from hemoglobin at 650-nm excitation
wavelength is reported to be more efficient’” but we
were not able to utilize shorter wavelengths than 700 nm
due to the laser tuning range (700 to 1000 nm). Also, there
is a significant leakage of the laser light to the PMT for
wavelengths shorter than 730 nm. The cut-off wavelength
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of the dichroic mirror (hot mirror M254H45, Thorlabs,
Inc.) is (700 &+ 10) nm with transmission >97% for wave-
lengths longer than 710 nm, whereas full width at half
maximum of the laser line is ~12 nm.

— The 2PE signal from glass (coverslips and microscope
slides) is pronounced for wavelengths shorter than
730 nm. Thus, 730 nm is the shortest possible choice
for the excitation wavelength to produce still high quality
images.

3 Results and Discussion

In this study, erythrocyte membranes (ghosts) were prepared by
gradual hypotonic hemolysis starting from slaughterhouse por-
cine and outdated human erythrocytes. During the process of
gradual decrease of ionic strength of the solution surrounding
erythrocytes, they swell and hemoglobin molecules leak out,
leaving intact erythrocyte membranes.'>!”"!82° Preparation of
ghosts was followed by an extensive washing out procedure
(to remove extracellular hemoglobin released from lysed eryth-
rocytes). However, a small amount of hemoglobin, so called
residual hemoglobin, always remains bound to membranes in
resulting erythrocyte ghosts.'

Here, 2PE microscopy was used to quantify the relative
decrease in hemoglobin’s content at the end of the applied proc-
ess of hemolysis and reveal its localization in the examined
samples. All 2PE images are of the high quality by means of
good signal-to-noise ratio, high visibility (contrast), high
pixel resolution, and without or with minimal postmeasurement
processing.

Bright-field microscopy images and corresponding auto-
fluorescence 2PE images of starting porcine and human eryth-
rocytes are presented in Figs. 2 and 3, respectively. 2PE images
are acquired in 1024 x 1024 pixels resolution upon 30 times
averaging of raw fluorescence signal. Intensity of pseudo-red
color corresponds to the 2PE signal intensity.

According to image dimensions (30 X 30 xm?) and physical
resolution of our experiment, which is limited by diffraction and
measured to be ~300 nm,’! the minimal pixel resolution for
faithful imaging of the object is set by Nyquist criterion to
200 x 200 pixels. In our case, 1024 x 1024 pixel resolution
ensures that we overfill the Nyquist criterion and contribute
to the high quality of the images.

As evident from Figs. 2(b) and 3(b), it is possible to notice
localization of hemoglobin’s content even from suspensions of

Fig. 2 Suspension of porcine erythrocytes: (a) bright-field microscopy
image, (b) corresponding 2PE image revealing localization of hemo-
globin; black, the lowest 2PE signal, red, the highest 2PE signal. 3-D
model of examined human erythrocytes. (Video 1. MPEG, 6.16 MB
[URL: http://dx.doi.org/10.1117/1.JB0O.22.2.026003.1]).
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Fig. 3 Suspension of human erythrocytes: (a) bright-field microscopy
image, (b) corresponding 2PE image revealing localization of hemo-
globin; black, the lowest 2PE signal, red, the highest 2PE signal. Note
that field of view (scale bar) is different than in a Fig. 2. It was changed
because the region of interest was wider.

erythrocytes. Also, a 3-D model of examined human erythro-
cytes is displayed in Video 1.

Due to the presence of erythrocytes’ methemoglobinreduc-
tase, hemoglobin in blood is predominately in its native ferrous
form®? which is desirable for the 2PE signal measurement. 2PE
images and examination of hemoglobin distribution in a single
erythrocyte for both examined types are given in Fig. 4. This
result demonstrates that the resolution of the 2PE microscopy is
good enough for the analysis of erythrocytes at the single cell
level. As with the images in Fig. 3, these 2PE images are the
results of averaging 30 individual images. Pseudocoloring cor-
responds to the 2PE signal intensity. No further processing of
the image was performed, the data points in graphs represent
the raw 2PE signal levels.

Based on the results in Fig. 4, we have confirmed that human
erythrocytes have the normal morphology of biconcave disco-
cytes,** whereas porcine erythrocytes have an echinocyte mor-
phology. Such morphology of porcine erythrocytes is not a sign
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Fig. 4 Representative raw 2PE image of (a) human and (b) porcine
erythrocyte. 2PE signal is presented in pseudocolor. Distribution of
2PE signals, i.e., hemoglobin concentration through the diameter
of (c) human and (d) porcine erythrocyte. Black curves are raw
data plot, red curves are obtained upon adjacent points averaging.
Note that the two images are not recorded under the same experimen-
tal conditions; the intensities are not mutually normalized, thus they
cannot be compared.
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of some pathological condition but represents a common artifact
in handling of porcine blood.**

Hemoglobin, which is the dominant component of erythro-
cytes, follows the cells’ shape which can be easily observed by
comparing the bright field and 2PE images. For human eryth-
rocytes, its lowest density is observed to be in the central area
[Fig. 4(a)], and in peripheral parts, its distribution was homo-
geneous. This finding is in agreement with the reported spatial
distribution of hemoglobin in healthy human erythrocytes
examined by confocal Raman spectroscopy> and atomic force
microscopy.*® On the other hand, for porcine erythrocytes, 2PE
revealed a significant accumulation of hemoglobin in cells’ pro-
trusions. As shown in the study by Parshina et al.,*® amphibian
(frog) nucleated and mammalian (rat) nonnucleated healthy
erythrocytes have a homogeneous distribution of cytosolic
hemoglobin. Our results indicate that the deviations from the
biconcave morphology of porcine erythrocytes probably affect
the distribution of hemoglobin and lead to its accumulation in
the cell protrusions. Taking into account that various patho-
logical conditions are accompanied by uneven distribution of
hemoglobin,'®’ the developed method might be useful in their
diagnosis. Until now it was described that isolated sickle cell
disease hemoglobin (HbS) and malaria-infected red blood
cells could be analyzed and photophysically characterized by
multiphoton microscopy.?®3#

The overall presence of residual hemoglobin in the final
suspensions of erythrocyte ghosts was primarily determined
by cyanmethemoglobin assay (Fig. 5). The concentration of
residual hemoglobin was 7.21 and 1.76 g/L for the porcine
and human samples, respectively. This reflects the decrease
in concentrations of hemoglobin by 95% and 99% in the sus-
pension of erythrocyte ghosts compared to the starting suspen-
sions of porcine and outdated human erythrocytes, respectively.
These amounts of residual hemoglobin in erythrocyte ghosts are
consistent with the range reported in other studies.***° However,
the localization of residual hemoglobin in the suspension still
remains unknown.

In addition to the spatial distribution of hemoglobin in intact
human and porcine erythrocytes, images of residual hemoglobin
in erythrocyte ghosts also can be obtained by 2PE (Figs. 6 and 7,
respectively). The intensity of the 2PE signal depends on the
concentration of the hemoglobin, but also on the pulse peak
power, pulse duration, repetition rate, focal volume, excitation
wavelength, etc. It is a nontrivial and time consuming task to
quantify the dependence of the 2PE signal on hemoglobin con-
centration. In other words, it is almost impossible to determine
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Fig. 5 Concentration of hemoglobin in erythrocytes and their ghosts

obtained by gradual hemolysis. The concentration was determined by
spectrophotometric cyanmethemoglobin method.
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Fig. 6 Mixed suspension of human erythrocytes and resulting eryth-
rocyte ghosts: (a) bright-field microscopy image; (b) 2PE image;
(c—g) 2PE signal profiles along the corresponding lines at (b) image.
Profiles 3 and 4 are given in magnified vertical scale in (f) and
(9) graphs. Black curves are raw data plot, red and green curves
are obtained upon adjacent points averaging.

absolute concentration from the 2PE signal since one has to keep
all other parameters constant in separate measurements. In order
to evaluate the local change (i.e., decrease) in hemoglobin
content after the hemolysis, we mixed the ghosts with intact
erythrocytes. In this way, we can evaluate the local content
of hemoglobin, i.e., distribution of hemoglobin across erythro-
cytes and ghosts, and not just an average value for a whole cell
or suspension. From the image data we obtained, the variation of
intensity along appropriately chosen representative lines is
shown in Figs. 6(b) and 7(b). The line is chosen in a way to
intercept at least two erythrocytes and two ghosts which provide
up to eight representative points positioned in the proximity of
the membrane within the cells for comparison of 2PE signals.
Note that the signals from the chosen points provide highly
localized data for the comparison, opposite to the cyanmethemo-
globin assay, which is intrinsically an averaging method. This
ensures the same excitation parameters for both erythrocytes and
erythrocyte ghosts. The above procedure ensures that the peak
ratio from the 2PE intensity profile is equal to the concentration
ratio in the untreated erythrocyte(s) and the ghost(s). We empha-
size that this simple step enables us to determine changes in the
content of residual hemoglobin in ghosts relative to the starting
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Fig. 7 Mixed suspension of porcine erythrocytes and resulting
erythrocyte ghosts: (a) bright-field microscopy image; (b) 2PE image;
(c—-g) 2PE signal profiles along the corresponding lines at (b) image.
Profiles 3 and 4 are given in magnified vertical scale in (f) and
(9) graphs. Black curves are raw data plot, red and green curves
are obtained upon adjacent points averaging.

content of hemoglobin in intact erythrocytes, but not the abso-
lute concentration.

There is no significant autofluorescence signal upon two
photon excitation at 730 nm from any other common molecular
species that can be found in erythrocytes and which could
significantly affect the obtained results, except hemoglobin.
Namely, lipids and saccharides are essentially nonfluorescent,*!
while aromatic amino acids as constituents of proteins, such
tryptophan, phenylalanine, and tyrosine, have an absorption
maximum of 280 nm*' and cannot contribute significantly
to autofluorescence generated by two-photon excitation at
730 nm. Pyridine nucleotides NADH and NADPH have an
absorption maximum of 340 nm*? and FAD has two excitation
maxima at 360 and 450 nm. According to their excitation maxi-
mum, they could contribute the autofluorescence generated by
two-photon excitation at 730 nm. However, their molar ratios to
hemoglobin within erythrocytes (calculated based on data given
in several studies)® ™ are completely negligible.

As can be seen from Figs. 6 and 7, after the conversion of
erythrocytes to empty erythrocyte membranes, fluorescence
emission from hemoglobin significantly decreased, but was
still detectable. Therefore, the applied process that we used
allows the production of ghosts; however, a certain amount
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of the hemoglobin always remains bound to the membrane.
Comparing the peak values from Figs. 6(d) and 6(e) (red curves)
to those in Figs. 6(f) and 6(g), one can estimate lower fluores-
cence emissions for both porcine and human erythrocyte ghosts
in comparison to respective erythrocytes. Our results suggest
that residual hemoglobin in the suspension was localized on
the intracellular side of the ghost membranes. The 2PE signal
in the internal volume of both, human and porcine erythrocyte
ghosts, is at the noise level, thus hemoglobin content is
negligible.

These results support already reported data on hemoglobin’s
ability to bind to erythrocyte membranes via a transmembrane
protein, e.g., band 3*° or some other cytoskeleton proteins via
a globin chains.”” This phenomenon that we have confirmed
by 2PE microscopy could be used as a valuable marker of inevi-
table oxidative damages*® emerged during in vitro storage and
erythrocytes handling. The higher concentration of residual
hemoglobin obtained in porcine ghosts relative to initial concen-
tration can be explained by specific membrane lipid composi-
tion and their high susceptibility to oxidative stress induced
by reactive oxygen species® related to a lower level of enzymes
protectants against oxidative damages.>

Erythrocyte ghosts are extensively studied systems and have
numerous potential applications. In addition to their usage as
controlled drug delivery systems, they represent one of the
most promising in vitro systems for drug partitioning studies
and determination of the drug partition coefficient Kps.>! In
food science they are used for an estimation of antioxidant
activity of different nutritional compounds.’>> Erythrocyte
ghosts are suitable models for investigating membrane transport
phenomena,®* glucose translocation through biological mem-
branes,> uptake and metabolism of different compounds,*®
etc. It is interesting to note that despite their widespread appli-
cation, there are no studies estimating residual hemoglobin
although it may significantly affect the quality of the final prod-
uct. Apart from the mentioned study that suggests a positive
correlation between the total content of membrane-bound
hemoglobin and the level of oxidant stress,*® it has been shown
that iron from membrane-bound hemoglobin catalyzes the
formation of reactive oxygen species which attack the cell
membrane. This leads to peroxidation of membrane unsaturated
lipids and disturbed structure and function of the membrane®’
and may directly affect the quality of the final product and/or
obtained results.

In addition to using 2PE microscopy for analysis of erythro-
cyte ghosts as in the mentioned model or drug delivery systems,
the results of this study also open a possibility of using 2PE
microscopy in analysis of the spatial distribution of hemoglobin
in erythrocytes in different physiological and pathological con-
ditions. The spatial distribution of hemoglobin within erythro-
cytes can give information of the oxygen-transport capability
and help by providing accurate diagnosis and appropriate treat-
ment in erythrocytes disorders both in humans and animals.

4 Conclusion

In this study, we have demonstrated that 2PE microscopy can
be used in analysis of the spatial distribution of hemoglobin
in erythrocytes and erythrocyte ghosts, at an individual cell
level. Although the maximal excitation efficiency for hemoglo-
bin is at shorter wavelengths, high quality images can still
be obtained using femtosecond pulses at 730 nm directly from
a Ti:Sa oscillator. As opposed to the common spectroscopic
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methods such as cyanmethemoglobin assay that is intrinsically
averaging, providing results for hemoglobin concentration drop
after the hemolysis process in the bulk sample, 2PE microscopy
gives results on hemoglobin localization and its fluorescence
intensity change in randomly chosen points within the ghost-
erythrocytes sample. Obtained results suggest that residual
hemoglobin in erythrocyte ghosts, either human or porcine
ones, is located mainly near the cell membrane rather than
uniformly distributed. In addition, 2PE microscopy enables
imaging of the distribution of hemoglobin in the protrusions of
erythrocytes with morphology of echinocytes, thus it can be
used for mapping of hemoglobin in erythrocytes morphologi-
cally different from the normal discocytes.

High-quality, label- and fixation-free visualization of hemo-
globin can be achieved at 730-nm excitation wavelength. The
2PE fluorescence signal from residual hemoglobin at represen-
tative points near the cell membrane in the ghosts was reported
to have lower intensity than at the corresponding points in intact
erythrocytes. Obtained results suggest that residual hemoglobin
in erythrocyte ghosts is located mainly near the cell membrane
rather than uniformly distributed.

In such a way, through an application of 2PE microscopy
hemoglobin distribution in erythrocytes together with residual
hemoglobin content and distribution in the resulting erythrocyte
ghosts can be directly and relatively easily estimated. The pro-
posed method could be of significant importance for identifying
different pathological or nonpathological conditions and appli-
cation in material selection in biotechnological processes.
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The THz beamline at FLASH, DESY, provides both tunable (1-300 THz)
narrow-bandwidth (~10%) and broad-bandwidth intense (up to 150 uJ) THz
pulses delivered in 1 MHz bursts and naturally synchronized with free-electron
laser X-ray pulses. Combination of these pulses, along with the auxiliary NIR
and VIS ultrashort lasers, supports a plethora of dynamic investigations in
physics, material science and biology. The unique features of the FLASH THz
pulses and the accelerator source, however, bring along a set of challenges in the
diagnostics of their key parameters: pulse energy, spectral, temporal and spatial
profiles. Here, these challenges are discussed and the pulse diagnostic tools
developed at FLASH are presented. In particular, a radiometric power
measurement is presented that enables the derivation of the average pulse
energy within a pulse burst across the spectral range, jitter-corrected electro-
optical sampling for the full spectro-temporal pulse characterization, spatial
beam profiling along the beam transport line and at the sample, and a lamellar
grating based Fourier transform infrared spectrometer for the on-line
assessment of the average THz pulse spectra. Corresponding measurement
results provide a comprehensive insight into the THz beamline capabilities.

1. Introduction

FLASH, the free-electron laser (FEL) in Hamburg at DESY,
provides ultrafast XUV and soft X-ray radiation for users to
- perform pump-probe experiments. FLASH has two inde-
pendent FEL undulator beamlines (Faatz et al., 2016):
FLASH1 and FLASH2. Each FEL branch ends with a dedi-
cated experimental hall that has a number of beamlines.
FLASHI1 has a unique feature, a dedicated THz undulator
installed downstream of the XUV undulators. This feature
allows the generation of intense THz pulses by the same
electron bunch that generates XUV pulses (Stojanovic &
Drescher, 2013), as shown in Fig. 1. As THz and XUV
undulators are separated by empty drift space, XUV and THz
pulses generated by the same electron bunch are naturally
synchronized with no more than 5 fs timing jitter (Friihling et
al., 2009). Furthermore, THz pulses are carrier envelope phase
(CEP) stable. Downstream of the THz undulator, the electron
beam is deflected to ground by the so-called electron beam
dump magnet (hereon referred to as the dump magnet). This

700 https://doi.org/10.1107/5S1600577519003412 J. Synchrotron Rad. (2019). 26, 700-707
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Figure 1

Scheme of the FLASH1 THz photon sources. (a) The THz undulator is located downstream of the
XUV undulators, separated by free space. The electron beam dump magnet follows the THz
undulator. (b) Representation of the pulse energies that can be obtained at FLASH1 from the XUV

and THz sources over a wide spectral range.

stage separates the electron beam from the photon (THz and
XUV) beams. The dump magnet on its own generates an
intense THz transient, mainly by the edge and bending
radiation process (Tavella et al., 2011; Geloni et al., 2009a,b).
Only a fraction of the total bending radiation is collected in
the THz beamline downstream (estimated to be 11.4%), as
beamline design is optimized for the radiation in the forward
direction, while bending radiation is created tangentially along
the bend. THz and XUV beams are separated by a large flat
mirror (210 mm x 140 mm) with a 10 mm aperture for the
XUV beam (Gensch et al., 2008). Transport of the THz beam
into the experimental hall over ~70 m requires multiple
collimations and this is provided by all-reflective optics. By
this unique photon generation scheme, the photon spectrum
of FLASH1 is extended to the long-wavelength range. As
shown in Fig. 1, FLASHI covers the XUV range from 1.4 nm
to 52 nm including harmonics (Tiedtke et al., 2009), and the
THz range from 1 um to above 300 pm (300 THz to 1 THz).
With an independent and synchronized near-infrared (NIR)
laser (Redlin et al, 2011) having a center wavelength of
800 nm, FLASH1 can provide XUV, THz and NIR laser
beams for users at the same time to study photon-matter
interactions.

Based on the scheme shown in Fig. 1, there are two types of
intense THz sources. The first is a THz undulator (Grimm
et al., 2010) that generates tunable, linearly polarized (hori-
zontally), narrow-bandwidth (AA/A = 10%) radiation. The
wavelength is tunable from 1 um to above 300 um. The longest
wavelength that can be reached depends on the electron beam
energy for a given THz undulator period and peak field (see
Fig. 2). Pulse energies delivered to the experiment can reach
up to 150 pJ, depending on the FLASH accelerator para-
meters (mainly the electron bunch charge and its compres-
sion).

The second source of THz radiation is the dump magnet
that generates edge and bending radiation. The edge radiation
is generated by the longitudinal acceleration of the electron
beam at the interface between the free space and the dump

magnet magnetic field (Tavella et al,
2011; Geloni et al., 2009a,b). This kind
of radiation has a broad spectral band-
PaLT width (quasi single-cycle temporal
profile), is radially polarized and
a1 generated in the forward direction to
the electron beam propagation. Elec-
trons also generate the bending radia-
tion along the bending arc of the dump
magnet. The dump magnet vacuum
chamber acceptance angle for the
bending radiation is relatively small
(2.4°) compared with 21° of the
complete bend that the electrons
experience. Thus only a fraction of the
bending radiation radiated in the
forward radiation is collected into
the THz beamline. Also, the bending
radiation has a broad bandwidth (quasi
single-cycle temporal profile) and is linearly polarized. The
bending radiation is collected by the THz beamline mostly
from the bending plane and is thus polarized mainly in the
vertical direction, orthogonal to the THz undulator pulse
polarization. Combined edge and bending dump magnet
radiation can reach a pulse energy of over 10 pJ. This radiation
is generated parasitically and can be used independently from
the undulator radiation.

The THz beamline delivers the beam to the end-station at
the end of the BL3 XUV beamline in the FLASH1 experi-
mental hall (see Fig. 3). The THz beam can be delivered to the
experiment via two branches, a short one with ultra-high-
vacuum transport (10~° mbar) and a long one via THz diag-
nostics hutch with high-vacuum transport (10~ mbar). Due to
the difference in optical path, the THz pulse arrives later than
the XUV pulse to the end-station, 12 ns for the short branch
and 21 ns for the long branch. We use two approaches to
achieve temporal overlap of the XUV and THz pulses in the
experiment: the first is delaying the XUV pulse by refocusing
via multilayer mirrors; the second is to generate two electron
bunches at the FLASH electron gun timed to achieve
temporal overlap of the respective THz and XUV pulses in the
experiment (Zapolnova et al., 2018).
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Figure 2

THz undulator spectral range. The shaded area represents the range
where the fundamental frequency of the THz undulator radiation can be
reached for FLASHI1 as a function of the FEL XUV wavelength (lower
horizontal axis) and the electron beam energy in the linac (upper
horizontal axis).
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Scheme of the THz beamline in the FLASH1 experimental hall. THz
beam is delivered to the end-station at the BL3 XUV beamline, via one of
the two branches.

There are many unique applications for the CEP stable
intrinsically synchronized THz pulses from the FLASH THz
beamline. One important scientific area is in atomic and
molecular physics. Here the THz field can act as a streak
camera, allowing molecular reactions to be clocked and
processes induced by the femtosecond-long XUV pulses from
FLASH on a timescale of a few femtoseconds (Friihling et al.,
2009; Schiitte et al., 2012; Oelze et al., 2017; Schmid et al.,
2019). An emerging new class of experiments at FLASH is the
application of the strong THz fields for these tunable narrow-
band pulses in selective excitation or selective THz control of
matter [for a description of this field see, for example, Green et
al. (2016), Buzzi et al. (2018), Kampfrath et al. (2013) and
Kovalev et al. (2017)]. The first experiments performed at
FLASH have focused on driving the magnetization dynamics
in magnetic thin films by selective phonon excitation (Radu,
2019) and on the THz control of dynamic surface processes
(Waltar et al., 2018).

2. THz diagnostics

In a typical THz-pump/XUV-probe experiment at FLASH,
determination of the properties of the driving THz pulse is of
key importance. Based on the needs of the user experiments in

past years, we have developed diagnostics tools to fully char-
acterize the THz beam at the experiment. Presently, all the
tools are developed in the THz diagnostics hutch at FLASH1
experimental hall and will be transferred to the end-station at
BL3 beamline (see Fig. 3). In this paper we present tools for
the full spectral, temporal and spatial characterization of the
THz pulses and the pulse-energy measurement. Thereby we
discuss some of the major challenges for diagnostics, i.e. the
extremely broad THz spectral range of FLASH sources,
1 MHz repetition rate in 10 Hz bursts and jitter to externally
synchronized lasers (Azima et al., 2009; Tavella et al., 2011),
that can be used for THz waveform characterization.

2.1. THz power measurement

We measure the THz pulse energies using a radiometer
(RM3700, head RjP-735/RF, by Laser Probe). We have cross-
referenced this detector to a PTB (The National Metrology
Institute of Germany) traceable 3A-P-THz, by Ophir Optro-
nics Solutions (Green et al., 2016). The radiometer detector
has a cavity pyroelectric probe and it has a time constant of
1 ms. Its temporal response prevents us from resolving indi-
vidual pulses of the FLASH micro-pulses within a 1 MHz
burst. However, the detector time constant is well matched to
the maximal duration of the 1 MHz burst (with duration of
0.8 ms, containing up to 800 pulses) defined by the FLASH
accelerator. Therefore, the integration is performed over all
micro-bunches in a burst, which allows for determination of
the average THz pulse energy with good accuracy.

Fig. 4 depicts the THz pulse energy as a function of the
central wavelength of the THz undulator. The total THz
beamline transmission (from the source until the end of
beamline) as a function of wavelength is depicted as well. We
calculate the beamline transmission by modeling the THz
source and the optical transport with the Synchrotron Radia-
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Figure 4

THz pulse energies measured at the beamline end-station for different
conditions of the FLASH accelerator. The blue dashed line shows the
beamline transmission, calculated using the SRW software package
(Chubar & Elleaume, 1998).
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tion Workshop (SRW) software package (Chubar & Elleaume,
1998). We also account for the Fresnel losses in the diamond
window that separates the beamline from the accelerator
vacuum (Gensch et al., 2008). We present examples of four
measurements taken for different electron beam settings of
the FLASH accelerator. Note that the abrupt end of the THz
undulator tuning range at long wavelengths relates to the
maximal wavelength that can be reached at a particular
electron beam energy and is determined by the maximum field
(1.2 T) inside the undulator (see also Fig. 2).

2.2. THz temporal profile measurements

The THz time domain spectroscopy (TDS) via electro-optic
sampling (EOS) method is a well established technique for the
full characterization of the THz pulse temporal structure (Wu
& Zhang, 1995; Schmuttenmaer, 2004), in a broad spectral
range. The electric field of the THz pulse changes the bire-
fringence of the EOS crystal. This transient change is sampled
by an ultrashort laser pulse. By scanning the laser pulse in
time, the complete THz pulse shape can be reconstructed.

At an accelerator-based light source, such as FLASH, the
laser system is synchronized to the master clock of the FLASH
accelerator (Schulz et al., 2015). One of the main limiting
factors for the use of an externally synchronized laser for EOS
detection is the temporal jitter between the FEL and the laser
pulses. Jitter limits the temporal resolution and subsequently
the spectral bandwidth of EOS detection. We have measured
the jitter of the probe laser (pulse duration 20 fs FWHM) in
the THz hutch to the FLASH THz pulses to be around 100 fs
RMS (~200 fs peak-to-peak). To solve this, we chose to detect
the THz pulses’ arrival time on a single-shot basis using
spectral decoding electro-optic detection (EOSD) (Jiang &
Zhang, 1998). This technique enables single-shot THz detec-
tion by imprinting the THz pulse electric field onto a stretched
probe laser pulse, thus defining the arrival time of one with
respect to the other. Spectral decoding is photon efficient (for
a single-shot method) and enables the arrival time detection
even with femtosecond oscillator pulses, which allows for a
high-repetition-rate arrival time detection scheme that can be
matched to the FLASH pulse pattern. Full EO detection of
the THz pulses at FLASH then comprises two main compo-
nents: arrival time monitoring by spectral decoding in
combination with scanning electro-optic sampling (EOS).
EOS data are sorted for their arrival time and the THz pulse
shape is retrieved. The complete detection setup is installed in
a high-vacuum chamber (10”7 mbar) to avoid measurement
distortions by absorption in ambient air. We achieved a
temporal resolution of the arrival time sorting of 9.7 fs RMS.
Most importantly, the EOS sampling has a bandwidth of 37—
3000 um (0.1-8 THz) limited by the gallium phosphide (GaP)
EOS crystal (100 pm thick). The setup has been developed in
collaboration with the TELBE team at HZDR and details can
be found in the literature (Kovalev et al., 2017; Golz, 2018).

Two typical examples of measured THz waveform profiles
are shown in Figs. 5(a) and 5(b). The THz and the probing
laser beam are overlapped and focused on the GaP EOS

crystal, with beam sizes of 350 um FWHM and 70 um FWHM,
respectively. The THz undulator was set to nominal wave-
lengths of 155 pm and 42 pm (corresponding to frequencies of
1.93 THz and 7.1 TH, respectively). For the long-wavelength
example, unfiltered and spectrally filtered pulses are
presented. The wire-grid THz bandpass filter used has been
centered at 155 um wavelength (1.93 THz) with 15% spectral
bandwidth. For the unfiltered pulse, it is interesting to observe
that the electric field and high-harmonic content increase
along the pulse. This indicates the change of the electron
bunch form factor (Nodvick & Saxon, 1954) inside the
undulator. In the respective unfiltered THz pulse spectrum
[see Fig. 5(c)] we clearly observe the first harmonic peaking
at 169 um (1.77 THz) and the third harmonic at 52 pm
(5.68 THz), and the baseline includes the broadband spectrum
from the dump magnet radiation. As expected, the measure-
ment with the THz bandpass filter shows a strong peak around
160 um (1.87 THz), with a small (few percent) leakage
between 75 and 100 ym (3 and 4 THz). Similarly, in the
spectrum of the short-wavelength pulse (tuned to 42 pm) we
observe the first harmonic peaking at 43 pm (7 THz).
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Figure 5

THz pulse waveforms measured by arrival-time-sorted time domain
spectroscopy (TDS). (a) The THz pulse produced by the undulator set at
the nominal wavelength of 155 pm (1.93 THz). The unfiltered temporal
profile is shown by the blue line and the filtered by the red line, with
155 um (1.93 THz) bandpass filter (15% bandwidth). (b) The unfiltered
THz pulse at 43 um (7 THz) (green line). (¢) The corresponding THz
pulse spectra.
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It is worth noting that the EOSD scheme can be used as a
THz arrival-time detection tool in other experiments. A recent
application evaluated the timing jitter between two electron
bunches with 21 ns delay timed for temporal overlap of THz
and XUV pulses at the experimental end-station at BL3
(Zapolnova et al., 2018).

2.3. THz beam profile

Knowledge of the transverse THz beam profile is important
as it allows precise determination of the fluence (and the
peak field) on the sample, as well as optimal optical design to
maximize the beam transmission in the experiment. We model
the THz source and the radiation transport using the SRW
software package (Chubar & Elleaume, 1998) and observe
the strong interference effects between undulator and dump
magnet radiation (edge and bending radiation) at FLASH
(Asgekar et al., 2014).

An example of the measured THz beam profile from the
dump magnet, with the THz undulator switched off, is shown
in Fig. 6(a). An example of the THz undulator beam tuned to
88 um (3.4 THz) is shown in Fig. 6(b). The beams have been
imaged in the THz diagnostics hutch so that they image the
plane approximately 10 m downstream of the radiation source.
We perform 2D raster scanning of the beams. As a detector we
employ an amplified pyroelectric detector (LME-501 from
InfraTec). Both measurements have been performed with
30 um long-pass THz spectral filter. The profiles have been
reproduced by SRW calculation, whereby the integration
of the output power was performed over the 30-300 pm
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Figure 6

(Top) THz transverse beam profiles at FLASH. (¢) Dump magnet (the
THz undulator is off), and (b) THz undulator tuned to 88 um (3.4 THz),
unfocused beam profiles measured in the THz hutch; beam position
imaged 10 m from the virtual source. Note that the undulator profile is
padded with zeros to fill in the same image size. (Bottom) The same
beams focused. (¢) Dump magnet beam (600 pm FWHM), and (d) THz
undulator beam (350 pm FWHM).

(1-10 THz) spectral range to account for the filtering, and the
form factor of a 50 fs RMS long electron bunch was used.

For the dump magnet, both the measurement and calcula-
tion render a half-moon-like structure that can be explained
by interference of the edge radiation with the bending radia-
tion from the dump magnet. For the THz undulator beam we
observe slight asymmetry in the horizontal plane which can be
explained by interference of the undulator and the dump
magnet radiation (Asgekar et al., 2014).

We focus both beams with an off-axis parabolic mirror of
focal length 150 mm and measure the beam profile with a
Pyrocam III camera from Ophir Photonics for the dump
magnet and with a microbolometer camera for the undulator
beam. The results are shown in Figs. 6(c) and 6(d), respec-
tively. We observe a beam size of 600 pm FWHM for the dump
magnet and 350 pm FWHM for the undulator beam.

Moreover, we follow the THz undulator beam profile
evolution, by wavefront propagation in SRW. The undulator
radiation wavelength is set to 160 pm (1.87 THz). For an
experimental confirmation, we measure the beam profile in
the THz diagnostics hutch at five different positions along the
beam path [see Fig. 7(a)], using the knife-edge technique. Zero
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Figure 7

THz undulator beam size at 160 pm (1.87 THz) and its propagation.
(a) Beam size measured at five different locations along the beam path
(red circles) fitted by a Gaussian beam propagation. (b) THz beam
propagation over the 10 m path, with the focusing mirrors inserted at the
1 m and 7 m position marks. The THz beam was approximated by fitted
Gaussian beam (FWHM) (green curve) and calculated from the source
by SRW (FWHM) (brown curve) and 60 (red curve).
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position denotes the THz beamline
window at which the beam is extracted
into the THz diagnostics station. We
assume a Gaussian beam profile and
obtain the beam parameters by fitting.
The plot in Fig. 7(b) compares the beam
size evolution (FWHM) calculated by
SRW (brown curve) with the approxi-
mated Gaussian beam propagation
(ABCD matrix formalism), fitted from
the measured data (green curve), for
the last 10 m of the THz beamline
transport. Two toroidal mirrors with
focal lengths of 3.8 m and 1.8 m are inserted at the 1 m and
7 m position marks, respectively. In this particular example,
the goal was to couple the THz beam into an experimental
chamber through a 25 mm aperture, located at the 10 m
position mark, with highest possible transmission. The red
curve depicts the THz beam size at the equivalent of 60
(or 99.7% beam energy), and at the 10 m position mark
we achieve the desired sub-25 mm beam size. We observe a
reasonable agreement between these two numerical models,
with the big advantage of the Gaussian beam propagation
providing very fast and efficient evaluation of the beam sizes
in the optical system.
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2.4. THz spectrum measurement

For a quick THz spectral characterization, when temporal
pulse structure is not necessary, we have developed the
variation of the Fourier transform infrared (FTIR) spectro-
meter based on a reflective lamellar grating. Unlike the most
commonly used Michelson interferometer (based on ampli-
tude division), the reflective lamellar grating interferometer
(Richards, 1964; Bell, 1972) divides the wavefront spatially.
Because of this, the reflective lamellar grating design has a
key advantage: a high (close to 100%) and smooth efficiency
response (e.g. typical Fabry—Perot interferences that plague
Michelson interferometers are absent). A comparison of the
efficiency of the lamellar grating and the Michelson inter-
ferometer can be found in Fig. 3 of Richards (1964). As a side
note, owing to a large spectral bandwidth, the lamellar grat-
ings have found application in extreme ultraviolet (XUV)
spectroscopy and metrology (Gebert et al., 2014; Usenko et al.,
2017).

As shown in Fig. 8, the lamellar grating spectrometer
consists of two interleaved gratings, manufactured from a
100 mm-diameter gold-coated copper mirror. One is fixed and
the other is mounted on the motorized stage responsible for
introducing the optical delay between the split beams. For
detection a pyroelectric detector (LME-501 from InfraTec)
with a 2 mm X 2 mm chip size was used.

The THz beam is collimated in a way that uniformly illu-
minates the gratings. The period of the grating (4 = 2 mm) is
chosen to match the spectral range of the THz sources at
FLASH. The long-wavelength limit (Bell, 1972) for lamellar
gratings iS Aga < A/2, which is 1 mm (corresponding to

Zorit B Dedayed
THZ pulsss

Scheme of the lamellar grating interferometer. OAP: off-axis parabolic mirror.

0.3 THz) in our case. For wavelengths longer than A, a
cavity effect starts decreasing the modulation depth of the
THz waves, which are polarized parallel to the fringes. The
high-frequency limit for this geometry is 30 pm (corre-
sponding to 10 THz), which is determined by diffraction
theory and depends on the geometry of the device (Strong
& Vanasse, 1960; Naftaly ef al., 2008; Ferhanoglu et al., 2009):
Amin = hs/f, where f= 130 mm is the focal length of the para-
bolic mirror and s = 2 mm is the width of the exit slit of the
detector (defined by the detector effective aperture).

An example of the measured interferogram and the calcu-
lated spectrum is shown in Fig. 9. The THz pulse was gener-
ated by the edge radiation and filtered by a 215 um (1.4 THz)
bandpass filter. The fluctuations of the shot-to-shot THz pulse
energy at FLASH can be as high as 20% RMS, depending on
the FLASH accelerator settings. We split a small portion of
the beam for a reference measurement that is then used to

1.0 4 =h
- BE4
=
L
! ﬂna.—w
o
Ty
L S, (.
4 & -4 -3 -] - | 4 ] fi
Siago posiion [mm)
Fruipeansy [THE]
20 15 12 1,0
p— =
; J a
2 d -
[* - E
£ &
£ 5 5
5| =
1 =
Wavelzngth [pm]
Figure 9

FTIR measurement for THz edge radiation with 215 pm (1.4 THz) THz
bandpass filter. (a) Double-sided interferogram. (b) Respective spectrum
(red curve) and air transmission with water vapor (in blue) show the
strong absorption lines in this spectral range.
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normalize the measured interferogram on a single-shot basis.
The normalized interferogram in Fig. 9(a) was obtained during
20 min of scanning at 10 Hz repetition rate (12000 shots).
Fig. 9(b) shows the normalized spectrum, obtained by taking a
Fourier transform of the measured interferogram. We observe
the spectral content as expected from the filter response with a
signal-to-noise ratio exceeding 100.

Measurement has been performed in ambient air and we
observe a strong modulation from the water vapor absorption
lines. We are currently upgrading it to an all-in-vacuum
spectrometer.

3. Conclusion

We have presented a range of THz diagnostic tools developed
for THz/XUV pump-probe experiments at FLASH1, DESY.
The THz pulse energy is an important parameter for optimi-
zation of the FLASH accelerator, and it reaches values from
tens of pJ up to 150 wJ. The upgrade of a currently used
radiometer to an online monitor is in progress. The THz
temporal profile can be measured with 10 fs timing resolution
and covers the spectral range from 37 to 3000 um (0.1 to
8 THz). The ongoing development of this technique will
explore the use of different EOS crystals to extend the
measured bandwidth to shorter wavelengths, GaSe (Kiibler et
al., 2005) and SiC (Naftaly et al, 2016) being good candidates
that should allow THz detection in the 10-40 THz and 0.1-
15 THz spectral windows, respectively. To fully exploit the
high THz pulse energies at FLASH, we are upgrading the
single-shot EOSD THz detection technique to one via tilted
laser pulse front (Teo et al., 2015). This technique is free from
the spectral distortions that plague EOSD (Jamison et al.,
2008) and allows for the full bandwidth of the pulse to be
retrieved (limited only by the EOS crystal). The measure-
ments of the transversal THz beam profile are used for the
design of the beam transfer line and calibration of the peak
field and intensity in the experiment. A broadband FTIR
spectrometer, covering the spectral range 30-1000 pm (0.3
10 THz), based on a reflective lamellar grating is developed
for spectral measurements. It will be permanently installed
inside the THz beamline vacuum environment for distortion-
free THz spectrum measurements, enabling quick and robust
spectral studies [e.g. suitable for THz shaping by emerging
THz meta-materials (Yen et al., 2004; Monticone & Alu, 2017,
Stojanovic et al., 2018; Polley et al., 2018)].
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The emerging up-conversion nanoparticles (UCNPs) offer a wide range of biotechnology applications, from
biomarkers and deep tissue imaging, to single molecule tracking and drug delivery. Their successful
conjugation to biocompatible agents is crucial for specific molecules recognition and usually requires
multiple steps which may lead to low reproducibility. Here, we report a simple and rapid one-step
procedure for in situ synthesis of biocompatible amino-functionalized NaYF,4:Yb,Er UCNPs that could be
used for NIR-driven fluorescence cell labeling. X-ray diffraction showed that UCNPs synthesized through
chitosan-assisted solvothermal processing are monophasic and crystallize in a cubic a phase. Scanning
and transmission electron microscopy revealed that the obtained crystals are spherical in shape with
a mean diameter of 120 nm. Photoluminescence spectra indicated weaker green (Hiyj, *Ss2 — *lis/)
and stronger red emission (4F9/2 — 4I15,2), as a result of enhanced non-radiative 4I11/2 — 4I13/2 Ers*
relaxation. The presence of chitosan groups at the surface of UCNPs was confirmed by Fourier transform

infrared spectroscopy, thermogravimetry and X-ray photoelectron spectroscopy. This provides their
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Accepted 25th July 2018 enhanced internalization in cells, at low concentration of 10 pg ml™ -, without suppression of cell viability

after 24 h of exposure. Furthermore, upon 980 nm laser irradiation, the amino-functionalized
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Introduction

Nanotechnology research in the last few decades has been
driven by both technological and fundamental interests, in an
effort to develop advanced multifunctional biomaterials for
a broad range of applications. It has been shown already that
functionalized inorganic nanoparticles could be used as thera-
nostic nanoplatforms when grafting of drugs/antigens is
successfully completed at their surface."* Particularly, tailored
coupling of optically active lanthanide doped inorganic fluo-
rides and oxides, that have the ability to convert long-
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and oral squamous cell carcinoma.

NaYF4:Yb,Er UCNPs were successfully used in vitro for labeling of two human cell types, normal gingival

wavelength near infrared (NIR) excitation into shorter-
wavelength emission of visible light (up-conversion, UC), with
a variety of biomolecules, generates hybrid nanoparticles which
possess superior bioimaging and therapeutic characteristics.**
Compared with traditional fluorescent dyes, up-converting
nanoparticles (UCNPs) offer several advantages, including
excellent chemical and thermal stability, narrow-band emis-
sion, a large anti-Stokes shift and a long lifetime. The absence of
photobleaching and blinking are other advantages that meet
the requirements of background free detection in deeper
tissues, as well as time-resolved imaging of morphological
details from cells. Intrinsic optical properties of UCNPs origi-
nate from abundant energy states of lanthanide ions doped in
a host matrix. The electron transitions between partially filled 4f
orbitals which are effectively shielded by 5s and 5p are Laporte
forbidden, so gaining of their intensity occurs through the
mixing in higher electronic states of opposite parity, either by
“vibronic coupling” or through the effect of a ligand field.> To
enhance probability of radiative transitions, at least two
lanthanide ions (sensitizer and activator) are usually doped in
host material with a strong crystal field and low phonon energy
(like oxides and fluorides). The UC goes on through following
mechanisms: excited state absorption (ESA), energy transfer
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(ET), photon avalanche (PA), cooperative energy transfer (CET)
and energy migration-mediated up-conversion (EMU). For ET to
occur, the excited energy levels of both ions must be
resonant, and ions should be in close spatial proximity.® For
instance, *Fs, level of ytterbium resonates well with energy levels
of erbium, thulium and holmium, so it is used as a very efficient
sensitizer for achieving efficient UC in NaYF, host. In Yb**/Er**
co-doped NaYF, nanoparticles, green (520 nm and 540 nm) and
red (660 nm) emissions are most commonly observed under
980 nm excitation, while violet emission at 415 nm is usually
weakened. The emission is dependent on dopants concentration
and crystal arrangement of the NaYF, phase. In the structure of
cubic o phase lanthanide and sodium ions occupy eight-
coordinated cation site randomly, whilst in hexagonal B phase
cation sites are of three types: a one-fold site occupied solely by
lanthanides; a one-fold site occupied randomly by 1/2 lantha-
nides and 1/2 sodium; and a two-fold site occupied by sodium
and vacancies stochastically.” As a result, green and red emis-
sions are both prominent in the spectra of cubic phase, whereas
green dominates in spectra of hexagonal one.

The rapid progress in development of different protocols
which give rise to the synthesis of monodisperse lanthanide
doped NaYF, UCNPs through decomposition of organometallic
precursors, proposed initially by Mai et al.,® is replaced nowa-
days with studies devoted to in situ obtaining of biocompatible
UCNPs.>* This is due to the fact that synthesis from toxic
organometallic, performed in an oxygen-free environment,
must be followed by SiO, encapsulation, ligands exchange/
oxidation or by coating with a biocompatible polymer towards
achieving a demanded chemical functionality for conjugation
of the targeting molecular moiety. Although well established,
the reproducibility of multiple steps involved in such synthesis
is not trivial, since toxicity of UCNPs produced throughout is
not easily predictable.” In order to obtain physiologically stable
NaYF,:Yb**/Er** nanoparticles in situ, some biopolymers are
already being used as surfactants during hydro/solvothermal
synthesis. Wang et al.'> were the first who reported a simple
one-step approach for the synthesis of hydrophilic UCNPs
which comprises polyethylenimine (PEI), polyacrylic acid (PAA),
polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG) usage
during hydrothermal treatment. Many years later it was shown
that such functionalized particles could be easily conjugated to
folic acid, a commonly used cancer targeting agent, and then
loaded with doxorubicin hydrochloride to achieve pH-
responsive release at target cells.”® Furthermore, PEGylated
nanoparticles of a-NaYF,:Yb,Er, prepared under the cooperative
influence of two ligands, demonstrated low cytotoxicity and
excellent distribution in small animals.** Under the guidance of
the same concept we have shown that PEG, PVP and EDTA
capped NaYF,:Yb,Er nano- and micro-particles could be easily
obtained in a controlled manner through tuning of hydro/
solvothermal processing conditions.*>*®

In this study, amino-functionalized NaYF,:Yb,Er nano-
particles with a high degree of size uniformity and efficient up-
conversion were prepared through solvothermal treating of rare
earth nitrates in the presence of chitosan (CS). Chitosan is
a linear polysaccharide composed of randomly distributed -
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linked bp-glucosamine and N-acetyl-p-glucosamine. Inter-
dispersed acetamido groups, as well as an abundance of
external -NH, and -OH functional groups offer excellent
biocompatibility and bio-reactivity, making it to be one of the
most valuable polymer for medical and pharmaceutical appli-
cations. It is widely used today in encapsulation and controlled
delivery of drugs, wound dressing, construction of contact len-
ses and artificial skin substitutes.”*®* An immense array of
depicted benefits was recently complemented with its prom-
inent antitumor activity." Lately, several reports related to
chitosan coupling to inorganic UCNPs were also reported. Thus,
an effective coating of DMSA-modified NaYF,:Yb/Er UC with
folic acid-chitosan conjugates was achieved through a robust
approach which comprised covalent bonding of amine groups
with carboxyl groups located at particle surface.”® Besides,
amphiphilic N-succinyl-N'-octyl chitosan modified UCNPs
coupled with Zn(u)-phthalocyanine photosensitizer, in form of
novel drug delivery system, ZnPc-loaded SOC-UCNPs, demon-
strated promising potential for NIR triggered photodynamic
therapy of human breast adenocarcinoma.®® More recent
studies shown that quaternized chitosan hydrogels incorpo-
rated with NaYF,:Er/Yb/Mn@photosensitizer-doped silica
could be used for effective killing of both Gram-positive and
Gram-negative bacteria,” whilst spherical chitosan-NaYF,:-
Yb**/Tm*'composite beads have excellent drug loading capacity
and release performance upon near-infrared (NIR) laser irradi-
ation.*® Although presented results provide evidence of the
significant therapeutic effects, all of aforementioned hybrid
UCNPs were actually obtained through multiple steps. It is
worth noting that there is only one report, as far as the authors
are aware of, on the usages of O-carboxymethyl chitosan during
solvothermal preparation of NaYF,:Yb**/Tm**/Er** nano-
particles (UCNPs@OCMC), but successful staining of the HeLa
cancer cells was achieved only after additional bio-conjugation
of synthesized UCNPs@OCMC with folic acid.**

Hence, the main goal of the present study is in situ synthesis
of chitosan functionalized NaYF,:Yb,Er nanoparticles capable
of transforming continual NIR radiation into visible light and
their successful utilization in visualization of the oral squamous
cell carcinoma (OSCC). OSCC is the most common malignant
tumor of the head and neck. Its incidence has increased in the
recent years, thus development of a new contrast-enhanced
agent useful for its detection at an early stage is essential. The
potential cytotoxicity of the as-obtained UCNPs synthesized in
this study was additionally tested against human gingival cells
(HGCQ) isolated from healthy gingival tissue.

Materials and methods

Reagents and materials

Chitosan (low molecular weight, 50 000-190 000 Da), sodium
fluoride (NaF, 99.99%), yttrium(m) nitrate hexahydrate
(Y(NO3)3x6H,0, 99.9%), ytterbium(m) nitrate pentahydrate
(Yb(NO3)3x5H,0, 99.9%), erbium(m) nitrate pentahydrate
(Er(NO3)3x5H,0,99.9%), anhydrous ethylene glycol (C,HgO,,
99.8%), phosphate-buffered saline (PBS), fetal bovine serum
(FBS), dimethyl sulfoxide (DMSO), Dulbecco's Modified Eagle

This journal is © The Royal Society of Chemistry 2018
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Medium (DMEM), penicillin-streptomycin (100 U ml~ "), 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT,
0.5 mg ml™ "), paraformaldehyde (PFA) and Mowiol were all
purchased from Sigma-Aldrich, St. Louis, USA. TrypLE Express
enzyme, Gibco™ Dulbecco’'s modified Eagle's F12 medium (D-
MEM/F12) and antibiotic/antimycotic solution (ABAM, 1%)
were bought from Thermo Fisher Scientific. Deionized water
was used throughout the experiments.

Synthesis of amino modified NaYF,:Yb,Er

Monodispersed  NaY,gYbg17Erg03Fs  nanoparticles were
synthesized using facile one-pot solvothermal synthesis. Stoi-
chiometrically defined amounts of rare earth nitrates (5 mmol
in total) were dissolved initially in 10 ml of water and then
added to a chitosan solution (0.1 g CS in 15 ml of water). Ob-
tained clear solution was then gradually dropped into NaF
solution (1.75-fold excess, 10 ml) and mixed further with 35 ml
of ethylene glycol (EG). Stirring of the mixture is performed
until homogeneous transparent solution was obtained at pH =
4, then transferred into a 100 ml Teflon-lined stainless steel
autoclave and sealed. Solvothermal treating was carried out at
temperature of 200 °C (2 h) with a slow continual stirring (~100
rpm). Afterwards, the autoclave was cooled to room tempera-
ture, the precipitate were centrifuged at 8000 rpm and then
washed with ethanol three times. The as-obtained white powder
was dried at 60 °C for 2 h.

Characterization of amino-functionalized NaYF,:Yb,Er

Structural and morphological characteristics of amino-
functionalized NaYF,:Yb,Er powder were obtained through the
X-ray powder diffraction (XRPD), scanning and transmission
electron microscopy (JEOL JSM-6701F SEM and JEOL JEM 2010
TEM), Fourier transform infrared spectroscopy (FTIR, Thermo
Scientific Nicolet 6700 with a Smart iTR Diamond Attenuated
Total Reflectance accessory) and thermogravimetric analysis
(Perkin-Elmer Simultaneous Thermal Analyzer, STA 6000). The
XRPD pattern was recorded using Bruker D8 Discovery equip-
ped with a Cu-Ka source (A = 1.5406 A) with a step scan of 0.02°
and accounting time of 5 s per step. Structure refinement was
done in Topas 4.2 software* using a fundamental parameter
approach. The background was refined using a fifth-order
Chebyshev polynomial. Refinement of the cubic phase was
carried out in Fm-3m (no. 225) space group, starting from ICSD
60257 data. Isotropic size-strain analysis was performed using
a predefined double-Voigt approach (volume weighted mean
column height, FWHM based LVol). Due to the observed pref-
erential orientation, the spherical harmonic formulation, also
referred as “orientation distribution function”, is included in
fitting of diffraction lines intensities. The size, shape and
chemical purity of the nanoparticles were determined by SEM
coupled with energy dispersive spectroscopy (EDS). The Sem-
Afore 5.21 JEOL software was used to construct histogram of
particle size from backscatter SEM images presenting more
than 300 particles. Dynamic light scattering measurements of
hydrodynamic radius (Ry) were performed on a Malvern Zeta-
sizer Nano ZS in the de-ionized water and medium used for

This journal is © The Royal Society of Chemistry 2018
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testing of the cell viability and imaging. For that purpose UCNPs
were dispersed at the concentration of 1 mg ml™" and passed
through a 0.45 um cellulose syringe filter before DLS measure-
ments. For TEM analysis nanoparticles were sonicated 20 min
in isopropyl alcohol and dropped directly on lacey carbon film
supported on a Cu grid. Confirmation of the crystal structure
was carried out using selected area electron diffraction (SAED)
and Fourier processing in Digital Micrograph 3.7.4 (Gatan Inc.)
software. Presence of the chitosan ligands on the nanoparticles
surface was investigated by FTIR, TG and XPS analyses. FTIR
spectrum was recorded using typically 128 scans at the resolu-
tion of 4 em '. TGA was conducted in nitrogen flux (100
ml min~") in the temperature range between 30 and 730 °C,
applying a heating rate of 5 °C min~". XPS was carried out using
an Alpha 100 hemispherical analyser from VG thermo and the
K, line from Mg (1486.6 eV) radiation. Photoluminescence
spectrum was recorded at room temperature using Spex Fluo-
rolog with C31034 cooled photomultiplier under diode laser
excitation at 980 nm, and based on it CIE chromaticity coordi-
nates were calculated.

OSCC and HGC cultures

Healthy gingival and tumor tissues were obtained from the
patients at the Clinic of Maxillofacial Surgery of School of Dental
Medicine, University of Belgrade immediately after surgical
procedure. Signed informed consent approval from each patient
was assured prior to participation in this study. Experiments were
authorized by the Ethical Committee of the School of Dental
Medicine, University of Belgrade (resolution 36/31).

Tumor cell lines were derived from tumor tissue taken from
localized squamous cell carcinoma of the oral tongue. Prepara-
tion of the cell culture was performed using slightly modified
procedure of Pozzi et al.*® Briefly, DMEM supplemented with 20%
fetal bovine serum (FBS) and 100 U m1~" penicillin-streptomycin
was used for tissue transport. The cells isolated from minced
tissue were seeded onto T25 cell culture flasks and grown in
DMEM supplemented with 10% FBS and 100 U m1™" penicillin-
streptomycin. Incubation was performed at 37 °C in a humidified
atmosphere of 5% CO,. The medium was changed thrice weekly
and cells were passaged prior to reaching 80% confluence. To
avoid fibroblast contamination, brief exposure to TrypLE Express
(Thermo Fisher Scientific, Waltham, USA) was performed. OSCC
used in this study were obtained after the third passage.

Human gingival tissues were obtained from three different,
healthy patients, aged 19-25 years, during extraction of the
impacted third molar. The gingival tissue was transported in
Gibco™ D-MEM/F12 supplemented with 20% FBS and 1%
ABAM solution. The gingival tissue was rinsed in PBS and
subjected to outgrowth isolation method. Tissue was minced
into approximately 1 mm® fragments, and placed in 25 cm®
culture flasks with DMEM/F12 supplemented with 10% FBS and
1% ABAM. Incubation was performed at 37 °C in a humidified
atmosphere of 5% CO,. The cells were allowed to reach 80%
confluence prior to passage. The medium was changed every 2—-
3 days. HGC used in this study were obtained after the second
passage.

RSC Adv., 2018, 8, 27429-27437 | 27431
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Cytotoxicity assay

MTT assays were carried out to evaluate the potential cytotox-
icity of amino-functionalized NaYF,:Yb,Er in both, HGC and
OSCC. Cells were seeded into a 96-well cell culture plate at 10*
per well and incubated at 37 °C in humidified 5% CO, atmo-
sphere. Then, aseptically weighted UCNPs in concentrations of
10, 25 and 50 pg ml~" were dispersed in sterile water by soni-
cation (3 min). After 24 h hours of cells incubation 100 ul of
UCNPs were added in each plate. Incubation of UCNPs with the
cell cultures was stopped after 24 h by discarding of spent
media, and medium containing MTT (0.5 mg ml~") was added
to each well. After additional incubation for 4 h, supernatant
was discarded and the precipitated formazan crystals were
dissolved by DMSO (100 pl) under shaking at 37 °C for 20 min.
Optical density was measured at 540 nm using ELISA micro-
plate reader (enzyme-linked immunosorbent assay) RT-2100c,
Rayto, China. Three wells without UCNPs were used as
a control group. All experiments were performed in triplicate
and repeated three times in the independent experiments. Cell
viability, expressed by the ratio of absorbance of the cells
incubated with UCNPs to that of the cells incubated with culture
medium only, was given in diagram as the mean + standard
deviation (SD).

Cell imaging by laser scanning microscopy

For the visualization of UCNPs uptake by cells 10 pg ml~" of
sterile UCNPs suspension was filtered through 0.45 pm syringe
filter to separate agglomerates that could provoke saturation
during imaging. Sterilized 22 x 22 mm glass coverslips were
placed in 6-well plates and 10* of cells were seeded per cover-
slip. Incubation was performed at 37 °C in humidified 5% CO,
atmosphere. The next day cells were exposed to UCNPs and
incubated for another 24 h. Coverslips with adherent cells were
gently rinsed with fresh PBS twice and fixed with 4% PFA for
20 min. PFA residue was then washed by PBS (3 x 3 min),
coverslips were dried, 10 pl of Mowiol was placed on fixed cells,
and coverslips were placed on microscopic slides with cells
positioned in between. Samples were stored in a dark until they
were observed under laser scanning microscopy.

The homemade nonlinear laser scanning microscope used
in this study was described in detail elsewhere.”” The Ti:Sap-
phire laser (Coherent, Mira 900-F) was used as a laser light
source operating either in femto-second (FS) pulse mode or
continuous wave (CW) mode. FS mode at 730 nm was used for
unlabeled cell imaging since it enables two photon excitation of
cells auto-fluorescence. Please note that two-photon excitation
is considered here as excitation of the molecule with no inter-
mediate levels between ground and excited state and it is not
related to UC process. From the other hand, 730 nm light do not
interact with UCNPs. The CW radiation at 980 nm was used for
the excitation of UCNPs in cells. Analogously to the previous
case, CW 980 nm light cannot excite any other molecule except
UCNPs. Due to the long UCNPs lifetime, the acquisition time at
a single point has to be reduced during scanning in order to
extend pixel dwell time. Hence, the pixel dwell time was several
times longer than fluorescence lifetime. The laser focusing and
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collection of the fluorescence during cell imaging were done
using 40 x 1.3 oil immersion objective (Carl Zeiss, EC Plan-
NEOFLUAR). A visible interference filter (415-685 nm) posi-
tioned in front of detector was used to remove scattered laser
light. Thus, the whole visible range has been detected either for
auto-fluorescence from cells or for up-conversion from amino-
functionalized NaYF,:Yb,Er UCNPs in cells.

Results and discussion

The morphology and size of amino-functionalized NaYF,:Yb,Er
UCNPs was evaluated by scanning electron microscopy (Fig. 1a).
The SEM image showed that the as-obtained nanoparticles were
spherical in shape, monodispersed and without obvious
aggregation. Particle size varied between 50 and 200 nm and the
bulk of the particles (>65%) are with diameter of 120 nm. The
purity and expected chemical composition of the as-obtained
NaYF,:Yb,Er phase were confirmed by an energy dispersive
spectrometer coupled to TEM, Fig. 1b. Based on the elemental
analysis (inset at Fig. 1b), it is evident the presence of all
constituting elements: sodium (Ko at 1.041), yttrium (La at 1.92
keV), ytterbium (Lo at 7.414 and Mo at 1.521 keV), erbium (Lo at
6.947 and Mo at 1.404 keV) and fluorine (Ka at 0.677). TEM/
SAED analyses, Fig. 1c, showed a mixture of distinct spots and
rings in the SAED pattern which correspond to d values of 3.119,
2.705, 1.923 and 1.104 A and match fine with (111), (200), (220)
and (423) crystal planes of the cubic o NaYF, phase (JCPDS 77-
2042). Coexistence of much smaller crystallites of o phase at the
UCNPs surface is evident from Fig. 1c and HRTEM/FFT images,
Fig. S1.7

The XRPD pattern of the as-obtained sample was indexed to
cubic a structure of NaYF,:Yb,Er phase (JCPDS no. 77-2042, a =
5.47 A, V = 163.67 A), Fig. 1d. However, structural refinement
confirmed the coexistence of two different particle populations
(two NaYF,:Yb,Er phases were used to adjust experimental
pattern), both adopting the same Fm-3m space group with
a similar unit cell parameters (A): a; = 5.51830(9) and a, =
5.53074(1), and a quite different crystallite size (nm): 84(4) and
12(1), respectively. Calculated crystallites sizes were in agree-
ment with the size observed during TEM analysis. Small change
of the refined unit cell volume (168.04 A) might be due to the
Yb*" and Er’" incorporation at Y** site. Occupation of 0.41(1) for
Y** site, correlates well with the nominal NaY,gYbo 17ErosF4
composition (the value of 0.5 corresponds to the full occupation
of the general site occupied by rare earths in the cubic NaYF,
phase), whilst Rp g, value of 5.7 confirmed good agreement
between observed and computed patterns. The relevant infor-
mation about Y** sites occupancy with rare earth ions in the
phase with the smaller crystallite size were not acquired, due to
the fact that better refinement was achieved when fixed values
of occupation factor were used.

Hydrodynamic radius (Ry), polydispersity index (PDI) and
stability of amino-functionalized NaYF,:Yb,Er UCNPs colloids
over time were estimated from dynamic light scattering
measurements, Fig. 2. As one could see, the coexistence of
different particle populations (one sized up to 30 nm and
another bigger than 100 nm), indicated by TEM an XRPD

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Particle size distribution histogram (a) and TEM images (b and c) of amino-functionalized NaYF4:Yb,Er UCNPs. Corresponding SEM, EDS,
SAED and FFT were given as insets in (a), (b) and (c), respectively; XRPD pattern of amino-functionalized NaYF4:Yb,Er (black), refined structure
(red) and difference curve (blue) is presented in (d). Miller indices are indicated in {} by gray marks.

analysis is well preserved in medium solution over time con-
firming the long-term stability of this colloid (Fig. 2a). Since DLS
measures actual particle size plus thickness of the strongly

Mrarral el imke resty
T
——
B

R inm

o]

bounded solvent shell around particles, obtained average values
are different (60 nm with PDI 1 in medium, and 311 nm with
PDI 0.34 de-ionized water, respectively) than determined ones
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Fig. 2 Hydrodynamic radius distribution over time of amino-functionalized NaYF4:Yb,Er UCNPs (1 mg ml™) in medium used for testing of cell

viability and imaging (a) and deionized water (b).
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from TEM images (120 nm). While average Ry and PDI of
amino-functionalized NaYF,:Yb,Er UCNPs in medium stay
unchanged with time, slight increase of both parameters were
detected after one hour (380 nm and PDI 0.4) in water (Fig. 2b).
Decrease of Ry; to 211 nm (PDI 0.34) after 24 h is observed and is
due to appearance of a significant fraction of clusters (~50 nm)
composed from nanoparticles sized up to 20 nm.

The successful in situ modification of the UCNPs surface
with chitosan ligands was confirmed by FTIR spectroscopy
(Fig. 3a). In accordance to the literature®*" observed bands in
spectrum of pure chitosan were classified as follows: broad
band in the range from 3500 to 3000 cm ™" is due to stretching
vibration of OH groups, which partially overlaps stretching
vibration of amine N-H; band at 2870.1 cm ™" is due stretching
of C-H bond in -CHj; band at 1651.7 cm ™' corresponds to
vibrations of carbonyl bonds of the amide group CONHR (C=0
stretching, secondary amide); band at 1587.1 cm ™' is due to
protonated amine stretching; bands at 1417.9 cm™ ' and
1374.1 cm ™" are due CH; and CH, bending vibrations; band at
1318.6 cm ™' is associated to the amide III (C-N stretching) and
CH, wagging; band at 1149.8 cm ™" reflects asymmetric vibra-
tion of C-O group, whilst band at 1060.156 cm ™" is assigned to
CO bending vibration of pyranose ring. The small band at
890 cm ™' corresponds to wagging of the saccharide structure of
chitosan. The FTIR spectrum of the as-synthesized UCNPs
showed a decrease in adsorption and slight shifting of chitosan
related bands at: 3399.9 cm ™' (O-H and amine N**-H group
stretching), 1651.7 cm ' (C=O stretching), 1557 cm '
(protonated amine stretching), 1373.5 cm ™' (CH, bending) and
1080.4 cm~ ' (CO bending) implying their existence on the
UCNPs surface. This confirmed that chitosan-assisted sol-
vothermal synthesis of NaYF,:Yb,Er was an effective way for in
situ obtaining of biocompatible UCNPs.

The TGA also show chitosan presence at the UCNPs surface,
Fig. 3b. TGA curve shows total weight loss of 9.5% in the
temperature region from 30-730 °C. The initial weight loss of
2% (<200 °C) is ascribed to the dehydration of adsorbed mois-
ture and possible ethanol impurity, whilst the more intense loss
of 7.5% at higher temperatures is, predominantly, due to the
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vaporization of the chitosan groups present on the UCNPs
surface. In accordance to literature, the thermal degradation of
chitosan in nitrogen is an one-step reaction which starts at
326.8 °C.** Meanwhile, a total mass loss of ca. 2-4% has been
reported for bare NaYF,:Yb,R (R: Pr, Nd, Sm, Eu, Tb, Dy or Er)
UCNPs owning to the removal of water, ethanol and slow
evaporation of NaF in the same temperature range.’>*

XPS analysis was also used to verify surface chemical
composition of the amino-functionalized NaYF,:Yb,Er UCNPs.
All of the lanthanide elements, as well as, Na, F, C, N and O are
detected in XPS spectrum, Fig.S2.1 The peak at 1073.5 eV is
assigned to the binding energy of Na 1s; peaks at 160.96, 174.29
and 185.72 eV were assigned to the binding energies of Y 3d, Er
4d and Yb 4d respectively; and peak at 685.71 eV is related to F
15.**** Peaks of C 1s, O 1s and N 1s were further decomposed in
the fine-scan mode to confirm the bonding of chitosan at the
NaYF,:Yb,Er UCNPs surface. The C 1s peak showed three
components: at 284.8 eV, typical of carbon bonding to carbon
and hydrogen [C-(C,N)]; at 282.92 eV due carbon bonding to
oxygen or nitrogen [C-(O,N)]; and at 286.59 eV typical for acetal
or amide group [O-C-O, N-C=O0]. The O 1s contributions at
532.70 and 531.4 eV were due to oxygen of the polysaccharide
backbone and amide respectively.*® The first two N 1s contri-
butions at 399.71 and 397.9 eV confirm coexistence of the non-
protonated and protonated amine groups, implying that
approximately half of chitosan terminal amine groups are
covalently bounded at UCNPs surface.

The up-conversion luminescence spectra of the amino-
functionalized NaYF,:Yb,Er UCNPs is given at Fig. 4a. It can
be split into two emission segments, a green region of 520-
550 nm and a red region of 630-690 nm, attributed to *S;, —
M5, and *Fo;, — “Lis), transitions of Er’* ions, respectively.
According to energy transfer and relaxation pathways depicted
at the energy level diagram of the Er’*~Yb>" couple (Fig. 4b),
both were determined by the non-radiative decay from “F,
excited state.

Upon the 980 nm excitation, Yb*" absorbs energy and promotes
*F,;, — °Fs), transitions. Afterward, it resonantly transfers the
energy to the *Ij;/, state of the neighbouring Er** ion. The "I,

b = |
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Fig. 3 FTIR of chitosan and amino-functionalized NaYF4:Yb,Er (a) TGA of amino-functionalized NaYF4:Yb,Er UCNPs (b).
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Fig. 4 Up-conversion luminescence of amino-functionalized NaYF,:Yb,Er UCNPs upon excitation at 980 nm with corresponding CIE diagram

given as inset (a) and energy level diagram of the Er®*—Yb** couple (b).

level of Er*" ion can be also populated by direct excitation of Er**
ion from its “I,5,, ground state. Thus, the higher excited states of
Er*’, “Fy, and “Fo),, will be further populated either through
energy transfer from another excited Er*" ion which is in close
proximity, or through a two-step energy transfer from Yb** to the
neighbouring Er*" ions. The populated “Fy,, level of Er*" then
relaxes non-radiatively to the *H,,), and *S,), levels, and further
radiatively to the ground “I,5/, state generating green emissions at
520 nm (*Hyy, — “Lisp) and 540 nm (*S3, — *I35,,). Meanwhile,
red emission appears due to the *Fo;, — *I,5, de-excitation, which
could be additionally intensified by the non-radiative *F,;, — *Fo,
relaxation. Therefore, green and red emissions were obtained
simultaneously through two-photon UC processes. Furthermore,
due to the enhanced non-radiative relaxation of “I;;, — *L3,, in
nanocrystals*** which proceeds to the direct population of *F,
level emission of red/orange light (defined by CIE 0.59, 0.41) was
observed by bare eyes at room temperature. Photostability of
amino-functionalized up-converting NaYF,:Yb,Er nanoparticles
emission was also traced during 1 h, Fig. S3.1 As one could see at
Fig. S3,7 exceptionally stable UC luminescence signal was
recorded.

The viability of OSCC and HGC following 24 h incubation
with the amino-functionalized NaYF,:Yb,Er UCNPs, expressed
in terms of percentages evaluated through comparison to the
number of surviving cells in the control group, was determined
by MTT assay (Fig. 5). One could see that viability of HGC was
highly preserved after 24 h exposure, being above 90% for all
examined concentrations of UCNPs. However, viability of OSCC
was found variable with the increase of UCNPs concentrations.
Only in the case of the lowest concentration non-significant
cytotoxicity (i.e. viability of 98%) was detected, whilst at
higher UCNPs concentrations noteworthy cytotoxicity was
observed, as reflected in a concentration dependent decrease in
the percentage of viable cells up to the value of 66% for 50 pg
ml~'. Previous study reported low cytotoxicity of the ZnPc-
loaded SOC-UCNPs toward the adenocarcinoma cells for
concentrations up to 200 pg ml “2' Also, insignificant

This journal is © The Royal Society of Chemistry 2018

difference in HeLa carcinoma cell viability (~85%) has been
observed when the concentrations of UCNPs@OCMC went up
to 200 pg ml~.>* When compared with latter two, the results
obtained in this study are unanticipated and indicate certain
theranostic effect of amino-functionalized NaYF,:Yb,Er UCNPs
toward OSCC at much lower doses.

To monitor the intracellular uptake and non-specific cell
labelling in vitro, 10 pg ml~" of amino-functionalized NaYF,:-
Yb,Er UCNPs were incubated with OSCC and HGC and after 24 h
laser scanning microscopy was performed. Images of the OSCC
are shown at Fig. 6, top row. Fig. 6a shows bright field image of
the cell, a pseudo color image of the cell auto-fluorescence upon
femto-second excitation at 730 nm is shown at Fig. 6b, whilst
the pseudo color image of the amino-functionalized NaYF,:-
Yb,Er UCNPs upon CW excitation at 980 nm is given in Fig. 6c.

Overlapping the last two images (Fig. 6d), revealed that the
UCNPs (green fluorescence spots) are positioned inside the cell,
mainly in the cytoplasmic area adjacent to the plasma
membrane. Images of the HGCs are shown in bottom row of
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Fig. 5 Cytotoxicity assays of the amino-functionalized NaYF,4:Yb,Er
UCNP in OSCC and HGC after 24 h exposure.
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Fig. 6 Laser scanning microscopy images of OSCC (top row) and HGC (bottom row) following 24 h incubation with 10 pg ml~* of amino-
functionalized NaYF4:Yb,Er UCNPs; bright field image of cells (a and e), cells auto-fluorescence upon femto-second excitation at 730 nm (b and
f), image of the amino-functionalized NaYF,:Yb,Er UCNPs upon CW excitation at 980 nm (c and g), and their positioning in cells, revealed through

co-localization of the cell auto-fluorescence and the UCNPs emission (d and h); the scale bars correspond to 50 um.

Fig. 6 following the same scanning procedure. As in a previous
case, successful internalization of UCNPs in the cytoplasmic
region of cells was achieved without disturbing cell nuclei. Since
no auto-fluorescence was observed from cells upon NIR excita-
tion (Figs. 6¢ and g), successful cells visualization with UCNPs
demonstrated the possibility of utilizing the
functionalized NaYF,:Yb,Er nanoparticles for nonspecific cell
labelling. Furthermore, abundance of the chitosan ligands
present at their surface (particularly amino groups), make them
accessible for further conjugation with anti-cancer drugs,
monoclonal antibodies or photosensitizes towards developing
of specific theranostic agents.?” As it is pointed out before, in
prior studies which involved UCNPs surface modification with
chitosan, multistep procedures were used to achieve the bene-
fits of both, biocompatibility and near-infrared triggered up-
conversion in cells. We believe that facile approach presented
in this study may be extended to the synthesis of UCNPs with
other biocompatible ligands too, raising at that way their
potential use in biomedicine.

amino-

Conclusions

Monodisperse, hydrophilic and biocompatible NaYF,:Yb,Er
UCNPs were synthesized in situ using chitosan-assisted sol-
vothermal synthesis. Spherical particles sized around 120 nm
contain a single crystal structure of a cubic o phase (Fm-3m) and
emit intense orange light (CIE 0.59, 0.41) upon 980 nm laser
excitation. Due to the presence of amino functional groups at
their surface, NaYF,:Yb,Er UCNPs presented suitable properties
for application in non-specific in vitro cell labelling. The supe-
rior biocompatibility detected toward normal human gingival
cells with regard to oral squamous cell carcinoma, under
similar cellular internalization, indicates their great potential in
diagnostic and cancer therapy, particularly in a deeper tissue up
to the penetration depth of NIR light.
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Abstract

In recent years, it has been demonstrated that malignancy arises and advances through the molecular interplay between
tumor cells and non-malignant elements of the tumor stroma, that is, fibroblasts and extracellular matrix. However,
in contrast to the mounting evidence about the role of tumor stroma in the genesis and progression of the malignant
disease, there are very few data regarding the uninvolved stromal tissue in the remote surrounding of the tumor.
Using the objective morphometric approach in patients with adenocarcinoma, we demonstrate the remodeling of
extracellular matrix of the lamina propria in the uninvolved rectal mucosa 10 and 20 cm away from the neoplasm.
We show that the representation of basic extracellular matrix constituents (reticular and collagen fibers and ground
substance) is decreased. Also, the diameter of empty spaces that appear within the extracellular matrix of the lamina
propria is increased. These spaces do not represent the blood or lymphatic vessel elements. Very likely, they reflect
the development of tissue edema in the remote, uninvolved lamina propria of the mucosa in patients with the malignant
tumor of the rectum. We hypothesize that the remodeling of extracellular matrix in lamina propria of the rectal
mucosa may increase its stiffness, modulating the mechano-signal transduction, and thus promote the progression of
the malignant disease.

Keywords
Rectum, cancer, human, extracellular matrix

Date received: 8 September 2016; accepted: 3 April 2017

IInstitute of Histology and Embryology, Faculty of Medicine, University éInstitute of Physics, University of Belgrade, Belgrade, Serbia
of Belgrade, Belgrade, Serbia ’Department of Interdisciplinary Endoscopy, University Hospital
2Faculty of Medicine, University of Belgrade, Belgrade, Serbia Hamburg-Eppendorf, Hamburg, Germany

3Department of Geriatrics, Zvezdara University Clinical Center,
Belgrade, Serbia

4Center for Gastroenterology and Hepatology, Zvezdara University
Clinical Center, Belgrade, Serbia

SInstitute of Anatomy and Experimental Morphology, University Cancer
Center, University Medical Center Hamburg-Eppendorf, Hamburg,
Germany

Corresponding author:

Zivana Milicevi¢, Institute of Histology and Embryology, Faculty of
Medicine, University of Belgrade, ViSegradska 26 1000 Belgrade,
Serbia.

Email: emilicen@etf.bg.ac.rs

@ (D | Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons

Attribution-NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial
use, reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and
Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/tub

mailto:emilicen@etf.bg.ac.rs

Tumor Biology

Table I. Demographic characteristics of patients included in
the study.

Patients Number  Age (years) Gender

Male Female
Cancer 32 72.12 18 14
Healthy 30 70.90 16 14
Introduction

The surrounding tissue of colorectal cancers has attracted
considerable interest in recent years for two main reasons.
The first reason is that carcinogens act on an entire tissue
exposed to this carcinogen, and consequently, genetic
alterations are expected to occur at sites distant from the
tumor itself. Therefore, several malignant or pre-malignant
lesions may occur in the vicinity of an actual tumor. This
concept of field carcinogenesis has originally been pro-
posed for the oral mucosa but has been expanded to practi-
cally all tissues of the human body.!* While the field
carcinogenesis primarily targets the epithelial cells of the
colorectum, the connective stroma has attracted consider-
able interest too. The masters of colorectal carcinogenesis
Vogelstein and Kinzler* stated recently that “Despite inten-
sive efforts, no genetic alterations have been shown to be
required to convert a malignant primary tumor into a meta-
static lesion.” With reference to distant metastasis forma-
tion, the decreased presence of lymphatic vessels and
reduced immune cytotoxicity have recently been high-
lighted as hallmarks for the occurrence of metastasis,’ thus
putting the tumor stroma into the focus of metastasis
research. Malignancies arise and advance through the
interactions with the elements of the neighboring tissues,
that is, the tumor microenvironment.%’ Special signifi-
cance has been attributed to the molecular interplay
between tumor cells and non-malignant elements of the
tumor stroma, that is, fibroblasts and extracellular matrix
(ECM).® Tumor progression and aggressiveness are pro-
moted by the surrounding tissue through cell-to-cell con-
tacts or secreted molecules.”! In return, tumor cells
uphold the recruitment of fibroblasts into a tumor mass
and their transdifferentiation into myofibroblasts, which
produce factors stimulating cancer progression.!'!-'4 In this
way, the interplay between the cancer cells and stromal
cells is established, a positive feedback loop is closed and
the advancement of malignant disease is promoted.
However, despite the mounting evidence about the role of
tumor stroma in the genesis and progression of the malignant
disease, there are very few data regarding the uninvolved
stromal tissue in the remote surrounding of the tumor. Only
very recently, we performed a morphometric study of the
mucosa of rectum and revealed the alterations of Lieberkiihn
crypts, as well as reduced cellularity, 10 and 20cm away
from the malignant tumor. Our study also provided indica-
tions that ECM of the lamina propria could be affected.!’

Therefore, the aim of this study was to investigate the
organization of ECM components of the lamina propria of
the rectal mucosa in the remote surrounding of the malig-
nant tumor and quantitate them using an objective mor-
phometric approach.

Our work is the first to reveal a profound remodeling of
ECM of the lamina propria of the uninvolved human rectal
mucosa in the remote surrounding of the malignant tumor.
Thus, we document the interactions between the cancer
and distant mucosal tissue of the affected organ.

Materials and methods

Tissue samples

This study has been approved by the Ethics Committee of
Zvezdara Clinical Center, Belgrade, Serbia (27 November
2013) and performed in accordance with ethical standards
laid down in the 1964 Declaration of Helsinki. All individu-
als involved received detailed verbal information and gave
their informed consent prior to their inclusion into the study.

Only patients with newly discovered tumor were
included in the study. Thus, they had not received any previ-
ous treatment for the malignant disease. Tissues were endo-
scopically sampled at the Center for Gastroenterology and
Hepatology, Zvezdara Clinical Center, Belgrade, Serbia,
from patients suspected on clinical grounds to suffer from a
rectal cancer, which all were subsequently diagnosed as
adenocarcinoma according to World Health Organization
(WHO) histological classification of tumors. Patients with
diverticular disease of the colon, previous infectious colitis,
or inflammatory bowel disease were excluded from the
study. Patients were divided into groups according to their
gender. All patients were on standard mixed meals regimen
and not on any particular form of diet.

Samples of rectal mucosa were obtained from 32 patients
older than 60years (18 males and 14 females; Table 1).
Cancers were located in the sigmoid colon 25—-30cm from
the external anal verge and the biopsies were taken 10 and
20cm away from the malignant tumor in the caudal direc-
tion. The samples of rectal mucosa collected at the same
institution from 30 healthy persons of the corresponding age
(16 males and 14 females; Table 1) during the active endos-
copy screening of individuals with a family history of intes-
tinal malignancy, possibly suffering from an as yet
unidentified, asymptomatic cancer in which no disease
involving the rectal mucosa was found, were used as control.
Samples were collected from the upper third of rectum.

Tissue preparation, staining, and morphometric
measurements

The biopsies of the rectal mucosa were fixed in 10% neu-
tral buffered formalin, processed to Paraplast. Tissue sec-
tions (3-5um thick) were routinely stained with
hematoxylin—eosin, while Gomori’s silver impregnation
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and Masson trichrome staining were used for demonstra-
tion of reticular and collagen fibers, respectively.!¢

Microphotographs were acquired with a digital camera
Olympus C3030-Z (Olympus Deutschland GmbH,
Hamburg, Germany) connected to a light microscope
Opton Photomicroscope III (Carl Zeiss AG, Oberkochen,
Germany) or digital camera Leica DFC295 (Leica,
Heerbrugg, Switzerland) connected to a light microscope
Leica DM4000 B LED (Leica, Wetzlar, Germany).

Gomori’s silver impregnation technique was used to
identify the reticular fibers which stained black. A random
selection of three fields per slide from the subepithelial
region, between the crypts, and above the lamina muscula-
ris mucosae was assessed for further analysis.

The diameters of spaces between reticular fibers were
measured at the magnification 630x. In order to avoid the
inclusion of crypts in the measurement of the spaces
between reticular fibers, a rectangle was drawn that always
occupied the same area of the lamina propria (3600 um?)
excluding the crypts, and our measurements were per-
formed within this rectangle. The plugin Bonel] within
open-source software Fiji!” was used to estimate the diam-
eter of spaces between reticular fibers in the lamina pro-
pria of the rectal mucosa of healthy individuals (n=30), as
well as 10cm (n=27) and 20cm (n=22) away from the
malignant tumor. BoneJ determines the diameter (um) of
the largest sphere that can be inserted into the spaces
between the reticular fibers and assigns different colors to
these spaces according to their diameter.

The presence of reticular fibers in colonic lamina propria
was determined in the following manner. A random selec-
tion of 15 fields per slide (5 fields in subepithelial region, 5
fields between the crypts of lamina propria, and 5 fields
above lamina muscularis mucosac) was assessed at the
magnification of 400x (n=as above). Reticular fibers were
extracted using Color Picker Threshold Plugin within open
community platform for bioimage informatics Icy.!® For
each slide, 10 positive and 10 negative colors were selected
as recognition patterns of stained and unstained tissue ele-
ments. The resulting images were systematically compared
with the corresponding originals, and in cases in which the
detection of reticular fibers was not accurate, the threshold
was fixed manually. The presence of reticular fibers in rectal
lamina propria was expressed as the relative percentage of
the area occupied by the reticular fibers divided by the area
of the lamina propria selected with an imaging processor.

Masson’s trichrome staining identified collagen fibers,
which were green. The presence of collagen fibers of healthy
individuals (n=30), as well as 10cm (n=32) and 20cm
(n=32) away from the malignant tumor, was determined in
the same manner as described above for reticular fibers.

Also, for the identification of collagen fibers, the
unfixed and label-free colon tissue samples were imaged
on an original labframe nonlinear laser scanning micro-
scope (NLM). The microscope is described elsewhere.!?

Experimental setup for NLM was used for second har-
monic generation (SHG) imaging of 3D collagen distribu-
tion from the samples. The incoming infrared femtosecond
pulses from the tunable mode-locked Ti:sapphire laser
(Coherent, Mira 900) were directed onto the sample by a
dichroic mirror through the Zeiss EC Plan-Neofluar
40%/1.3 NA Oil objective. The laser wavelength was
840nm. The SHG was selected by narrow bandpass filter
at 420nm (Thorlabs FB420-10, FWHM 10nm). The aver-
age laser power on the sample was 30mW and the peak
laser power was 2.5kW.

Immunohistochemical analysis was performed on for-
malin-fixed, paraffin-embedded sections using following
antibodies and dilution ratios: monoclonal mouse anti-
human CD34 (M7165, dilution 1:100; Dako, Carpinteria,
CA, USA), CD105 (clone SN6h, MA5-11854, dilution
1:100; Thermo Fisher Scientific, Rockford, IL, USA),
podoplanin (clone D2-40, M3619, dilution 1:100; Dako),
as well as hyaluronic acid binding protein (HABP, bioti-
nylated, 385911-50 UG, dilution 1:75; Calbiochem, Spring
Valley, CA, USA).

For anti-CD34, -CD105, and -podoplanin antibodies, the
following procedure was used. Briefly, after dewaxing and
rehydration, a heat-inducing antigen retrieval procedure
using Tris-EDTA at pH 9.0 for 30 min was performed on all
tissue sections, with subsequent washing in Tris-buffered
saline (TBS) with Tween and incubation with primary anti-
bodies for 60 min. The sections were treated by applying the
commercial Ultra Vision/3,3'-diaminobenzidine (DAB)
staining kit (Thermo Scientific Lab Vision TL-060-HD,
Rockford, IL, USA). Immunoreactions were developed by
DAB substrate.

For HABP antibody, Dako retrieval solution (S1699 at
pH=6) was used. After washing in TBS, protein blocking
was performed with 1% bovine serum albumin (BSA) in
TBS. After incubation with primary biotinylated antibod-
ies for 60min and with VECTASTATIN ABC-AP kit
(Vector Laboratories, Burlingame, CA, USA) for 30 min,
staining with Permanent Red (Dako K0640, Carpinteria,
CA, USA) was used for visualization. The sections were
counter-stained with Mayer’s hematoxylin. Negative con-
trols were performed on colon sections using the same
methodology, but with the omission of primary antibody.
For CD105 antibody, sections of human colon cancers
were used as a positive control and for HABP antibody,
sections of human nasal mucosa.

The number of blood vessels demonstrated with CD34
or CD105 in rectal lamina propria (per 0.1 mm? of the
tissue) was determined at 5 fields per slide at 200% mag-
nification using the open-source software Fiji. A region
of interest was drawn on each field, which excluded the
crypts and included only the lamina propria. Counting of
blood vessels was performed on healthy tissue (n=25),
10 and 20 cm away from tumor (n=10), using the Multi-
point tool.
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The diameter of spaces within ECM and the representa-
tion of hyaluronan, as demonstrated with HABP staining,
in healthy tissues (n=4) 10cm (n=10) and 20cm (n=12)
away from the malignant tumor, were determined as
described for reticular fibers.

Statistical analysis

The statistical package SPSS for Windows 12.0 (SPSS
Inc., Chicago, IL, USA) was used to calculate the means
and standard deviations, as well as to indicate significant
differences (Student’s t-test and one-way analysis of vari-
ance (ANOVA) at p<0.05).

Results

Morphological alterations of the uninvolved
rectal mucosa in cancer patients

The mucosa of normal, healthy persons exhibited an
orderly organization. The crypts were well developed,
generally regular and round in shape, with luscious epithe-
lium consisting mostly of goblet cells and fewer entero-
cytes (Figure 1(a)). The connective tissue of lamina propria
also displayed a tidy appearance with very little free space
within ECM (Figure 1(a)).

At the distance of 10 cm away from the tumor, the num-
ber of crypts appeared decreased, with diminished diame-
ter, slightly irregular in shape, and with frail epithelium
(Figure 1(b)). The connective tissue of lamina propria
showed a disorderly organization, whereby the prominent
spaces were notable within the ECM (Figure 1(b)). Similar
alterations of lamina propria of the rectal mucosa, but less
prominent in comparison with the normal tissue, were
observed in cancer patients 20cm away from the tumor
(not shown).

Therefore, we wished to objectively investigate the
extent of disorderly organization of the mucosal lamina
propria 10 and 20cm away from the adenocarcinoma of
the rectum and quantify the basic components of ECM
(namely, reticular and collagen fibers, as well as ground
substance). To this end, we used the computer-aided image
analysis of the affected tissue to estimate the diameter of
spaces and the representation of the components of ECM
in the lamina propria of the rectal mucosa 10 and 20cm
away from the malignant tumor.

Disorganization of reticular fibers in the lamina
propria of the uninvolved rectal mucosa in
cancer patients

In normal tissue, the reticular fibers were orderly organ-
ized and showed a tidy appearance. They were thick and
intimately appositioned to the epithelium of the crypts.
The basal lamina of the crypts was surrounded by three to

four layers of reticular fibers. A dense meshwork of reticu-
lar fibers leaving little space for non-fibrous ground sub-
stance connected the crypts with each other (Figure 1(c)).

At the distance of 10 and 20 cm away from the tumor,
the reticular fibers around the crypts consisted only of one
thin layer, and those fibers spanning the ECM were also
thin, thus leaving the prominent empty spaces between the
reticular fibers (Figure 1(d)). We revealed that the diame-
ter of spaces between the reticular fibers was significantly
increased at the distance of 10cm away from the tumor
lesion (5.66+2.21 um), in comparison with both healthy
controls (3.32+0.81 um; p<0.01; Figures 1(e)—(h)) and
tissue samples taken 20cm away from the tumor
(3.72+1.27 um; p<0.01). There was no statistically sig-
nificant difference between samples taken 20cm away
from the tumor and control (Table 2). These results clearly
documented the disturbed organization of the lamina pro-
pria in the remote, uninvolved rectal mucosa 10cm away
from the malignant lesion.

Furthermore, we wished to explore whether the
increased diameter of spaces was accompanied by a
decreased representation of reticular fibers in the lamina
propria of the remote rectal mucosa 10 and 20cm away
from the neoplasia. We revealed that the representation of
reticular fibers was significantly decreased in the lamina
propria of rectal mucosa 10cm (27.99+7.86; p<0.01) but
not 20cm (38.76+10.01) away from the tumor in compari-
son with the tissue of healthy individuals (42.72+11.33;
Table 2). The representation of reticular fibers was signifi-
cantly lower (p<0.01) in the lamina propria at the distance
of 10cm away from the tumor compared with the repre-
sentation at the distance of 20 cm (Table 2).

Disorganization of collagen fibers in the lamina
propria of the uninvolved rectal mucosa in
cancer patients

In normal tissue, the collagen fibers showed a notably tidy
appearance: the fibers were massive, intimately apposi-
tioned, and orderly organized (Figure 2(a)).

At the distance of 10 and 20 cm away from the tumor,
the collagen fibers were frail and loosely arranged. Thus,
the prominent spaces were notable between the collagen
fibers (Figure 2(b)).

We further wished to exclude the possibility that the
observed changes of the collagen fibers in the mucosal
lamina propria were artificially produced (i.e. due to fixa-
tion or staining procedure). Therefore, NLM was used for
SHG imaging of collagen distribution. In this method, the
fresh, unfixed, and unstained tissue is used for demonstra-
tion of collagen fibers. SHG images wholly confirmed the
above-described findings: in healthy individuals, the colla-
gen fibers were massive, closely appositioned, and orderly
organized around the crypts and throughout the lamina pro-
pria (Figure 2(c) and Online Resource 1). In the lamina
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Figure |. Representative photomicrographs of rectal mucosa in healthy persons (a, c, e, and g) and cancer patients 10cm away from
the tumor (b, d, f, and h). (a) On hematoxylin—eosin staining, the connective tissue of lamina propria of healthy person shows orderly
organization with very little free space within extracellular matrix, (b) while at the distance of 10cm away from the tumor, lamina
propria is disorganized with prominent spaces notable within extracellular matrix. Gomori’s silver impregnation technique identified
reticular fibers which were (c) thick and closely appositioned in normal mucosa and (d) feeble and loosely arranged at the distance
10cm away from the tumor. Measurement of the spaces between reticular fibers in (e) a healthy person and (f) 10cm away from
tumor was performed within the rectangle using plugin BoneJ (Fiji). Bone] determines the diameter of the largest sphere that can be
inserted into the spaces between reticular fibers and assigns different colors to these spaces according to their diameter. Brighter
spheres have larger diameter. Graphical output from (g) Bone] of healthy tissue and (h) 10cm away from tumor.
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Table 2. Morphometric measurements of the rectal mucosa in healthy subjects and cancer patients 10 and 20 cm away from

tumor.

Healthy controls

10cm away from tumor 20 cm away from tumor

Diameter of spaces between reticular fibers (um)  3.32+0.81
Representation of reticular fibers (%) 42.72+11.33
Representation of collagen fibers (%) 48.05+8.92
Diameter of spaces between HABP (um) 2.00+0.40
Representation of HABP (%) 60.41 £9.31

5.66+£2.21* 3.72+1.27¢
27.99+7.86* 38.76+10.01*
26.43+6.22% 35.15+8.34%

4.27 £1.58* 3.78+ 1458
42.71£11.81* 45.42+13.35%

HABP: hyaluronic acid binding protein.

*10cm away from tumor versus healthy controls (p<0.01).

+10cm away from tumor versus 20 cm away from tumor (p<0.01).
*#20cm away from tumor versus healthy controls (p<0.01).

§20 cm away from tumor versus healthy controls (p <0.05).

propria 10cm away from tumor, the collagen fibers were
thinner, disordered, and loosely arranged with noticeable
spaces between them (Figure 2(d) and Online Resource 2).

We also wished to explore whether the presence of free
spaces between the collagen fibers was accompanied by a
decreased representation of collagen in the lamina propria
of the uninvolved rectal mucosa 10 and 20cm away from
the neoplasia. We revealed that the representation of colla-
gen fibers in the lamina propria in the remote rectal mucosa
10 and 20 cm away from the cancer was significantly lower
(26.43+6.22 and 35.15+8.34, respectively; p<0.01) in
comparison with the control, healthy individuals
(48.05+8.92; Table 2). Notably, the representation of col-
lagen fibers was significantly lower (p<0.01) in the lamina
propria at the distance of 10cm away from the tumor com-
pared with that at the distance of 20 cm (Table 2).

Disorganization of ground substance in the
lamina propria of the uninvolved rectal mucosa
in cancer patients

The ECM ground substance was visualized by demonstra-
tion of HABP binding to hyaluronan in affinity histochem-
ically stained tissue sections of healthy individuals and
cancer patients and analyzed using computer-aided mor-
phometric approach.

In normal tissue, the ECM ground substance was organ-
ized in confluent, uniform bands between the crypts with
very few small spaces within it (Figure 2(¢)).

At the distance of 10 and 20 cm away from the tumor, the
ECM ground substance recapitulated the structural organi-
zation similar to that observed for reticular and collagen fib-
ers: namely, the prominent spaces were notable within it
(Figure 2(f)). The morphometric analysis revealed that the
diameter of spaces within the ground substance was signifi-
cantly increased at the distance of 10 and 20cm away from
the tumor lesion (4.27+1.58 pm, p<0.01 and 3.78+1.45 um,
p<0.05, respectively), in comparison with healthy controls
(2.00+0.40 um; Table 2). Furthermore, we revealed that the
representation of ECM ground substance in the lamina pro-
pria of the remote rectal mucosa 10 and 20cm away from

the cancer was significantly lower (42.71+£11.81 and
45.42+13.35, respectively; p<0.01) in comparison with the
control, healthy individuals (60.41+9.31; Table 2).

Edema of the lamina propria of the uninvolved
rectal mucosa in cancer patients

Finally, we wanted to elucidate whether the enlarged spaces
within the ECM in the lamina propria of the remote, unaf-
fected rectal mucosa 10 and 20cm away from the tumor
could represent the blood or lymphatic vessel elements.

On the routinely stained sections of the healthy tissue,
the small blood vessels and capillaries were readily discern-
ible, but infrequently seen. On the contrary, in lamina pro-
pria of the rectal mucosa 10 and 20 cm away from the tumor,
the small blood vessels and capillaries were abundant and
much more frequent than in the healthy tissue. To more spe-
cifically uphold our observation, we stained the tissue sam-
ples immunohistochemically with CD34 and CDI105
antibodies for total and newly formed blood vessels, respec-
tively. We counted the number of blood vessel profiles per
unit area of tissue (0.1 mm? of the lamina propria).

The CD34-positive blood vessels were abundant in
healthy tissue (Figure 3(a)), as well as 10 and 20 cm away
from the malignant tumor (Figure 3(b)). However, their
number per 0.1 mm? of the lamina propria 10cm away
(65.15+18.94, p<0.01) and 20cm away from the tumor
(45.77+16.48; p<0.01) was significantly higher compared
with the lamina propria of healthy tissue (36.57+7.59). The
number of CD34-positive blood vessels 10cm away from
the tumor was significantly increased compared with lam-
ina propria 20 cm away from the tumor (p<0.01; Table 3).

The microvessels in rectal lamina propria from healthy
controls were either minimally positive or totally CD105-
negative. Rare CD105-positive blood vessels were prefer-
entially located either superficially immediately below the
basement membrane or at the cryptal base (Figure 3(c)).
The number of CD105-positive blood vessels was signifi-
cantly increased 10 and 20 cm away from the rectal adeno-
carcinoma (Figure 3(d), 14.93+5.65 and 9.53+4.97,
respectively; p<0.01) in comparison with the control,
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Figure 2. Representative photomicrographs of rectal mucosa in healthy persons (a, ¢, and €) and cancer patients |10cm away
from the tumor (b, d, and f). Masson’s trichrome staining identified collagen fibers, which were massive, intimately appositioned,
and orderly organized in (a) normal rectal tissue and (b) frail and loosely arranged 10cm away from the tumor. NLM was used for
SHG imaging of collagen fibers in (c) unfixed and unstained healthy tissue and (d) tissue 10cm away from the tumor. SHG images
confirmed the findings described above. (e) Immunohistochemical staining for hyaluronan using HABP in healthy person shows
hyaluronan (red) organized in confluent bands between the crypts with small spaces within it. (f) At the distance 10cm away from
the tumor, hyaluronan formed thin bands with prominent spaces notable within it.

healthy tissue (5.8+£2.52). Also, the number of CD105-
positive blood vessels 10 cm away from the tumor was sig-
nificantly increased compared with lamina propria 20cm
away from the tumor (p<0.01; Table 3).

So, we demonstrate that both the number of total and
newly formed blood vessels in the lamina propria 10 and
20cm away from the tumor was increased in comparison
with the lamina propria of healthy tissue. However, as the
large spaces within the ECM of diseased rectal lamina pro-
pria remained CD34- and CD105-negative, we concluded

that they do not represent the blood vessel elements. Thus,
the question of their nature remained unanswered.
Therefore, we decided to investigate whether these
spaces could represent newly developed lymphatic vessels.
To clarify this issue, we immunostained the tissue samples
with anti-podoplanin that labels lymphatic endothelium,
whereas it is unreactive with vascular endothelium. We did
not reveal any lymphatic vessels in the lamina propria of
healthy colon and they were present only at the level of
lamina muscularis mucosae where an abundant array could



Tumor Biology

Figure 3. Immunohistochemical staining for CD34 and CD 105 of rectal mucosa in healthy persons (a and c) and cancer patients
10cm away from the tumor (b and d). (a) The CD34-positive blood vessels were abundant in healthy tissue. (b) Their number was
significantly increased 10cm away from the tumor. (c) The blood vessels in healthy lamina propria were either minimally positive
or totally CD105-negative. (d) The number of CD |05-positive blood vessels was significantly increased 10cm away from the rectal

adenocarcinoma (some blood vessels are indicated by arrows).

Table 3. Number of CD34- and CD105-positive blood vessels per 0.1 mm? of the rectal mucosa in healthy subjects and cancer

patients 10 and 20 cm away from tumor.

Healthy 10cm away from 20 cm away from
controls tumor tumor
Number of CD34-positive blood vessels (per 0.1 mm? of lamina propria) ~ 36.57+7.59  65.15+18.94* 45.77 £ 16.48%+
Number of CD105-positive blood vessels (per 0.1 mm? of lamina propria) 5.8+2.52 14.93 +5.65*% 9.53+£4.97%+

*10cm away from tumor versus healthy controls (p<0.01).
*#20 cm away from tumor versus healthy controls (p<0.01).
+10cm away from tumor versus 20 cm away from tumor (p<0.01).

be seen (not shown). On the contrary, tiny profiles of lym-
phatic vessels were sometimes identifiable within the lam-
ina propria 10 and 20 cm away from the tumor (not shown).
These results neatly corresponded to those of Kenney and
Jain.?® However, the lymphatic vessels in such cases were
very few and could not account for numerous spaces in the
lamina propria, which were podoplanin-negative.
Therefore, we concluded that these spaces do not represent
the newly developed lymphatic vessels.

It should be notified that no differences in structure of
the mucosal elements were observed between male and
female healthy persons. Also, no gender difference for any

structural element of the rectal mucosa was observed nei-
ther at 10 cm nor at 20 cm distance away from the tumor.

Taking our results together, we concluded that they
reflect the development of a veritable tissue edema in the
remote, uninvolved lamina propria of the mucosa in
patients with the neoplastic tumor of the rectum.

Discussion

Our present work, to the best of our knowledge, is the first
to document the remodeling of lamina propria in the unin-
volved rectal mucosa remote from the malignant lesion
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using an exact morphometric analysis. We demonstrate the
decreased representation of basic ECM constituents (retic-
ular and collagen fibers, and ground substance), as well as
the increased diameter of free spaces within the ECM in
the lamina propria of the distant, uninvolved rectal mucosa.

These findings are in line with the finding that collagen is
reduced in tumor-associated lamina propria.2!?2 Recent stud-
ies show that modifications of collagen fibers (e.g. cross-
linking), associated with changes of pore sizes, strongly
affect the ECM stiffness.”?>2° The cells grown in fibrillar
collagen gels, which are nowadays extensively used to study
tumor—microenvironment interactions in vitro, adopted a
motile phenotype in gels with larger pores and a less motile
phenotype in gels with small pores.2® The increased rigidity
of the ECM modulates the mechano-signal transduction and
promotes the aggressiveness of neoplastic cells.2”?8 One is
tempted to speculate that the remodeling of the lamina pro-
pria in the remote rectal mucosa that we registered in vivo
corresponds to these in vitro modifications of ECM, which
sustain the aggressive behavior of tumor cells.

Two main questions arise from our study. First, what do
the free spaces observed within the ECM represent? Second,
does the remodeling of the remote rectal lamina propria
reflect the influence of the malignant tissue, or conversely,
denotes the intrinsic modifications of the stromal tissue
which provide a suitable ground for tumor development?

Regarding the first question, and having in mind that
enlarged spaces in the remote rectal lamina propria of can-
cer patients are CD34-, CD105-, and podoplanin-negative,
we favor the possibility that these changes disclose a tissue
edema at the greater distance from the tumor. This obser-
vation extends the finding that edema is observed in the
immediate vicinity of tumors.??

Regarding the second question, the former hypothesis is
strengthened by the fact that neoplastic tissues can affect the
structure and function of very distant organs.3%3! It is also
supported by our finding that the changes of lamina propria
are somewhat more prominent at the distance of 10cm than
at 20cm away from the tumor. The latter notion is under-
pinned by our finding that the remodeling of the rectal lam-
ina propria still remains evident at a greater distance (20 cm)
away from the tumor. This is in line with the concept of
“field carcinogenesis™: it postulates that genetic and envi-
ronmental risk factors induce large areas of tissue injury
suitable for cancer development.3>33 So, it remains possible
that the remodeling of lamina propria that we observed in
cancer patients reflects the overall alteration of larger fields
of the colorectal mucosa and its connective tissue. At this
moment, based on our data, it cannot be concluded with cer-
tainty which hypothesis holds true. However, studies cur-
rently in progress in our laboratories—in which the samples
of mucosal lamina propria are taken from the part of the
large bowel the most distant from the neoplastic lesion—are
expected to greatly clarify the situation.

In very recent time, a view has emerged that the role of
stroma is not secondary to that of epithelium in the

phenomenon of “field carcinogenesis.”?*35 Our results
strongly support this opinion and suggest that the concept
of “field carcinogenesis” should incorporate not only the
changes in epithelial component, but the stroma of the
malignantly affected organ as well.2

Our findings are in fine agreement with the results of
genetic studies which showed that the significant gene
expression alterations exist in the unaffected colon mucosa
from patients with colon tumor.3¢-38 In addition to changes
in ECM components, we also found an increased number
of CD34- and CD105-positive capillaries and small blood
vessels in the remote rectal mucosa. This was also detected
in endoscopically normal rectal mucosa in patients with
multiple adenomas anywhere in the colon and was com-
pletely absent in patients with benign colonic diseases.??
Together, these data show that the use of remote uninvolved
mucosa from patients with tumors of the gut as control
tissue? should be regarded as unjustified. Despite its unre-
markable endoscopic appearance, this tissue is not normal
and only truly healthy tissue should be used as controls.

In conclusion, our study reveals profound remodeling
of the ECM of lamina propria in the rectal mucosa 10 and
20cm away from the malignant lesion. It documents the
complex interplay between the tumor and stromal tissues
not only of the neoplasm itself, but of the distant, unin-
volved rectal lamina propria, as well. The search for these
changes may be used as a diagnostic tool and a valuable
indicator of occult tumors of the large bowel.
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Mapping of hemoglobin residuals in erythrocyte ghosts
using two photon excited fluorescence microscopy

Ivana Drvenica (1), Katarina Bukara (2), Svetlana Jovani¢ (3), Ana Stanci¢ (1), Vesna
Ii¢ (1), Mihailo D Rabasovi¢ (3), Dejan V Panteli¢ (3), Branislav M Jelenkovié (3),
Branko Bugarski (2), Aleksandar Jovan Krmpot (3)

(1) Institute for Medical Research, University of Belgrade, Dr Suboti¢a br 4, 11 129 Belgrade,
Serbia

(2) Department of Chemical Engineering, Faculty of Technology and Metallurgy, University of
Belgrade, Karnegijeva 4, 11 000 Belgrade, Serbia

(3) Photonics Center, Institute of Physics Belgrade, University of Belgrade, Pregrevica 118,
11080 Belgrade, Serbia

We have utilized the two photon excitation fluorescence (TPEF) microscopy to map the
spatial distribution of residual hemoglobin. The home-made experimental set up for NLSM
utilizes the train of the femtosecond pulses from Ti:Sapphire laser at 730nm, repetition
rate 7T6MHz, and pulse duration 160fs. Porcine slaughterhouse blood and human outdated
blood were used as a starting biological material. The erythrocyte ghosts were prepared
by gradual hypotonic hemolysis [3]. First we used TPEF microscopy to image the intact
erythrocytes at single cell level and to study their morphologies, discocyte of human and
echynocite of porcine erythrocytes. We have shown that the distribution of hemoglobin in
intact erythrocytes follows the cells’ shape with pronounced abundance in the proximity of
cell membrane [4]. The TPEF images have also revealed that despite an extensive washing
out procedure after gradual hypotonic hemolysis, residual hemoglobin localized on intra-
cellular side of the ghost membranes [4]. The TPEF estimated hemoglobin distribution in
intact erythrocytes and residual hemoglobin distribution in erythrocyte ghosts could be
of importance in biotechnological processes but also in diagnosis of different pathological
conditions.

[1] W. Zheng et al, Biomed Opt Express 2, 71-79 (2010)
[2] V. Leuzzi, et al, J. Inherit. Metab. Dis., 1-12 (2016)
[3] I. Kostié¢, wt al, Colloids Surf B 122, 250-259 (2014)
[4] K. Bukara et al, J. Biomed. Opt. 22, 26003 (2017)
Keywords: multiphoton fluorescence microscopy, ultrafast lasers, hemoglobin, label-
free imaging, erythrocytes, erythrocyte ghosts
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Nonlinear Laser Scanning Microscopy (NLSM)

Aleksandar Krmpot
Institute of Physics, University of Belgrade, Belgrade, Serbia

E-mail: krmpot@ipb.ac.rs

Nonlinear laser scanning microscopy (NLSM) is advanced imaging technique particularly
suitable for deep tissue and in vivo imaging. It utilizes ultra-short laser pulses (femto second
pulses) in near infrared spectral region and due to nonlinearity the interaction with
specimen material occurs only in the tiny focal volume which enables deep penetration.
There are three modalities of NLSM: Two Photon Excitation Fluorescence (TPEF), Second
Harmonic Generation (SHG) and Third Harmonic Generation (THG) imaging. Each of them
provide complementary and valuable information and is used for various types of imaging.
TPEF is the most similar to the single photon excitation fluorescence in confocal microscopy,
but it has much higher penetration depth and axial resolution. TPEF relays very often on
auto fluorescence, that originates from NADH and FAD mostly, when vertebrate specimens
are imaged or chitin in arthropods. SHG imaging reveals ordered structures such as collagen
(type 1), myosin and starch with no need for labeling and with extremely high contrast. Also,
it is the only optical technique that is used for quantification of degree of collagen molecules
organization. THG is also used for unstained samples imaging providing information on steep
changes of refractive index inside the specimen. With some limitations it is mostly used for
in vivo imaging and real time tracking of some physiological processes, e.g. C. Elegance
embryogenesis, physiological processes in zebra fish etc.

In the presentation, the physical background of TPEF, SHG and THG process will be explained.
The properties of the technique such as axial and lateral resolution, information on samples
that NLSM provides and basic applications will be discussed. 3D models and examples for
imaging using each of modalities will be presented.

Suggested reading:

1. B. R. Masters, and P. So, Handbook of Biomedical Nonlinear Optical Microscopy.
Oxford University Press (2008).

2. Jerome Mertz, Introduction to Optical Microscopy, Roberts and Company
Publishers (2009)

3. 2014 - Francesco S Pavone_ Paul J] Campagnola-Second harmonic generation
imaging-CRC Press Taylor & Francis
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2003 - Campagnola - Second-harmonic imaging microscopy for visualizing of
biomolecular arrays in cell, tissues and organisms - Nat. Biotechn. 894

2001 - Mertz, Moreaux - SHG by focused excitation of inhomogenously distributed
scatterers - Opt Com 196

2000 - Koenig-Multiphoton microscopy in life science-J Microscopy 200
https://www.ncbi.nlm.nih.gov/pubmed/16369553

http://www.mitr.p.lodz.pl/evu/lectures/Filippidis.pdf

G.J. Tserevelakis, G. Filippidis, A.J. Krmpot, M. Vlachos, C. Fotakis, N. Tavernarakis,
“Imaging Caenorhabditis elegans embryogenesis by third-harmonic generation
microscopy,” Micron, 41 444 (2010), doi: 10.1016/j.micron.2010.02.006
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THE EFFECTSOF SELENITE ON FILAMENTOUSFUNGI LIPID DROPLETS
MONITORED IN VIVO LABEL FREE USING ADVANCED NONLINEAR
MICROSCOPY TECHNIQUE
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Abstract:

Third Harmonic Generation (THG) microscopy was employed as a method of choice for lipid
droplet (L D) measurements and quantification of the effect of seleniteon LDs.

Nonlinear laser scanning microscopy (NLSM) employs ultra-short laser pulses for imaging. THG
microscopy isthe modality of NLSM. Strong THG signals can only be observed from regions with non-
uniformities with respect to their refractive index. Such regions in biological samples are lipid-water
interfaces, and by far the brightest features in cells are LDs. For that reason, THG microscopy is the
appropriate method for imaging of LDsfrom live unfixed cells, without the need for additional labeling.

The biological effects of spore- to- end- of- exponential - phase duration (27 - 30 h) of exposure to
1 mM selenite were monitored in vivo on the cells of filamentous fungi in liquid culture. We measured
thelipid droplet density and size distribution in amodel fungi Phycomyces blaked eeanus. Thein-house
built microscope frame complemented with Yb KGW laser (1040 nm, 200 fs pulses) was used, while
detection was enabled in the transmission arm by PMT through the Hoya glass UV filter (peak at 340
nm).

From THG images of control and Se**-treated hyphae, LD size and number were measured,
showing that LD density wasincreased by more than 60% in Se**-treated hyphag, compared to control.
The average LD size distribution seemed dightly changed by Se™ -treatment. The obtained results
suggest that 1 mM selenite treatment probably induces cellular stress response in filamentous fungi.

Keywords. Lipid droplets, Selenite, Third Harmonic Generation Microscopy, Phycomyces
blakesleeanus

1. Introduction

Seleniumis an essential trace element for humans and animals, while it is not necessary for plants
and fungi. The availability and biological activity of selenium depend on its dose and chemical form
[1]. In trace amounts, selenium enhances antioxidant capacity in a number of selenoproteins while at
higher concentrations, selenium is toxic due to its prooxidative effects like oxidation of protein thiols
and reactive oxygen species generation [2]. Since the oxidative stress is among the main intracellular
signals sustaining autophagy [3], and lipid droplet (LD) biogenesis seems to be a general cellular
response to high autophagic flux according to recent studies [4], we hypothesized that increased LD
formation could be an immediate cellular response to a high selenium exposure.

300



T. Pajic, N. Todorovic, D. Stefanovic, M. Rabasovic, A. Krmpot, M. Zivic, The Effects of Selenite on Filamentous Fungi
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In order to reliably monitor LDs in vivo by imaging, and measure the effects of selenite-induced
oxidative stress- mediated cellular changes, it would be necessary to employ the imaging method that
causes minimal additional phototoxicity. Otherwise, the oxidative stress induced by, for example,
confocal imaging of labeled LDs, could potentially interfere with the processes underlying the
measurements. For those reasons, Third Harmonic Generation (THG) microscopy was employed as a
method of choice for LD measurements and quantification of the effect of selenite on LD number and
sizes. THG microscopy is one of the modalities of nonlinear laser scanning microscopy (NLSM). In
NLSM, the high laser intensity, and low average power due to employing ultra-short laser pulses, alow
for the generation of nonlinear imaging signals. Although THG microscopy is not chemically specific,
strong THG signals can only be observed from regions with non-uniformities with respect to their
refractive index. Such regions in biological samples are lipid-water interfaces, and by far the brightest
featuresinlive cellsare LDs[5]. For that reason, THG microscopy is especially appropriate method for
LD imaging from live unfixed cells, without the need for additional labeling.

The biological effects (on the lipid droplet density and size distribution) of exposure to 1mM
selenite were monitored in vivo on the cells of filamentous fungi in liquid culture. Filamentous fungi
are one of the main pathways for selenium entrance into ecosystems and able to concentrate selenium
in the mycelia [6]. Additionally, fungi are smple to manipulate, unicellular model system, that is
naturally without selenoproteins encoded in genome [7]. Therefore, in fungi the prooxidative effects of
selenium can be observed unhindered with simultaneous beneficial selenium-mediated effects.

2. Materialsand Methods

Model organism was unicellular wild-type strain of the ol eaginous filamentous fungus Phycomyces
blakesleeanus (Burgeff 1925) (NRRL 1555(—)), grown in lighted stationary plates from the spore stock
as previously described [8]. To observe the effect of treatment with 1mM sodium selenite, the prepared
fungi activated spore culture volume was divided to control culture and treatment culture (same as
control, with addition of sodium selenitein final concentration 1mM). The experiments were performed
in triplicate.

Asamethod of choice for label freein vivo LD measurements, the application of THG microscopy
was employed: 1040 nm, 200 fs pulses from Yb KGW laser were used; THG signal was detected by
PMT in the transmission arm after passing through the Hoya glass UV filter with the peak at 340 nm.
The obtained images were analyzed in ImageJ to quantify L Ds number and size. The results are reported
as mean + Standard error (SE) and statistically tested by student t-test with 95% confidence level.

3. Results and Discussion

In THG images obtained from control and selenite (Se™)-treated hyphae, LDs can be readily
observed (Figure 1a).

P
growth time (h)

Figure 1. a) THG images of: Control (28h), in the left panel; Se**-treated hypha (26h) in the right panel.
Calibration bar is shown on the left (bottom: minimal; top: maximal intensity). Brightest spots represent L Ds, and
the faint cell wall THG signal can be seen as well. The increased LD density in treated group is visible. b.) LD
density (LD number per unitary hypha area) was normalized for each independent experiment (n=3) to the LD
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density value of the first control (24h) and plotted as a function of growth time. Control: black circles; Se*4-
treated: gray triangles.

From THG images of control and Se**-treated hyphae, LD number (Figure 1b) and size were
measured (Figure 2). Fig. 1b. graph shows that average L D density increased by more than 60% in Se**-
treated hyphae, compared to control. LD density was calculated as: (LD number in the hypha) / (Area
of that hypha (um?)). Trend for slight increase of LD density in oldest controlsis aso evident, although
it isless pronounced than in treated group (33 + 16% increase in aged controls vs. 88 + 26% in aged
Se-treated). Average LD size was unchanged (Fig.2b.), not supporting the expectation that the stress
induces generation of new LDs. Distribution of LD sizes on the other hand, shows that Se**-treated
LDsare more frequently small (around 1 um) compared to LDsin controls. In addition, LD distribution
in controls, but not in treated group, always had a “right side shoulder”-telltale sign that the separate
population of LDs with diameters larger than group average is present. Same finding is more clearly
seen in Fig 2c¢. graph, where the obtained parameters of Gauss function fits to the distribution of LD
diameters are shown.

ameter (um)
.‘

N\—

® control (24h)
= Control (28h)

c
F se’ (30.5n) 0.6 % ¢
c 4 Control (31h)
se** (27h)
s

: +
H 05 .
oz < *
= o4 "
o e'* (30.5h)
pl 02 L]

0ot 00+

o 1 2 . s 10 1

bin center (wm) LD diameter distribution mean (um)

Figure 2. Size of LDs in the control and the Se**-treated group. a.) Distributions of LD size for the Se**-
treated and for the age closest control. Top: 27 h treatment / 28 h control. Bottom: 30.5 h treatment / 31 h control.
b.) Mean + SD diameters of LDsin all groups (n = 200 - 400 LDs for each group). c.) Obtained parameters of the
Gaussfit to LD size distribution. A - frequency of the component fitted. Some group distributions could be fitted
with one normal distribution, but most often, two components were present.

LDs in the model fungus Phycomyces blakeslecanus are very small (mean diametersin al groups are
less than 1 um), while the resolution limit of the images presented is at around 0.4 um. Smaller than
average L Ds were barely above the limit. Therefore, the close proximity to resolution limit is probably
the cause for our inability to reliably detect the Se**-induced generation of the smallest LDs and
subsequent lowering of the mean diameter.

3. Conclusions

Wewere ableto measure shift of the distribution of sizes, and the increase of the number of LDsinduced
by 1 mM selenite treatment. THG modality of NLSM enabled in vivo and label free physiological study
that provided datain support of the hypothesis presented. Based on our data, it can be concluded that
selenite induces cellular stress leading to autophagy and subsequent LD formation.
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Abstract—We apply an innovative method called Optically-
Detected Spin-Echo to measure theintrinsic coher ence relaxation
time in the buffer-gas vapor cell of a Rb atomic clock [1]. This
method suppresses the influence of static-magnetic-field-
gradients across the cell which is a sour ce of relaxation processes.
Such studies are of interest for high-performance Rb atomic
clocks, where both intrinsic population and coherence relaxation
times (T1 and T2, respectively) of the “ clock transition” (5%Su2 | Fq
=1, mr =0) < | Fg =2, mr = 0)) arerelevant.

Keywords—Relaxation times; Spin-Echo; Rb atomic clock;

l. INTRODUCTION

Alkali vapor cells are used in precison measurements
applications such as vapor cell atomic frequency standards,
navigation systems, optical magnetometry and quantum
information storage [2-6]. They rely on long-lived ground-state
spin-polarization of the alkali vapor in the cell [7]. In a vapor-
cell atomic clock, the clock stability is limited by the linewidth
and contrast of the atomic resonance line, which both are
influenced by the relaxation processes in the cell. Alkali atoms
in a buffer-gas vapor cell may lose their polarizations due to
collisions with the cell-walls, with the buffer-gas atoms, and
among themselves (spin-exchange). These processes are well
described by the relaxation theory in [2]. Based on this theory
and above mentioned processes, we determine both intrinsic
population and coherence relaxation times T; and T,
respectively, approximately equal to 4.5 ms specifically for the
“clock transition” (5°Syz2|Fg=1, me=0) <> |Fg=2, mg=0))
of Rb atoms in our particular buffer-gas cell (see section I1).
The term “intrinsic” describes the relaxations that depend on
the cell’s properties only, such as cell temperature, pressure
and the cell geometry, but do not depend on any external
electro-magnetic field. In a vapor-cell atomic clock, a static
magnetic field is applied to lift the Zeeman degeneracy. The
alkali atoms may experience various static magnetic fields due
to some residua static-magnetic-field-gradients (SMFG) across
the cell. The SMFG may also give rise to an addition-*9nal
relaxation source like in Nuclear Magnetic Resonance (NMR)

This work was supported by the Swiss National Science Foundation
(SNSF grant no. 162346), the European Metrology Research Programme
(EMRP project IND55-Mclocks), SNSF-Scopes project (152511) and
Ministry of Education Science and Technological Development of Republic
Serbia (111 45016 and Ol 171038). The EMRP is jointly funded by EMRP
participating countries within EURAMET and the European Union.
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[8]. In NMR experiments the total coherence relaxation time,
conventionally denoted T,*, is shorter than the intrinsic
coherence relaxation time T» due to the static magnetic field
inhomogeneity in the system that can be described by the local
static magnetic field gradients, G. Then, the total coherence
relaxation timeis given by [9]:

T*1 =T,1+ ﬂGZ, (D)
where 77 is a proportionality factor depending on atomic and
experimental parameters.

In this article, we apply Optically-Detected Spin-Echo
(ODSE) method demonstrated in [1] to suppress the impact of
SMFG across a Rb vapor cell and measure T, time, while Ty*
is accessed using Ramsey method [10].

Il.  EXPERIMENTAL SETUP

Our experimental setup is a Rb atomic clock, whose details
were presented in [11]. It contains three main components: 1) a
frequency-stabilized laser system, 2) the clock physics package
(PP), and 3) a microwave synthesizer. The laser system [12]
consists of a distributed-feedback laser diode that emits at
780 nm, an evacuated Rb reference cell and an acousto-
optical-modulator (AOM). The AOM is used as afast switch to
control the duration and intensity of the laser pulses. The PP is
based on a compact magnetron-type microwave cavity [13]. It
resonates at the 8’Rb clock transition frequency = 6.835 GHz,
with a TEou-like field-mode geometry. The microwave cavity
surrounds a cylindrical glass cell with both diameter and height
of 25 mm. The cell is filled with ¥Rb atomic vapor and a
mixture of Argon and Nitrogen buffer-gases with a partial
pressure ratio of Pa/Pn2 = 1.6. The microwave cavity is placed
inside a C-field coil that generates a static magnetic field
paralel to the cell’s symmetry axis and the laser propagation
vector. The microwave synthesizer is used to generate a
~6.835 GHz radiation resonant with the 8’Rb clock transition
[14].

I1l.  EXPERIMENTAL RESULTS AND DISCUSSIONS

The ODSE method is inspired by the Ramsey method [10]
combined with the NMR spin-echo method presented in [15].
The timing sequence of the ODSE scheme is shown in the inset
of Fig. 1. First, an optica pumping laser pulse creates a

Authorized licensed use limited to: Texas A M University. Downloaded on December 27,2021 at 13:28:35 UTC from IEEE Xplore. Restrictions apply.



population imbalance by depopulating the Rb Fg=2 and
filling the Fg = 1 ground state. Then, in absence of light, a /2
microwave pulse creates a coherent superposition of the two
hyperfine me =0 states involved in the clock transition. The
spins dephase at different rates and their coherences start to
decay due to the SMFG across the cell. After a free evolution
time, T< (dephasing time), a phase-reversal © microwave pulse
flips the spins and inverts the dephasing effect. After an
additional free evolution time equal to the initial dephasing
time, T, the dephased states are rephased at the instant of the
second w/2 microwave pulse. The second n/2 pulse converts
the accumulated atomic phase into a population difference
between the hyperfine states. Finally, optical density (OD) is
measured in the cell with a laser pulse on the transition from
Fg= 2 by using a photodetector. OD is defined by:

OD =-In(I/lo), (2)
where, lp and I are the incident and transmitted laser probe
pulse intensities respectively.

In the ODSE method the detection of OD, i.e. of atomic
population, is done with the laser. The Zeeman splitting in the
5Sy» ground state is much smaller than the intrinsic optical and
Doppler linewidths, thus laser detection delivers the population
relaxation time, Ti, involving all the Zeeman levels in the
ground states Fg= 1 and Fyg= 2 simultaneously (and not the
clock levels only). However, because the microwave radiation
does resolve the different Zeeman sublevels individually, we
can selectively access T, of the clock transition alone. We vary
Ts and record OD consequently when the microwave
frequency is detuned from the clock transition by a fixed
amount of ¢ [10]. The experimental data shown in Fig. 1 is
fitted by the equation:

OD = A+ B exp(—2Tse/ T, OP%F) +
C exp(—ZTSE/TZODSE) S n(471'é‘|-s|5 + @),

3)

where A, B, C, Ty, TP § and ¢ are the fitting
parameters. The fit gives both the relaxation times of
T, ©PSE =321+ 0.05 ms and T,°°% =4.30+ 0.85 ms. T, 9P
refers to the population relaxation time for the transitions
between al me levels and T;°P%F is specific to the clock
transition. The measured T,°°%F is in a good agreement with
the predicted intrinsic coherence relaxation time T (= 4.5 ms).
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2 ® data
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Fig. 1. Optical density of the vapor cell in the ODSE scheme. Solid red
circles are the experimental data and blue curveis a fit based on eguation (3).
Inset: Timing sequences of ODSE scheme.
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The relaxation times were also measured using the Ramsey
method [10], in the same vapor cell and the same static
magnetic field as used for the ODSE measurements. We found
TyRam = 320 +£ 0.01 ms and T*Ra™¥ = 3.95+ 0.25 ms. The
obtained T;” were consistent in both methods, while T*Ramsey
was shorter than T;°P% (and also the predicted T2) due to
SFMG across the vapor cell. The measured relaxation times
with ODSE method show higher uncertainties compared to the
ones from Ramsey method. This can be attributed to the lower
signal contrast due to the longer complete interrogation cycle
in the case of ODSE.

IV. CONCLUSION

We have demonstrated that by using the ODSE method, the
additional dephasing contributions arising from SMFG across a
vapor cell can be suppressed. Such SMFG-induced dephasing
can be considerable, even for our well-designed atomic clock
PP with field gradients on the order of 2 — 4 % (obtained by
measuring the broadening of the Zeeman linewidths and from
[16]). Thus, the ODSE method allows measuring the intrinsic
To, in good agreement with the relaxation theory. The current
uncertainties in T,°°S could be reduced by enhancing the
signal contrast and by reducing the signal noise. The ODSE
method is aso of high interest to characterize T, in other
guantum-optics systems, e.g. cold atoms or solid-state systems
such as nitrogen-vacancy centres in diamond, for applications
in quantum information, quantum memories, quantum sensing
or gquantum metrology [17-20].
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10:20 Tu.A7.5 Terahertz wireless communications using photonic and electronic devices (Invited), G. Ducournau, P. Szriftgiser, F. Pavanello, P. Latzel, M. Zaknoune, E. Peytavit, D. Bacquet, J-F. Lampin
10:40 Tu.A7.6 Nanoseconds wavelength and space optical cross-connect switches for high performance optical network (Invited), N. Calabretta, Wang Miao, K. Williams

Track 1 — ROOM 3

ICTON IV
Chair: Masatoshi Suzuki
(8:30-10:20 Tuesday, July 12)

8:30 Tu.Al.1 Multi-dimensional demappers for optical

Track 2 — ROOM 7

OWW lil
Chair: Wen-De Zhong
(8:30-10:00 Tuesday, July 12)

8:30 Tu.A2.1 Approaching terabit serial optical

fiber systems with soft-decision forward error correction transmission over strong atmospheric turbulence

(Invited)
T. Fehenberger N. Hanik

8:50 Tu.Al.2 Layered LDPC decoding for turbo-
differential decoding in presence of cycle slips in
optical communications (Invited)

C. Cabirol, W. Sauer-Greff, R. Urbansky

9:10 Tu.Al.3 Hammerstein-based equalizer for
nonlinear compensation in coherent OFDM long-reach
PONs (Invited)

J. Torres-Zugaide, |. Aldaya, G. Campuzano,

G. Castanon

9:30 Tu.Al.4 Multidimensional OFDM for
programmable adaptive optical transceivers (Invited)
J.M. Fabrega M. Svaluto Moreolo

9:50 Tu.Al.5 Phase noise impact on directly detected
optical OFDM transmission in uncompensated links
S. Mandelli, A. Gatto, M. Magarini, P. Boffi, P. Martelli,
S. Pecorino, A. Spalvieri

10:05 Tu.Al.6 Bit loading-based irregular LDPC
coded-modulation for high-speed optical
communications

Ding Zou, |.B. Djordjevic

Coffee break (10:20-10:50)

ICTON V
Chair: Stefan Wabnitz
(10:50-12:30 Tuesday, July 12)

10:50 Tu.B1.1 Bright and dark vector rogue waves
(Tutorial)

S.V. Sergeyev, Chengbo Mou, S. Kolpakov,

V. Kalashnikov

channels (Invited)
Zhen Qu, |.B. Djordjevic

8:50 Tu.A2.2 Design of high speed free space optical
channels (Invited)
M. Cvijetic

9:10 Tu.A2.3 Moderate-to-strong turbulence

FiIWIN5G |
Chair: Nikos Pleros
(16:10-17:45 Monday, July 11)

16:10 Mo.D3.1 Photonics-based transceivers for fiber-
wireless networks (Invited)

P. Ghelfi, F. Laghezza, F. Scotti, G. Serafino, C. Porzi,
A. Bogoni

16:30 M0.D3.2 The new flexible mobile fronthaul:
Digital or analog, or both? (Invited)

N.J. Gomes, P. Assimakopoulos, M.K. Al-Hares,
U. Habib, S. Noor

16:50 Mo.D3.3 5G radio over fiber for small-cells
(Invited)
F. Ponzini, L. Giorgi

17:10 Mo.D3.4 The effect of different queuing regimes
on a switched Ethernet fronthaul
M.K. Al-Hares, P. Assimakopoulos, S. Hill, N.J. Gomes

17:25 We.C2.1 Requirements for 5G fronthaul (Invited,
moved from session We.C2)
L. Valcarenghi, K. Kondepu, F. Giannone, P. Castoldi

Track 3— ROOM 6

WAOR |
Chair: Xavier Hesselbach
(8:30-10:10 Tuesday, July 12)

8:30 Tu.A3.1 Optical layer-driven network restoration
and redesign for improved fast reroute reliability
(Invited)

Zhen Lu, Y. Jayabal, M. Razo, M. Tacca,

A. Fumagalli, G.M. Galimberti, G. Martinelli,

G. Swallow

8:50 Tu.A3.2 State-dependent connection admission
control and routing and spectrum assignment in
multirate flex-grid optical networks (Invited)

R. Romero Reyes, T. Bauschert

9:10 Tu.A3.3 Spectrally efficient operation of mixed

generation in a laboratory indoor free space optics link fixed/flexible-grid optical networks with sub-band virtual

and error mitigation via RaptorQ codes (Invited)
R. Pernice, A. Ando, A. Parisi, A.C. Cino,
A.C. Busacca

9:30 Tu.A2.4 Performance analysis of a hybrid QAM-
MPPM technique under gamma-gamma turbulent
channels

H.S. Khallaf, T. Ismail, H.M.H. Shalaby, S. Sampei

concatenation (Invited)
Ya Zhang, Longfei Li, Yongcheng Li, S.K. Bose,
Gangxiang Shen

9:30 Tu.A3.4 Modulation format-aware restoration and

re-optimization in flexgrid optical networks (Invited)
L. Gifre, M. Ruiz, L. Velasco

9:45 Tu.A2.5 Performance analysis of SIM-DPSK FSO 9:50 Tu.A3.5 Indirect crosstalk-aware routing and

system over lognormal fading with pointing errors
T. Ismail, E. Leitgeb

Coffee break (10:00-10:30)
oww v

Chair: Mike Wolf
(10:30-12:00 Tuesday, July 12)

10:30 Tu.B2.1 BER analysis of WiMAX on FSO
(Invited)
G.T. Djordjevic, |.B. Djordjevic

wavelength assignment in transparent optical networks
with the use of generic algorithms (Invited)

D. Monoyios, K. Manousakis, C. Christodoulou,

A. Hadjiantonis, K. Vlachos, G. Ellinas

Coffee break (10:10-10:40)
WAOR I
Chair: Andrea Fumagalli
(10:40-12:20 Tuesday, July 12)
10:40 Tu.B3.1 Scalable elastic optical path networking
models (Invited)
B. Jaumard, M. Daryalal

SWP I
Chair: Oksana Shramkova
(16:50-18:30 Monday, July 11)

16:50 Mo.D4.1 Optical sensing from plasmonic
metamaterials (Invited)

I. Mbonson, S. Tabor, S.G. McMeekin, B. Lahiri,
R.M. De la Rue, N.P. Johnson

17:10 Mo.D4.2 New microphotonic resonant devices
for label-free biosensing (Invited)

C. Ciminelli, F. Dell'Olio, D. Conteduca, F. Innone,
T. Tatoli, M.N. Armenise

17:30 Mo.D4.3 Technology of hybrid plasmonic
devices for optical bio-sensing (Invited)
L. Wosinski, Xu Sun, L. Thylén

17:50 Mo.D4.4 Nonlinear optical effects used for
investigations on biological samples at micro and
nanoscale (Invited)

G.A. Stanciu, D.E. Tranca, S.G. Stanciu, C. Stoichita,
A. Toma

18:10 Mo.D4.5 Influence of laser beam quality on
modal selection in tapered optical fibers for multipoint
optogenetic control of neural activity (Invited)

A. Della Patria, M. Pisanello, L. Sileo, M. De Vittorio,
F. Pisanello

Track 4 —- ROOM 221

SWP IV
Chair: Brana Jelenkovié¢
(8:30-10:25 Tuesday, July 12)

8:30 Tu.A4.1 Surface enhanced Raman scattering in
surgery and forensics (Invited)

C. Micsa, C. Rizea, M.I. Rusu, N.D. Becherescu-Barbu,
R. Munteanu, M.V. Udrea, B. Chiricuta, A. Parau,

A. Tonetto, R. Notonier, |.A. Birtoiu, C.E.A. Grigorescu

8:50 Tu.A4.2 Pulse and multifrequency near-field
subsurface diagnostics (Invited)
K.P. Gaikovich

9:10 Tu.A4.3 Optical single pixel detection for
compressive sensing with unitary circulant matrices
(Invited)

D. Pastor-Calle, A. Pastuszczak, M. Mikofajczyk,
R. Kotynski

9:30 Tu.A4.4 Design of silicon ring resonators for CO,
detection (Invited)
Yaping Zhang, Siyu Zhao, Beinuo Lu

9:50 Tu.A4.5 Ultrasensitive sensors based on specialty
optical fibres (Invited)
J. Villatoro, J. Zubia

10:10 Tu.A4.6 Modified noiselet transform and its
application to compressive sensing with optical single
pixel detectors
A. Pastuszczak, B. Szczygiet, M. Mikotajczyk,
R. Kotynski
Coffee break (10:25-10:50)
SWP V
Chair: Satoshi Ishii

(10:50-12:30 Tuesday, July 12)
10:50 Tu.B4.1 Graphene and polarisable
nanoparticles: Looking good together? (Invited)
M.I. Vasilevskiy, J.E. Santos, R.M. Pereira,
Yu.V. Bludov, F. Vaz, N.M.R. Peres

NAON Il
Chair: Judy Rorison
(16:50-18:25 Monday, July 11)

16:50 Mo.D5.1 Monolithic high contrast grating
VCSELs: Concept and prospects (Invited)

M. Gebski, M. Marciniak, M. Dems, J.A. Lott,
T. Czyszanowski

17:10 Mo.D5.2 Performance characteristics of GaSb-
based TJ-VCSELs with emission wavelength above
2.6 uym (Invited)

t. Piskorski, J. Walczak, M. Marciniak, P. Beling,

M. Dems, W. Nakwaski

17:30 Mo.D5.3 Single-mode 1.5-um VCSELs with
small-signal bandwidth beyond 20 GHz (Invited)
S. Spiga, A. Andrejew, G. Boehm, M-C. Amann

17:50 Mo.D5.4 Electro-optical modulation processes in
Si-MOS LEDs operating in the avalanche light
emission mode (Invited)

Kaikai Xu

18:10 Mo.D5.5 Characterization and equalization of
nonlinearities in directly modulated resonant cavity
light-emitting diodes

M. Schippert, C-A. Bunge

Track 5 — ROOM 223

NAON 111
Chair: Adonis Bogris
(8:30-9:50 Tuesday, July 12)

8:30 Tu.A5.1 Improving SOA direct modulation
capability with optical filtering (Invited)
Z.V. Rizou, K.E. Zoiros, P. Morel

8:50 Tu.A5.2 40 GBd D(Q)PSK and OOK amplification
using O-band quantum-dot semiconductor optical
amplifiers (Invited)

H. Schmeckebier, A. Zeghuzi, D. Arsenijevic,

M. Stubenrauch, C. Meuer, C. Schubert, C.A. Bunge,
D. Bimberg

9:10 Tu.A5.3 All-optical memory based on quantum
dot semiconductor optical amplifiers (QD-SOAs) for
advanced modulation formats (Invited)

Y. Ben Ezra, B.I. Lembrikov

9:30 Tu.A5.4 Stabilization of semiconductor amplifiers
with large linewidth enhancement factors (Invited)
S. Kumar, M. Botey, R. Herrero, K. Staliunas

Coffee break (9:50-10:20)

NAON IV
Chair: Stefan Breuer
(10:20-12:00 Tuesday, July 12)

10:20 Tu.B5.1 Silicon photonics based on Ge/SiGe
quantum well structures (Invited)
D. Marris-Morini, V. Vakarin, P. Chaisakul, J. Frigerio,

M. Rahman, J.M. Ramirez, M-S. Rouifed, D. Chrastina,

X. Le Roux, G. Isella, L. Vivien

CrS |
Chair: Kira Kastell
(17:00-18:40 Monday, July 11)

17:00 Mo.D6.1 Replacement of the controller area
network (CAN) protocol for future automotive bus
system solutions by substitution via optical networks
(Invited)

D. Kraus, E. Leitgeb, T. Plank, M. Léschnigg

17:20 Mo.D6.2 Optical backhaul network planning for
DSRC-based public intelligent transportation system: A
case study (Invited)

E. Grigoreva, C. Mas Machuca, W. Kellerer

17:40 Mo.D6.3 Tip timing measurements for structural

health monitoring in the first stage of the compressor of
an aircraft engine (Invited)

I. Garcia, R. Przysowa, J. Zubia, J. Villatoro, J. Mateo,

C. Vazquez

18:00 M0.D6.4 Research of opportunities of short-
range radar to prevent flight accidents (Invited)
A. Ananenkov, Y. Likharev, V. Rastorguev, P. Sokolov

18:20 Mo.D6.5 Experimental characterization of
transmission properties in multi-core plastic optical
fibers (Invited)

A. Lbépez, S. Ramon, M. Chueca, M.A. Losada,
F.A. Dominguez-Chapman, J. Mateo

Track 6 — ROOM 224

CTS I
Chair: Vladimir Rastorguev
(8:30-10:05 Tuesday, July 12)

8:30 Tu.A6.1 Analysis of planning constraints for
wireless access in vehicular environments with respect
to different mobility and propagation models (Invited)
K. Kastell

8:50 Tu.A6.2 Radio-over-fibre based high-speed
millimetre-wave backhaul system for high-speed trains
(Invited)

T. Kawanishi, A. Kanno, P.T. Dat, N. Yamamoto

9:10 Tu.A6.3 Coordination and agreement among
traffic signal controllers in urban areas (Invited)
M-D. Cano, R. Sanchez-lborra, F. Garcia-Sanchez,
A-J. Garcia-Sanchez, J. Garcia-Haro

9:30 Tu.A6.4 On-board computer network for
information support of unmanned mobile vehicles
control systems (Invited)

S.M. Sokolov, A.A. Boguslavsky

9:50 Tu.A6.5 Access and resource reservation in

vehicular visible light communication networks
M. Garai, M. Sliti, N. Boudriga

Coffee break (10:05-10:30)

ESPC Il
Chair: Martina Gerken
(10:30-12:20 Tuesday, July 12)

10:30 Tu.B6.1 Hybrid photonic crystal lasers (Invited)
A.A. Liles, A.P. Bakoz, A.A. Gonzalez, T. Habruseva,
S. Persheyev, G. Huyet, S.P. Hegarty, L. O’'Faolain
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Slow and Stored Light in Amplifying Four Way Mixing Process
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and Brana Jelenkovi¢
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ABSTRACT

We have investigated experimentally and theoretically four-wave mixing (FWM) in hot potassium vapor as
amedium for producing slow and store light. Two pump and a single probe photon were mixed in double-A
system, characterized by parametric amplification of coupled co-propagating probe and conjugate beams. We
have observed very high gains of probe and conjugate, up to 60 and 80 respectively, at two photon Raman
resonance, under large one photon detuning, and high K-cell temperature. Using an amplifying medium to
aleviate the absorption and distortion of propagating pulses are important for slow-light propagation. We
observed ultraslow propagation of probe and conjugate pulses under conditions when parametric amplification of
twin beams is well below their maximum values. A fractional delays of closeto 5 at a gain ~1.5, for the probe
pulse of 20 ns, have been achieved simultaneously for both probe and accompanying conjugate pulse. FWM
mixing process under conditions of the experiment results in broadening of twin beams, close to observed
delays.

Keywords: four way mixing, electromagnetically induced transparency, slow light, potassium.

1. INTRODUCTION

Four-wave mixing (FWM) in the double lambda configuration in alkalis has been intensively studied since
dectromagnetically induced transparency (EIT) in double-atomic systems allows control of the FWM process,
and often brings large parametric gains of twin beans, probe and conjugate. There are only few works on FWM in
potassium vapor [1,2], al done with counter propagating pump and prabe beams. On the other hand, potassium *K ground
date hyperfine splitting is only 461 MHz, lower than in any other alkai atom, In potassium, trandtions originating from both
ground gtate hyperfine sublevels are completely overlgpped because of Doppler broadening.  This affects the dynamics of
pumping and repopulating ground tate hyperfine sublevelsin a different way than in other dkali atloms. Moreover, aomic
susceptibilitiesthat govern the FWM process should be higher in atoms with lower hyperfine splitting [3].

Inthiswork we have studded dow light in hot K vapor under different parametric gains of twin beams. The transmission
line shape of the twin beans under FWM conditions look like a Lorentzian transmission, and the dispersion
within the gain profile give rise to dow light. We have investigated, experimentally and theoretically, gains of
twin beams and their fractional delays and broadening under different two photon Raman detuning, one photon
(pump) detuning, K atom density and pump beam intensity.

In the experiment and in the model, pump and probe beams are co-propagating and intersect under a small
anglein the K - cell. Probe and conjugate are detected as they exit the cell. This scheme is suitable to investigate
other properties of FWM, like relative intensity squeezing between twin beams, since FWM has been identified
asavery efficient process to generate non classical beams [4].

We show experimentally and numerically that a double-Lambda system in K vapor, characterized by
parametric amplification of coupled probe and four-wave mixing pulses, is promising medium for producing
dow light and also stored light. Moreover, this system can compensate for the absorption and broadening
processes that usually occur without destroying the coherent properties of the medium. We are currently
experimenting with storage of light pulsesin Potassium.

2. EXPERIMENT AND MODEL

We use co-propagating orthogonally polarized pump and probe to couple three hyperfine levels via double-A
schemein D1 linein *K (Fig. 14).
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Figure 1. Schematic of a) atomic level diagramfor FWM in K and b) experimental the setup.
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Level |3> from Fig. 1 is 4Py, while two lower levels |1> and |2> are 4S,, F=1 and 4S,,,, F=2 respectively.
Important feature of this set up (Fig. 1b) isthe amplification in the FWM process and generation of the conjugate
pulse, coupled to the probe and propagating alongside the probe.

In the experiment (Fig. 1b) pump (red) and probe (green) are combined on the polarization beam splitter
(PBS). They intersects at a small angle ¢ inside the potassium vapor cell (K-cell). Exciting the cell are probe and
conjugate (blue), detected by two photodiodes. The only light source is the single mode, frequently stabilized
Ti:Saphire at ~770 nm, used for both pump and probe seed beams. The probe seed (~ 200 uW), derived by
extracting a small fraction of the pump is frequency shifted by the pair of AOM making the overall frequency
offset between pump and probe close to the hyperfine splitting of the **K ground state. Two-photon detuning & is
scanned by changing the RF frequency fed to one of the AOM. The K cell temperature and thus the density of K
atoms are controlled by the temperature of hot air flowing inside the ceramic cylinder with the K cell.

To obtain the physical insight in to the FWM processes, we first solve the Maxwell-Bloch equations for the
probe and FWM fields and then the coupled equations for field propagation, equations (1) and 2),

dp i A A A A oA
d—tp:—E[HA+HAp.P:|+SE+}/(,OD—,D) D
(g_,.iﬁj E® —j L p) )
0z cot 2¢,

where H A and H A arefree and atom-laser interaction Hamiltonians, SE denotes spontaneous emission, y is

relaxation rate to ground states p,, E is positive frequency part of the electric fields and P for
macroscopic polarizations.

3. RESULTS AND DISCUSSION

We first made detailed analyses of parameters that affects gains of the probe and conjugate. Next, we compared
waveforms of the reference (probe pulse before the K — cell) with the probe and conjugate pul ses behind the cell
for conditions corresponding to different gain levels. Optimal parameters for probe and conjugate gains, and for
time delays between reference probe and probe and conjugate exciting the K-cell were selected after varying
pump intensity, K-cell temperature (gas density), OPD and TPD.

3.1 Gain of Probe and Conjugate

We have investigated the dependence of the probe and the conjugate gain on two-photon detuning ¢ (TPD), one-
photon detuning A (OPD), pump laser intensity and the density of K atoms. The gain of the probe and the
conjugate is defined as G, = Py/Pi, and G; = P/P;,, where P, and P are measured powers of the probe and the
conjugate, respectively, and P, isinitial power of the probe seed inside the amplifying medium.

Optimal parameters for high probe and conjugate gains are summarized in Fig. 2 where we have shown gains
as a function of TPD for various OPD, for K cell temperature of 120°C (0 3010% atoms/cm®), pump power of
400 mW and the probe seed power of 200 uW. The angle between the pump and the probe was ¢ = 3 mrad.

The maximal gains of the probe and the conjugate were ~ 80 and ~ 60 respectively, for OPD =700 MHz and
TPD = -6 MHz.. The maximum of gains at a particular OPD is due to competition between photon amplification
and absorption™?, The trade-off is for OPD ~700 MHz which is close to Doppler broadening in K. Since the
frequency of the conjugate is offset much further from the hyperfine splitting, for ~ 2x460 MHz = 920 MHz, its
absorption is weaker than the probe., leading to higher gains for the conjugate, as long as OPD is not very large,
for instance over 1.3 GHz.
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Figure 2. Schematic of a) atomic level diagram for FWM in K and b) experimental setup.
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3.2 Slow Light

The probe pulses were either Gaussian or triangle. The necessary fast (10 — 100 ns) quasi-Gaussian excitation
pulse was made by the fine shaping of the trapezoid pulse with a passive CLC pi-filter. Parameters of the
trapezoid pulse (height, FWHM and rise time) were obtained by fitting the unit-height and unit-half-width
Gaussian pulse with the symmetrical trapezoid waveform, in the range of + 5. After appropriate scaling for the
half-widths of necessary Gaussian pulses, these optimal trapezoidal pulses were made by a pulse generator and
sent to the CLC pi-filter with 50 ohms characteristic impedance and characteristic time constant 2nVLC/2 equal
to the pulse FWHM. In this way the breakpoints of the trapezoid pulse were well filtered with only a small
asymmetry added. Each quasi-Gaussian pulse was generated with its own appropriate filter. The pulse was sent
to EOM for shaping the fast probe pulse.

The main parameters affecting the propagation of twin beams, pulse fractional delays and broadening are pump
power and pump OPD. Waveforms of the input (reference) probe and the probe and conjugate pulse at the
output of the cell, for 20 ns reference pulse, OPD = 1.5 GHz, TPD = -1 MHz at the temperature of the cell
130°C aregiven inFig. 3.
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Figure 3. Waveforms of the reference (solid blue), probe (solid red) and conjugate (dashed black) at low gain
and high OPD . The pump power was 400 mw, the probe power was OPD = 1.5 GHz

The delay time of both probe and conjugate can be made longer when the gain is set lower. The conjugate
pulse always precedes the probe pulse. Like in sodium [5] the model gives wider pulses at the output of the cell
then what we observed. The theory and numerical simulation show similar behavior of twin beams. In the low
pump power and low-gain regime the probe-pulse velocity is close to the EIT group velocity, at alow gain high
pump power the conjugate velocity can be nearly twice as the probe. In the high-gain regime, the probe
accelerates and twin beams propagate with the similar velocity vs = 2vj,

4. CONCLUSIONS

We explored experimentally and numerically generation process of non-degenerate FWM in Potassium, under
double-Lambda atomic scheme. We have observed exceptionally high gain of twin beams, around 60 and 80 for
probe and conjugate, under moderate pump power of 400 mW, near the Raman resonance of the pump and the
praobe, and at one-(pump) photon detuning close to Doppler broadening in K. Such high gain can be attributed to
high atomic susceptibility in K, i.e., the lowest hyperfine splitting of the ground state of al akalis.

We have shown slow light propagation of twin beams, with the conjugate pulse exciting the cell first. For very
short input probe pulses of 10 —20 ns, ultra-slow light effect and large fractional delay of 5 are observed. Pulse
broadening at the cell output is large, nearly large as the delay between the reference pulse and the probe.
Further optimization of parameters should help in narrowing the pulse widths, which is very important for
applications of such systemsin pulse repetition mode.
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Dear colleagues and friends,

We have great pleasure to welcome you to the Advanced Ceramic and Application 1X Conference
organized by the Serbian Ceramic Society in cooperation with the Institute of Technical Sciences of SASA,
Institute of Chemistry Technology and Metalurgy, Institute for Technology of Nuclear and Other Raw
Mineral Materials and Institute for Testing of Materials.

It is nice to host you here in Belgrade in person. As you probably know, Serbia launched a vaccination
campaign at the beginning of this year, so up to date more than 50 percent of the adult population has been
vaccinated. Since there is no one statistic to compare the COVID19 outbreaks and fears for loved ones in
different countries, we believe that we all suffer similarly during this pandemic. That is why we appreciate
even more your positive attitude and readiness to travel in this uncertain time. We understand that some of
you had to cancel your lectures in the last minute due to the travel limitation in your countries, but we hope
that you will come next year. We deeply hope that the ACA 1X Conference will be worth remembering, that
you will respect all COVID-19 safety measures at SASA building, that you will have a nice time here and
that ultimately you will return to your home safely. We are very proud that we succeeded in bringing the
scientific community together again and fostering the networking and social interactions around an
interesting program on emerging advanced ceramic topics. The chosen topics cover contributions from
fundamental theoretical research in advanced ceramics, computer-aided design and modeling of new
ceramics products, manufacturing of nanoceramic devices, developing of multifunctional ceramic processing
routes, etc.

Traditionally, ACA Conferences gather leading researchers, engineers, speciadists, professors and PhD
students trying to emphasize the key achievements which will enable the widespread use of the advanced
ceramics products in the High-Tech industry, renewable energy utilization, environmental efficiency,
security, space technology, cultural heritage, etc.

Serbian Ceramic Society was initiated in 1995/1996 and fully registered in 1997 as Yugoslav Ceramic
Society, being strongly supported by American Ceramic Society. Since 2009, it has continued as the Serbian
Ceramic Society in accordance with Serbian law procedure. Serbian Ceramic Society is amost the only one
Ceramic Society in South-East Europe, with members from more than 20 Institutes and Universities, active
in 16 sessions. Part of our members are also members of the Serbian Chapter of ACerS since 2019. Their
activities in the organization of this conference is highly recognized. To them and all of you thanks for being
with ushereat ACA IX.

Prof. Dr Vojislav Miti¢ Prof. Dr Olivera Milosevi¢,
President of the Serbian Ceramic Society President of the General Assembly of the
World Academy Ceramics Member Serbian Ceramic Society

European Academy of Sciences & Arts Member Academy of Engineering Sciences of Serbia Member
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arrangement which could accommodate higher concentration of dopants at shorter distance.
Stabilization of this phase in nanoparticles is usually achieved through thermal decomposition
of organic precursors in the presence of solvents with a high boiling point. Here, for the same
purpose, we used gadolinium co-doping during chitosan assisted solvothermal processing of
inorganic precursor salts. Precursor concentration, solvent type, and synthesis time were
varied in order to determine their influence on the B-NaY eGdo1sF4:Y bo1sEroo2 phase
crystallization. The XRPD anaysis showed that lower surplus of fluoride ions during
synthesis leads to formation of Y esGdosFa:Y Do 1sEroee orthorhombic phase, while the
increase of fluoride content or prolongation of the processing time enhances formation o-
NaY 0.65Gdo.15F4: Y bo.1sEro.1s phase. Along with it, the changes of UCNPs morphology from
spindle to spherical shape is detected. All samples emit intense green emission due to the
(2H 112, 453/2) -4 15/2 €lectronic transitions, after been excited with infrared light (A=978 nm).

INV

Nonlinear laser scanning microscopy for imaging of the cells labeled by up-
converting NaY F4: Yb,Er nanoparticles

Mihailo D. Rabasovic, Ivana Dinic?, Aleksandra Djukic-Vukovic®, Milos Lazarevic’, Marko
G. Nikolict, Aleksandar J. Krmpot', LidijaMancic?

'Photonic Center, Institute of Physics Belgrade, University of Belgrade, Zemun, Belgrade,
Serbia
?Institute of Technical Sciences of the Serbian Academy of Sciences and Arts, Belgrade,
Serbia
3Department of Biochemical Engineering and Biotechnology, Faculty of Technology and
Metallurgy, University of Belgrade, Serbia
*Institute of Human Genetics, School of Dental Medicine, University of Belgrade, Serbia

The Nonlinear Laser Scanning Microscopy (NLSM) contributes to the cell labeling
through addressing two main issues: photobleaching and phototoxicity. Moreover, an increase
of the penetration depth and a reduction of background autofluorescence are achieved.We
have used a multidisciplinary approach combining expertise in material science, nanoparticles
synthesis and characterization, cancer cell and tissue labeling, and high resolution imaging, in
order to accomplish in vitro imaging of the cancer cells. We have imaged the oral sqguamous
carcinoma cells and human gingival cells. We have demonstrated that we are able to take
high contrast images. We have shown position of the nanoparticles in cells, through co-
localization of the cell auto-fluorescence and the nanoparticles up-conversion.We plan to
improve our abilities through further optimization of the up-converting nanoparticles (smaller
and brighter particles) and microscopy technique.
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Interaction of ultrashort laser pulseswith hemoglobin asatool for selective
erythrocytes photo-labeling

M. Radmilovic, I. Drvenicaz, M. D. Rabasovict, V. Illicz, D. Pavlovict, S.Nikolict, M. Matic® and A.
Krmpot*
Ingtitute of Physics Belgrade, Serbia
2Ingtitute for Medical Research, University of Belgrade, Serbia
3 ngtitute of Oncology and Radiology of Serbia
e-mail:mihajlo.radmilovic@ipb.ac.rs

Interaction of hemoglobin (Hb) with ultrashort laser pulsesisfollowed by fluorescence detection [1, 2].
The photophysical nature of fluorescence from Hb-containing specimens is not completely understood
so far. There is some evidence of photoproduct formation in the process of Hb interaction with
ultrashort laser pulses[3].

We measured Uv-Vis and Two-photon emission spectra of formed photoproduct in the way that Hb
thin film was previously treated with afemtosecond Ti: Sapphire laser operating on 730nm. A relative
relation and position of Uv-Vis Hb characteristic peaks such as Soret peak (410 nm) , o and § peaks
(577 nm and 541 nm respectively) served as a marker of structural changes in the laser treated Hb
filmg[4].

Results suggest that the interaction of Hb with ultrashort laser pulses probably leads to the
photodegradation of Hb, due to changes in a, B peaks relative relation and red shift of Soret peak in
photoproduct Fig. 1 a).

Moreover, we emphasize that the photoproduct formed on thin Hb films has long durability, since we
were able to detect its fluorescence after several months. This opens a possibility to apply the formed
photoproduct as optical data storage and security tag.

We have also induced photoproduct formation in the human healthy erythrocytes Fig. 1 b) in order to
selectively “label” and make them fluorescent in awhole blood. Two-photon selective labeling of
erythrocytes can be used as a tool for studying red blood cells with different fluorescence detection
methods, due to photoproduct fluorescence. This can be potentialy applied in studying hemoglobin and
erythrocytesin various physiological and pathophysiologica states.

g e
"hotoprosuct

Absorbance {3

X o) 4 v oo a)
Wawelengan (nm)

Figure 1. @) Uv-Vis absorption spectra of hemoglobin (red) and formed photoproduct (blue), b) Two-photon
fluorescence image of selectively chosen erythrocytes with induced photoproduct formation.

Funding: Project HEMMAGINERO, No 6066079
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L abel-free Third Harmonic Generation Imaging of Lipid Dropletsin Live
Filamentous Fungi

T. Paji¢y, N. Todorovié?z, M. Zivi¢t, M. D. Rabasovi¢s, A.H.A. Claytorr, and A. Krmpot:
Wniversity of Belgrade — Faculty of Biology, Belgrade, Serbia
?[nstitute for Biological Research “Sinisa Stankovi¢”, University of Belgrade, Serbia
I ngtitute of Physics, Belgrade, Serbia
“Optical Sciences Centre, Swvinburne University of Technology, Victoria, Australia
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Oleaginous fungi can accumulate significant amounts of lipids in their mycelium (up to 80%
of their biomass), primarily in the form of lipid droplets (LDs). LDs have optical properties that differ
from the surrounding aquatic environment, which causes sudden changesin the refractive index. Here,
we present in vivo and label-free imaging of individual hyphae of the oleaginous filamentous fungus
Phycomyces blakes eeanus by Third Harmonic Generation (THG) microscopy method [1], where LDs
arethe main source of contrast [2] (Figure 1). The L Ds quantification from THG images was performed
by two image analysistechniques: Image Correlation Spectroscopy (ICS) and software particle counting
— Particle Size Analysis (PSA). ICS measures the spatial variation of fluorescence intensity fluctuations
in the images, which can then be related to particle density and aggregation state. In order to test and
compare the two methods, we used hyphae that undergo nitrogen starvation, which is known to cause
aterationsin lipid metabolism and the increase in LDs humber.

For in vivo THG imaging of |abel-free, > 24-hour old hyphae, we used 1040 nm, 200 fs pulses
from Yb KGW laser. Detection was performed in the transmission arm by PMT through Hoya glass
UV filter with peak transmission at 340nm. The laser beam was focused with the Zeiss Plan Neofluar
40x1.3 objective lens. For the imaging, the fungi were placed between two cover glasses of 0.17 um
thickness to match the objective lens requirements and for better transmission of the THG signal.

Figure 1. THG image of lipid dropletsin hyphae of the fungus Phycomyces blakesleeanus. The bright
objects are lipid droplets.

Anincreased number of LDs under nitrogen starvation was observed in THG images and their
number and size were analyzed using two quantification methods. The comparison of LDs number and
size obtained by ICS and PSA showsthat the number of LDsis approximately the same on average, but
that ICS consistently detects dightly larger LD number in older group. The mean ICS measured
diameter was dightly lower. Using the THG method in vivo and label-free, we can accurately and
reliably, over time, detect changes in the localization, total number, and size of LDs in hyphae of the
oleaginous filamentous fungus Phycomyces blakesleeanus.

Acknowledgement: Project HEMMAGINERO, No. 6066079 from Program PROMIS, Science Fund of
the Republic of Serbia, and Project ,Minimally invasive, selective ablation of dental caries by
femtosecond laser “Move for the science/2019
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Nonlinear Imaging of Dentin-Adhesive Interface Treated by Cold
Atmospheric Plasma

T. Lainovi¢!, A. Krmpot2 M. D. Rabasovié, N. Selakovié, I. Plesti¢?, L. Blazi¢™3, N. Skoro? N. Pua¢?
IFaculty of Medicine, School of Dental Medicine, University of Novi Sad, Novi Sad, Serbia
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TheNonlinear Laser Scanning Microscopy (NLSM) could be considered asauseful tool for theanalysis
of hard denta tissues, and tissue-material interfaces in denta medicine. Two-photon excitation
fluorescence microscopy (TPEF) is able to detect the two-photon excited autofluorescence of dental
tissues, and the second harmonic generation (SHG) can detect second-order nonlinear susceptibility of
collagen type |, the most abundant dentinal organic substance [1,2].

The objective of this study was to microscopically test the effect of Cold Atmospheric Plasma (CAP)
[3,4] on the morphology of the dentin-adhesive interface, using NLSM.

Human molar teeth were cut in haf for the CAP-treated and control samples. Theinfluence of CAP on
standard etch-and-rinse (ER) or self-etch (SE) procedures was investigated. The following CAP
configurations were used: feeding gas He, gas flow 1 sim, deposited power in the plasma power input
1 W or 2W, and tip-to-surface distance 2 mm or 4 mm. The CAP-treated ER group was firstly etched
and treated by CAP, before adhesive application. The SE group wastreated by CAP before the adhesive
placement. The control groups underwent the same process omitting the CAP phase. NLSM was used
to image the morphology of hybrid layers.

The results demongtrated that the CAP causes the removal of the smear layer and opens the tubules.
The tubules are not only more open but changed by CAP regarding their surface properties so that the
permeation of the adhesive is highly favored. Compared to the control groups of around 20-30 pm
hybrid layers, the length of resin tagsin the CAP treated ER group was measured to even up to 600 pm,
and in the CAP-treated SE group they were extended up to 100 pm.

CAP treatment of dentin drastically changes the morphology of the hybrid layer and the extension of
resintags. Thereis aneed for additional analysisin the field to examine the influence of these changes
on the quality of the dentin-adhesive interface.

Acknowledgment: Supported by the Ministry of Education, Science and Technological Development
of Republic of Serbia (under contract No. NIO 200114 and No. 451-03-68/2021-14/200024), Project
HEMMAGINERO, No. 6066079 from Program PROMIS, Science Fund of the Republic of Serbiaand
by the program “Start up for science. Explore. Make a change.", Funded by Leadership Development
Center, Phillip Morris for Serbia, 2019.
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50,000 deaths each year. Despite major advances in treatment (i.e., surgery, ra-
diation therapy, chemotherapy, biologic/immune therapy) and resultant
improved outcomes over time, it has been demonstrated that failure of treat-
ment in patients with metastatic breast cancer portends a poor prognosis. As
the number of potential FDA-approved cancer drugs increases, the likelihood
of identifying effective combination strategies tailored to an individual pa-
tient’s tumor increases. Therefore, to provide significant advances in cancer
treatment and enable the most effective chemotherapy, development of more
quantitative and objective means for assessing drug sensitivity of an individual
patient’s tumor that is safer, faster, sensitive and capable for single- or multi-
drug testing is urgently needed for advancing personalized therapies. To
develop such an approach, fluorescence spectroscopic technologies may serve
as a non- invasive means of revealing cell health. We applied phasor-
fluorescence lifetime imaging microscopy (phasor- FLIM) to measure drug
response using human colorectal cancer cell line HCT116 and patient samples.
FLIM can be served as a promising new approach for reading the metabolic
states of cancer cells treated with anti-cancer therapeutics and identified spe-
cific alterations of metabolic states that are early indicators of irreversible
cell demise and that such metabolic changes can be detected using a label-
free imaging assay for single-cell drug testing of rare and/or heterogeneous can-
cer cells. Based on these findings, we apply the label-free imaging platform to
measure drug response using patient samples.
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Phasor-FLIM Quantification of Changes in Keratinocyte Metabolism and
Tissue Architecture in a Longitudinal Study of UV-induced Skin Cancer
Michael G. Nichols', Molly Myers!, Dominick Myers!, Kelsey A. Jackson!,
Ben G. Huerter!, Duyen Nguyen', Connor J. Kalhorn!, George Varghese',
Katie D. Sotelo!, Marifel Frances Gabriel!, Dan L. Che!, Emiliano Altuzar!,
Anya Long!, Jackson W. Morris!, Laura A. Hansen?.

lPhysics, Creighton University, Omaha, NE, USA, 2Biomedical Sciences,
Creighton University, Omaha, NE, USA.

Two of the recognized hallmarks of cancer include fundamental shifts in energy
metabolism toward a glycolytic phenotype and a reorganization of tissue archi-
tecture to enable tumor cell invasion and metastasis. Phasor-FLIM imaging of
NAD(P)H and flavoproteins enables a rapid assessment of changes in meta-
bolism, while fluorescence and scattering from structural proteins reveal
changes in tissue architecture. Here, we demonstrate the practicality of con-
ducting a long-term longitudinal study, monitoring the development and pro-
gression of UV-induced skin cancer in SKH1 mice. Linear Mixed Model
Analysis of the entire dataset of more than 2000 repeated observations reveals
statistically significant changes in bound NADH fraction as well as the degree
of collagen fluorescence. Recent developments, including modifications to the
instrument design to include a three-color, macro-fluorescence imaging mode
to guide the selection of suspect regions will be discussed.

This publication was made possible by grants from the National Institute for
General Medical Science (NIGMS) (5P20GM103427), a component of the Na-
tional Institutes of Health (NIH), and its contents are the sole responsibility of
the authors and do not necessarily represent the official views of NIGMS or
NIH.
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Mapping the Spatiotemporal Heterogeneity of Biomolecules
Concentration, Mobility and Local Environment in Live Cells using
Quantitative Time-Resolved Confocal Fluorescence Microscopy Imaging
Without Scanning and Fluorescence Lifetime Imaging Microscopy

Sho Oasa!, Aleksandar Krmpot2, Stanko Nikolic?, Lars Terenius',

Rudolf Rigler?, Vladana Vukojevic!.

!Clinal Neuroscience, Karolinska Inst, Stockholm, Sweden, Inst of Physics
Belgrade, Univ of Belgrade, Belgrade, Serbia, *Dept Med Biophysics,
Karolinska Inst, Stockholm, Sweden.

In living cells, biomolecules are integrated via chemical reactions and trans-
port processes into self-regulated dynamical networks. Through these net-
works of interactions life-sustaining biological functions, such as gene
transcription and signal transduction, emerge at the higher level of organiza-
tion and at longer spatiotemporal scales. To quantitatively characterize in live
cells biomolecules concentration, mobility and properties of their immediate
surroundings, we have developed functional Fluorescence Microscopy Imag-
ing (fFMI), a scanning-free time-resolved quantitative confocal fluorescence
microscopy imaging technique that integrates massively parallel Fluores-
cence Correlation Spectroscopy with fluorescence lifetime imaging (Krmpot
Al. et. al. Analytical Chemistry, 2019 91(17): 11129-11137). In our approach,
a single-photon avalanche photodiode (SPAD) matrix camera simultaneously
records fluorescence signal from 256 or 1024 observation volume elements
generated by passing the incident laser light through a Diffractive Optical

Element (DOE) designed to match the SPAD matrix detector geometry.
fFMI is characterized with single-molecule sensitivity, high spatial (= 240
nm) and temporal (= 10 ps/frame) resolution, and can map fluorescence life-
times (1-7 ns). We demonstrate here fFMI to characterize in live cells the dy-
namic landscape of a transcriptional regulatory factor (the glucocorticoid
receptor) and map the spatial heterogeneity of cell surface receptor (the opioid
receptor) dynamics.
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AO-DIVER Advances the Depth Limits of Multiphoton Microscopy in
Scattering Media

Simon W. Leemans', Alexander Dvornikov!, Tara Gallagher?,

Enrico Gratton'.

'Biomedical Engineering Department, UC Irvine, Irvine, CA, USA,
Molecular Biology & Biochemistry, UC Irvine, Irvine, CA, USA.

The long wavelengths used in multiphoton microscopy have facilitated volu-
metric imaging of scattering samples by reducing the effects of scattering and
absorption. However, the imaging depth in multiphoton microscopy is still
limited by sample-induced phase aberrations and out-of-focus (top surface)
fluorescence. To counteract image degradation and enable high-resolution
3D imaging in tissue samples, we built the AO-DIVER, Adaptive Optics
enhanced- Deep Imaging Via Emission Recovery, a multiphoton microscope
specifically designed for imaging deep in scattering samples. We demonstrate
here that the AO-DIVER can image nearly 3 orders of magnitude deeper into
scattering samples than typical epi-detection methods due to the enhanced
signal acquisition, with near diffraction-limited resolution due to our
improved ability to focus the excitation light. Traditional direct wavefront
sensing approaches are impossible at such depths, so we have developed a
feedback-based approach to find the optimal wavefront correction. We use
a modified version of the Downhill Simplex algorithm to leverage the high
speed of the BMC Hex-DM (10°s of kHz) and correct aberrations within 20
seconds per isoplanatic patch, with intensity improvements relative to a flat
DM surface reaching up to a factor of 10 deep in heterogeneous samples.
We have also developed software to guide users in producing large volumetric
phase corrections quickly and effectively for 3D imaging.This work is sup-
ported by NIH P41-GM103540 and NIH P50-GM076516 grants and the
NSF through the Integrative Graduate Education and Research Traineeship
(IGERT) Program (DGE-1144901).
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Non-destructively Analyzing the Metabolic Dysregulation of Invasive
Cancer Cells on an Intracellular Scale

Austin E.Y.T. Lefebvre!, Freddie A. Adame?, Mingjuan Liu?,

Michelle A. Digman'.

'Biomedical Engineering, UC Irvine, Irvine, CA, USA, 2Developmental and
Cell Biology, UC Irvine, Irvine, CA, USA.

Cancer has overtaken cardiovascular disease’s top spot in non-
communicable deaths. However, it is not cancer itself that looms as the
largest killer, but rather cancer’s spread to distant organs — a process known
as metastasis — that finishes the job. Capturing metabolic alterations of
migrating cells intracellularly, and in a non-destructive manner to both the
surrounding environment and the cell is technically challenging. In this
study, we use fluorescence lifetime imaging (FLIM) of the reduced form
of nicotinamide adenine dinucleotide (NADH) and phasor analysis to
examine metabolic changes on a single cell level. Additionally, we use phos-
phorescence lifetime imaging (PLIM) and phasor analysis of an oxygen sen-
sitive probe ruthenium-tris(2,2’-bipyridyl) (Ru(BPY);>"), whose lifetime is
quenched in the presence of oxygen, in order to observe intracellular
changes of oxygen concentration. Finally, we use spectral imaging and pha-
sor analysis to quantify changes in intracellular lipid order using the fluores-
cent probe 6-dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan). In these
studies, we observe a time-dependent recovery of metabolic processes in tri-
ple negative breast cancer (TNBC) cells with pharmacological inhibition of
mitochondrial respiration via metformin, but not oligomycin. Furthermore,
we observe high intracellular lipid order in TNBC cells but not in other
breast cancer or non-cancerous breast cells. Finally, we spatially map intra-
cellular oxygen concentration using the phasor approach to PLIM with
Ru(BPY);?". Combining these non-destructive techniques to analyze alter-
ations in metabolically important parameters in breast cells of varying inva-
sive potentials may reveal potential therapeutically actionable targets of
metastatic disease that may otherwise remain hidden due to limitations of
existing analysis methods. This work is supported by the National Institutes
of Health grant P41-GM103540, and the National Science Foundation’s
Career Award #1847005 and its Graduate Research Fellowship Award
DGE-1839285.
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Mechanical and optical properties are the main criteria for assessing the health of dental tissue in
contemporary dentistry. Dentinal pathological changes can be detected by visuo-tactile and radiographic
methods to guide clinicians in establishing a relevant diagnosis and an adapted therapy. However, such
approaches cannot give information on the dentinal microstructure. Recently, laser ultrasonic techniques have Advertisement
been deployed to evaluate the mechanical properties of enamel [1,2] However, such techniques lack the
resolution to reveal the transitions differences between tissue layers. In this work, we used Brillouin light
scattering spectroscopy as a non-contact alternative to probe mechanical changes in dentin and dentin-resin
interface at GHz hypersonic frequencies. We obtained maps of the Brillouin frequency shift and linewidth that
can be interpreted as maps of sound velocity and viscosity. In addition, we observed the specimens by a
homemade nonlinear microscopy setup [3]. A 730 nm wavelength Titanium-sapphire laser was used as an
excitation source for two-photon excitation fluorescence microscopy (TPEF), while 1040 nm
wavelengthYb:KGW laser was used for second harmonic generation (SHG). Our results show significant
changes between healthy tissues and pathological lesions. Such results can help to precisely delineate
destructed dentin during clinical procedures, paving the way to minimally invasive strategies. In addition, our
simultaneous analysis of Brillouin maps and nonlinear images brings valuable information on structure-related
mechanical properties of dentin and dentin-resin adhesive interface. 1. Wang et al, Experimental and
numerical studies for nondestructive evaluation of human enamel using laser ultrasonic technique. Appl Opt Advertisement
52, 6896-6905 (2013). 2. Wang et al., Laser ultrasonic evaluation of human dental enamel during
remineralisation treatment. Biomed Opt Express 2, 345-355 (2011). 3. Rabasovi¢ M et al. Nonlinear
microscopy of chitin and chitinous structures: a case study of two cave-dwelling insects. J Biomed Opt 20,
016010 (2015)
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Photonica2019 2. Nonlinear optics
Strain of MoS2 mapped with second harmonic generation microscopy

M. Spasenovié¢!, A. J. Krmpot?, M. D. Rabasovi¢?, N. Vujic¢ié?,
V. Jadrisko?, D. Capeta’ and M. Kralj?
VCenter for Microelectronic Technologies, Institute of Chemistry, Technology and Metallurgy, Belgrade, Serbia
“Institute of Physics, Belgrade, Serbia
’Center of Excellence for Advanced Materials and Sensing Devices, Institute of Physics, Zagreb, Croatia
e-mail: spasenovic@nanosys.ihtm.bg.ac.rs

2D materials are an extremely intense and current field of research. After the experimental
realization of graphene and the immense body of results that highlichted its spectacular
properties, attention has started to shift to other 2D materials, namely those that might be of
interest for various applications in flexible electronics, optoelectronics, sensing, and in other
industrial branches. 2D semiconductors in particular are now drawing the interest of researchers,
due to the existence of a bandgap.

Although the potential for applications is enormous, production processes for these materials are
still being studied and refined. Chemical vapor deposition (CVD) is widely regarded as a good
candidate growth process for wide-scale applications. Nevertheless, it is well known that CVD
yields materials that consist of grains with varying orientation and size. Due to the ultrathin
nature of these materials, studying the crystallographic orientation and grain size is not trivial.

Optical methods provide a useful tool to study the properties of 2D materials with high
resolution. In particular, second harmonic generation (SHG) has been used to map crystal
otientation of CVD-grown 2D semiconductors on standard growth and use substrates [1].
Further studies have shown high-resolution strain mapping using the same principles of
nonlinear optics [2].

Here we show SHG microscopy studies of crystal orientation and the presence of strain of MoS2
grown on quartz. We show that the growth substrate as well as the speed of cooling during
growth can have an influence on strain, and we propose to engineer strain by selecting or
patterning the substrate, or tuning the growth process. Strain control on the nanoscale is an
enabling tool for the emerging technology of straintronics.

REFERENCES

[1] S. Psilodimitrakopoulos et al., Light Sci. Appl. 7, 18005 (2018).
[2] L. Mennel et al., Nat. Commun. 9, 516 (2018).
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Photonica2019 4. Biophotonics

Nonlinear microscopy and time resolved fluorescence spectroscopy of
Chelidonium majus L.

M. S. Rabasovic, D. Sevic, B. P. Marinkovic, A. J. Krmpot and M. D. Rabasovic
Unstitute of Physics, Belgrade, Serbia
e-mail: majap@jipb.ac.ts

Greater celandine (Chelidonium majus L.) is a well-known healing plant. It has segmented laticifers
filled with yellowish - brown content that is rich in biologically active substances (alkaloids,
flavonoids and phenolic acids) [1, 2]. The concentration of these components can change
significantly, depending on the time of year, from flowering period in spring to the fruit - bearing
time in autumn [3]. Flavonoids (plant pigments) are responsible for the yellow color of the
greater celandine flower [4]. The antioxidant activity was also correlated with the concentration
of total phenolics (including flavonoids), which is the highest in the spring months [4].

This study presents the analysis of the physical phenomena diagnosed in Chelidonium majus
components. Time resolved optical characteristics were analyzed by using TRLS (Time Resolved
Laser Spectroscopy) experimental setup. Nonlinear optical properties of the plant have been
studied using two-photon excited autofluorescence (ITPEF), second - harmonic generation
(SHG) and upconversion luminescence (UCL) simultaneously. The benefits of using UCL for
biological applications are in reducing the photobleaching and providing photostability.
Upconversion emission is also more efficient than the TPEF and SHG. Moreover, UCL could be
achieved with a low power continuous wave (CW) laser.

REFERENCES

[1] K. Seidler-L.ozykowska et al., Acta Sci. Pol. Hortorum Cultus 15, 161 (2016).
[2] V. N. Deulenko et al., Biochem Anal Biochem 7, 1000370 (2018).

[3] Z. D. Jakovljevic, M. S. Stankovic, M. D. Topuzovic, EXCLI J. 12, 260 (2013).
[4] P. C. H. Hollman, Pharm. Biol. 42, 74 (2004).
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Photonica2019 4. Biophotonics

In vivo Third Harmonic Generation Imaging of Phycomyces
blakesleeanus

T. Pajic!, K. Stevanovic!, N. Todorovic2, A. Krmpot3,
M. Rabasovic3, B. Jelenkovic? and M. Zivic!
"Faculty of Biology, University of Belgrade, Serbia
2Institute for Biological Research, University of Belgrade, Serbia
3nstitute of Physics, University of Belgrade, Serbia
e-mail: tpajic@bio.bg.ac.rs

Third Harmonic Generation is a nonlinear optical effect in which the incident laser beam
interacts with a medium producing the light of exactly three times shorter wavelength than the
incidental one. THG is generated in medium that have third order nonlinearity, but it is
particularly pronounced at the interfaces where the steep change of refractive index takes a place
[1]. THG phenomenon is employed in laser scanning microscopy that utilizes ultrashort laser
pulses for imaging. The THG microscopy is a label free techniques that provides important
information on the sample such as membrane imaging and lipid droplets distribution [2]. It is
mostly used for 7z vivo imaging of small model organisms like zebrafish [3] and C. Elegance [4].

We present THG imaging of filamentous fungus organism Phycomyces blakesleeanus, combined with
Two Photon Excitation fluorescence (TPEF). The hyphae were grown in various conditions on
glass coverslips coated with collagen and concanavalin A. For THG imaging of label-free, 16-24
hour old hyphae, we used 1040 nm, 200 fs pulses from Yb KGW laser, while for TPEF, Ti:Sa
pulses at 730 nm, 160 fs duration, were used. Both laser beams were focused with the same
objective lens, Zeiss Plan Neofluar 40x1.3. Detection of THG was performed by PMT through
Hoya glass UV filter with peak transmission at 340nm, while for TPEF 400-700 nm band pass
filter was used. THG images revealed the chitinous cell wall and the membrane that are clearly
separated. The appearance of the cell wall was confirmed by colocalization with TPEF images.
Most prominent observation on the THG images is presence of numerous, seemingly randomly
dispersed, round shiny features throughout the cytoplasm, for which we suspect that could be
lipid droplets as indicated in Débarre et al., 2006.

REFERENCES

[1] R. W. Boyd, Nonlinear Optics, Academic Press, (2008).
[2] D. Débatre et al., Nat. Methods 3, 47 (2000).
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Successful Ti:Sapphire laser cell surgery of Phycomyces
blakesleeanus cell wall

Tanja Paji¢ (1), Katarina Stevanovié¢ (1), Natasa Todorovi¢ (2), Aleksandar Krmpot (
Mihailo Rabasovié (3), Vladimir Lazovié (3), Dejan Panteli¢ (3), Brana Jelenkovié (3
Miroslav Zivié¢ (1)

3),
)

9

(1) University of Belgrade - Faculty of Biology, Serbia
(2) Institute for Biological Research, University of Belgrade, Serbia
(3) Institute of Physics, University of Belgrade, Serbia

Application of patch-clamp method for investigation of membrane ion channels of filamen-
tous fungi is nontrivial task due to presence of chitinous cell wall. Complete removal of the
wall patch is needed to make the membrane accessible to glass pipette. We use the model
filamentous fungus organism, Phycomyces blakesleeanus which is undertaken to the cell
surgery procedure by means of tightly focused femtosecond laser beam. The hyphae were
grown on glass coverslips coated with collagen plasmolysed and imaged by homemade non-
linear laser scanning microscope by detecting two photon excitation fluorescence signal.
Although intrinsic autofluorescence of chitin enables imaging of the cell wall the hyphae
were stained by Calcofluor White dye prior to the imaging in order to improve signal to
noise ratio. Ti:Sa laser, used for both imaging and surgery, was operating at 730nm, with
T6MHz repetition rate and 160fs pulse duration. Carl Zeiss, EC Plan-NEOFLUAR, 401.3
oil immersion objective was used for tight focusing of the laser beam and for the collection
of the fluorescence signal. A visible interference filter (415nm - 685nm) was placed in front
of detector in order to remove scattered laser light. The successful cutting of cell wall could
be achieved within the range of laser intensities and cutting speeds (dwell times). The
hyphae were kept in azide throughout the experiment in order to block the regeneration
of the cell wall. After the surgery, hyphae were slowly deplasmolysed to induce exit of a
portion of the protoplast through the laser made incision in the cell wall.

Financing: This work was supported by Ministry of Education, Science and Techno-
logical Development, Republic of Serbia (grant no. III 45016).

Keywords: Cell surgery; Ti:Sapphire
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YUCOMAT 2018
Herceg Novi, September 3-7, 2018

P.S.C.3.
One-pot synthesis of biocompatible NaYF,:Yb,Er nanoparticles for cell labeling

Ivana Dini¢', Marina Vukovi¢', Lidija Mangi¢?, Aleksandar Krmpot®, Olivera Milogevi¢’
'Innovation Center of the Faculty of Chemistry, University of Belgrade, Serbia;
?Institute of Technical Sciences of SASA, Belgrade, Serbia;

*Photonic Center, Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia

In modern medical research, great attention has been focused to the development of the new
biomarkers which include up-converting nanoparticles (UCNPs). Their optical response is
triggered by NIR radiation that achieves deeper tissue penetration when compared with
traditionally used fluorophores. In this work, biocompatible NaYF,: Yb, Er nanoparticles were
synthesized by polymer assisted one-pot solvothermal processing using chitosan or poly(lactic-
co-glycolic acid). X-ray powder diffraction and electron microscopy results revealed differences
in crystal arrangement and morphology of the as-synthesized particles. Fourier transform infrared
spectroscopy confirmed the presence of corresponding polymers moiety on UCNPs surface
providing their biocompatibility and low citotoxicity towards human gingival fibroblasts (HFG).
As a consequence of efficient up-conversion, prominent green emission (between 512-533nm and
between 533-560nm) as well as red emission (630-690nm) were recorded in the particles
photoluminescence spectra, and these are applied further in the visualization of the HFG using the
laser scanning microscopy with a NIR laser source.

This work was financially supported by the Ministry of Education, Science and Technological
Development of Serbia projects Ol 172035.
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Dear Colleagues,

We have great pleasure to welcome you to the Advanced Ceramic and Application Conference VI
organized by the Serbian Ceramic Society in cooperation with the Institute for Testing of Materias, Institute
of Technical Sciences of SASA, Institute of Chemistry Technology and Metallurgy and Institute for
Technology of Nuclear and Other Raw Mineral Materials.

Advanced Ceramics today include many old-known ceramic materials produced through newly
available processing techniques as well as broad range of the innovative compounds and composites,
particularly with plastics and metals. Such developed new materials with improved performances aready
bring a new quality in the everyday life. The chosen Conference topics cover contributions from a
fundamental theoretical research in advanced ceramics, computer-aided design and modeling of a new
ceramics products, manufacturing of nanoceramic devices, developing of multifunctional ceramic processing
routes, etc. Traditionally, ACA Conferences gather leading researchers, engineers, specialist, professors and
PhD students trying to emphasizes the key achievements which will enable the wide speared use of the
advanced ceramics products in High-Tech industry, renewable energy utilization, environmental efficiency,
security, space technology, cultural heritage, prosthesis, etc.

Serbian Ceramic Society has been initiated in 1995/1996 and fully registered in 1997 as Y ugoslav
Ceramic Society, being strongly supported by American Ceramic Society. Since 2009, it has continued as
Serbian Ceramic Society in accordance to the Serbian law procedure. Serbian Ceramic Society is almost the
only one Ceramic Society in the South-East Europe, with members from more than 20 Institutes and
Universities, active in 16 sessions, by program and the frames which are defined by the American Ceramic
Society activities.

For the first time Advanced Ceramic and Application Conference hosting delegations from
Republics of Ghana, Nigeria, Niger and Cameroon with the idea to connect, share and provide positive
influence to the scientific and industrial communities al around world.

Prof. Dr Vojidlav Miti¢ Prof. Dr Olivera Milosevié,
President of the Serbian Ceramic Society President of the General Assembly of the
World Academy Ceramics Member Serbian Ceramic Society
European Academy of Sciences& Arts Member Academy of Engineering Sciences of Serbia Member
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Industrial Talks
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OR-NOP2
In-vitro visualization of primary tumor cells using up-conver sion
nanophosphors

LidijaMancic!, Aleksandra Djukic-Vukovic?, Ljiljana Mojovic?, Mihailo Rabasovic?,
Aleksandar J. Krmpot®, lvana Dinic*, Antonio MLM. Costa’, Olivera Milosevic*

! nstitute of Technical Sciences of SASA, Belgrade, Serbia
Department of Biochemical Engineering and Biotechnology, Faculty of Technology and
Metallurgy, University of Belgrade, Serbia
3Photonic Center, Institute of Physics Belgrade, University of Belgrade, Zemun, Belgrade,
Serbia
“Innovation Center of the Faculty of Chemistry, University of Belgrade, Serbia
*Department of Chemical and Materials Engineering, Pontifical Catholic University of Rio
de Janeiro, Rio de Janeiro, Brazl

Due to their unique luminescent features, lanthanide doped up-converting
nanoparticles (Ln-UCNPs) have an important role in biomedica use, particularly in the area
of NIR-excited fluorescent cell imaging. For such purpose, Ln-UCNPs should have specific
morphologica characteristics and efficient luminescence response. In this work, a biocompatible
and water dispersible NaYFYb,Er@PLGA nanoparticles synthesized using a one-step
hydrothermal synthesis were tested as fluorescent bio-labels of primary cell cultures obtained
after passage of head and neck squamous carcinoma cells (HNSCC). Structural, morphological and
optical properties of particles were obtained using X-ray powder diffraction (XRPD), field
emission scanning and transmission electron microscopy (FESEM/TEM), energy dispersive
X-ray (EDX), Fourier transform infrared (FTIR) and photoluminescence (PL) spectroscopy.
The results revealed coexistence of the cubic (Fm-3m) and hexagonal (P6s/m) phase in spherical and
irregularly shaped nanoparticles, respectively. Moreover, preservation of the PLGA ligands at the
particles surface facilitates their interactions with the cell membrane and provides permeation
into cells. To asses abiological safety of their use, viability of human gingival fibroblasts (HFG)
was additionally evaluated by a colorimetric MTT assay.

OR-EM1
Effect of annealing temperature on structural and surface mor phology of
ceramic electrolyte for 1 T-SOFC applications

Shabana P. S. Shaikh, Kiran P. Adhi

Center for Advanced Sudies in Materials Science & Condensed Matter Physics
Department of Physics, Savitribai Phule Pune University, Pune 411007.India

In the present work the powder of Gdo1Cep9O1.95s Gadolinium-doped ceria (10GDC) is
procured from Sigma Aldrich with 99.9% purity. Using powder 10GDC the electrolyte
material in pellets form were sintered at different temperature of 800, 900, 1100 and 1200 °C
for 4 hr in microwave high temperature furnace to investigate the effect of sintering
temperature on density, structural and morphological properties of 10GDC. Density was
measured using the Archimedes’s method.
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Photonica 2017 4. Biophotonics

Two-photon excited hemoglobin fluor escence for ex vivo microscopy analyss of
erythrocytes at single cell level

|. T. Drvenica’, A. Stanci¢?, S. Jovani¢?, V. Lj. Ili¢!, M. D. Rabasovié¢?, D. V. Panteli¢? B. M. Jelenkovié?,
B.M. Bugarski®, A. J. Krmpot?

Unstitute for Medical Research, University of Belgrade, Dr Subotic¢a 4, 11 129 Belgrade, Serbia
?ngtitute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11 080 Belgrade, Serbia
sDepartment of Chemical Engineering, Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11
000 Belgrade, Serbia
e-mail:ivana.drvenica@imi.bg.ac.rs

Fluorescence of hemoglobin, the main intracellular component of erythrocytes, upon excitation by
ultrashort pulses in red and near infrared region [1-3], allows two-photon excited fluorescence (TPEF)
microscopy to be used as a tool for label-free imaging of these cells, even in vivo [4]. Despite wide
applicability of erythrocytes in diagnostic tests, and distribution of hemoglobin as a marker of their functional
status under physiological or pathological conditions [5], data on spatial distribution of hemoglobin at the
single cell level are scarce.

Based on findings reported by Zheng and co-workers [1], we have utilized TPEF microscopy to map
the spatia distribution of hemoglobin in porcine erythrocytes ex vivo. Porcine erythrocytes were used as
extremely susceptible cells to stress and thus represent a good model system to study influence of different
factors (heat, humidity, malnutrition, infections...) on erythrocyte morphology and hemoglobin distribution.
The custom made experimental set up for NLSM utilized the train of the femtosecond pulses from Ti:Sapphire
laser (Coherent, Mira 900-F) at 730 nm. The repetition rate was 76MHz, and pulse duration was 160fs.

The results demonstrate that the resolution of the TPEF microscopy is good enough for the anaysis of
erythrocytes at single cell level. Two different morphological types of porcine erythrocytes, normocytes and
echinocytes, collected during mild autumn and extremely hot summer, respectively, were clearly differed by
TPEF microscopy. Besides, erythrocytes having intermediate morphology i.e. having some characteristics of
both abovementioned morphological extremes were also found. The distribution of hemoglobin in
erythrocytes noticeably followed the cells’ shape, where erythrocytes with altered morphology demonstrated
significant accumulation of hemoglobin in cells’ protrusions. During TPEF microscopy experiments
fluorescence emission from the exposed cells increased, but longer exposure led to irreversible change of
erythrocytes, as aready shown in literature [3]. Since functional status of erythrocytes in vivo (both in
physiological or pathological states) and ex vivo (e.g. transfusion bag) [3] is accompanied with change of
morphology and consequently altered distribution and functionality of hemoglobin, result of this study even
though obtained on animal cell model, confirmed strong potential of TPEF microscopy for such application in
biomedical research. However, in vivo tests by TPEF microscopy merit further experimental optimization.

This work is supported by bilateral project 451-03-01038/2015-09/1 between Ministry of Education,
Science and Technological Development -MESTD of Republic of Serbia and German Academic Exchange
Service-DAAD and by projects 11145016, 111 46010 and Ol 171038 of MESTD of Republic of Serbia.
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Second har monic gener ation imaging of collagen fibersin the uninvolved human

rectal mucosa 10 cm and 20 cm away from the malignant tumor

Sanja Despotovié¢?, Ivana Lalié?, Novica Miliéevi¢!, Zivana Mili¢evié!, Mihailo Rabasovié¢? Dejan Pantelic?,
Svetlana Jovani¢? and Aleksandar Krmpot?

Ingtitute of Histology and embryology, Medical faculty, Unicersity of Belgrade, Serbia
2ngtitute of Physics Belgrade, University of Belgrade, Serbia
e-mail:sanjadesp@med.bg.ac.rs

The aim of our study was to investigate the organization of collagen fibers utilizing second harmonic
generation (SHG) microscopy in the lamina propria of the rectal mucosa in the remote surrounding of the
malignant tumor. We demonstrated the structural alterations (reduced cellularity, alterations of Liberkiihn
crypts and tissue edema) of the lamina propria of the mucosa 10 cm and 20 cm away from the rectal
adenocarcinoma. Our study also provided indications that the collagen fibers in the rectal lamina propria could
be affected [1].

Tissue samples were endoscopically collected from 30 patients with adenocarcionoma located in the sigmoid
colon. The biopsies were taken 10 cm and 20 cm away from the malignant tumor in the caudal direction. The
samples of rectal mucosa collected at the same institution from 30 healthy persons with a family history of
intestinal malignancy, were used as control.

Masson trichrome staining on formalin-fixed, paraffin-ebbedded tissue was used to visualize collagen fibers.
Also, to exclude the possibility that the observed changes could be due to methodology used (fixation or
staining), an original labframe nonlinear laser scanning microscope (NLM) [2] was used for SHG imaging of
collagen digtribution on fixation- and label-free colon tissue samples. The incoming infrared femtosecond
pulses from the tunable mode-locked Ti:Sapphire laser (Coherent, Mira 900) were directed onto the sample by
adichroic mirror through the Zeiss EC Plan- Neofluar40x/1.3 NA oil imersion objective. The laser wavelenght
was 840nm, and the SHG was selected by narrow bandpass filter at 420 nm (Thorlabs FB420-10, FWHM
10nm). The average laser power on the sample was 30 mW with pulse duration of 160fs and repetition rate of
76MHz which produced 2.5 kW of peak power.

On Masson trichrome stained tissue, the collagen fibers in the lamina propria of healthy persons were massive,
intimately appositioned and orderly organized. At the distance 10 cm away from the tumor the collagen fibers
were feeble and loosely arranged. The enlarged spaces were notable between the collagen fibers, indicating the
presence of tissue edema. Similar alterations of collagen fibers, but less prominent, were observed 20 cm away
from the tumor.

SHG images on fresh, label-free tissue completely confirmed the aforementioned findings. The profound
remodeling of collagen fibers is even more clearly noticeable on 3D reconstruction model obtained from SHG
images. In the lamina propria 10 cm away from the tumor collagen fibers became fragile, increasingly
disordered and the crypts architecture appeared disturbed.

We documented the profound aterations of collagen fibersin the rectal lamina propria 10 cm and 20 cm away
from the malignant tumor.
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Second order, i.e. intensity, optical autocorrelation is well established and commonly used technique for
ultrashort laser pulse duration measurements [1]. More advanced technique that combines autocorrealtion and
spectral mesurements provides even exact tempora shape of the pulse [2]. We report on development of an
intesity autocorrelator for measuring femtosecond pulses duration using a nonlinear crystal. Autocorrelator
setup is based on Michelson interferometer with BBO (B Barium Borate) crystal in the detection arm for
second harmonic generation. Corner cube prism on a motorised stage provides variable delay line. Photodiode
with spectral filter was used for signal detection. Data acqusition, the stage driving and the autocorrelation
traces display is performed by comupter, acqusition card and specialy developed software. The software
performs simple data processing: filtering and calculation of the pulse duration as Full Width at Half
Maximum (FWHM) of autocorrelation curve. Autocorrelator was used to measure duration of ultrashort pulses
from a modelocked lasers. We have tested the set-up and the software for various pulse duration and wave
lengths from two ultrafast lasers. Coherent Mira 900 (160fs, 700-1000nm) and Timebandwidth products, Yb
GLX (200fs, 1040nm). For the longer pulse duration (150fs-5ps) regenrative amplifier Coherent RegA with
external pulse compressor/strecher was used.

Acknowledgments: This work is supported by bilateral project 451-03-01038/2015-09/1 between Ministry of
Education, Science and Technological Development -MESTD of Republic of Serbia and German Academic
Exchange Service-DAAD and by projects 11145016 and Ol 171038 of MESTD of Republic of Serbia.
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Abstract. Two photon excitation fluorescence (TPEF) microscopy as an advanced
technique offers the possibility for noninvasive, label-free imaging by using the fluorescence
emission from the endogenous fluorescent molecules in living cells and tissues. It has been
shown recently that, hemoglobin, emits strong Soret fluorescence peaked a 438 nm upon
two-photon excitation by femtosecond pulses in red and near infrared region (600-750 nm)
[1]. This finding opened the possibility to use two-photon fluorescence microscopy as a
powerful tool for label-free imaging of erythrocytes, even in vivo [2].In this work we show
the possibility to use TPEF microscopy for label-free 3D imaging of porcine and outdated
human erythrocytes based on findings from [1]. Moreover, TPEF microscopy was employed
to investigate the spatial distribution (i.e. for mapping) of hemoglobin within intact
erythrocytes and residual hemoglobin in the resulting erythrocyte membranes obtained after
the process of gradual hypotonic hemolysis. Quantity of residual hemoglobin is determined
by analysis of TPEF images relative to the hemoglobin concentration in intact erythrocytes.

o
&-C ]

Gradual hypotonic hemolysis
Erythrocytes Ghosts

Figure 1.a) TPEF image of a porcine erithrocyte; b) TPEF image of a human erithrocyte;. ) TPEF image of
mixture of human erythrocytes and their membranes; d) schematic of gradual hypotonic hemolysis process.

This work has been supported by Ministry of Education, Science and Technological
Development of the Republic of Serbia (Project No. 111 46010, Ol 171005, Ol 171038 and
11145016).
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I[TPEAT'OBOP

TemMaTcku CKyIl O €KOJOIIKOM M €KOHOMCKOM 3Hadajy (dayHe Cpobuje,
KOjH je MHUIHPao AKaJeMHujCcKu of0op 3a mpoyuaBame dayHe Cpouje CAHY,
olpXkaH je y jyounapHoj romuau obenexaBama 175. romnmmune CAHY, 17.
HoBeMOpa 2016. ronuHe.

OTkaja je mojaM OMOAMBEP3UTETA 3BAHUYHO yIIao y ymotpedy 1992.
roauHe qoHomemeM KoHBeHIMje 0 OMOJIONIKO] Pa3HOBPCHOCTH a IIOTOM U Hhe-
HOM paTU(UKaIMjOM KOjOM Cy CBE IpKaBe MOTIHCHHUIE Npey3eiie 06aBe3y
Jla IOHECY 3aKOHCKa aKTa M YCIOCTaBe NOTpeOHE aKTUBHOCTH Ha 3aIUTUTH U
BpeTHOBamy OMOIUBEP3UTETA, HCTPAKUBaka (iiope, GpayHe u pyHTrHje 100H-
Ja Cy Ha 3Hauajy, a KJacHu4He OMOJIOIIKE AUCHUIIINHE — TAKCOHOMM]a, Ouore-
orpaduja u eKOJIOTHja — HaIllIEe Cy C€ y JKMI)KH MHTEPECOBamka HE caMO Hay4dHe
Beh U mmpe jaBHOCTH. TakCOHOMUja, cHCTeMaTnKa U (GayHUCTHKA, OJJHOCHO
¢aopucTHKa, TpaJUIMOHAIHE OHMOJONIKE AWCIHUIUINHE ca Hajay KoM Tpaau-
[IHjOM y OHOJIOTH]H, TOXKHUBEJIE CY CBOj IIPETIOPOT MU TPpHjyMdaTHu moBpaTak.

Baxwno je ncrahu na je Cpricka akajgemMuja Hayka ¥ YMETHOCTH, O]l CBOT
OCHUBama, Mpero3Hala 3Ha4aj u3ydaBama XUBOT ceeTa CpOuje M OKOIHUX
3eMaJjba M J1a je YBHJIEJa JIa je TIOBpaTaK OBMX OMOJOIIKHUX AUCIUIUIMHA BajkaH
3agarak ouonora y CpOuju Ha MOYETKY HOBOT MIJIeHH]yMa. [[Ba Akanemujcka
onbopa, Onbop 3a uzyuaBame Quope u Bereranuje 1 Opdop 3a mpoydaBame
¢dayne CpOuje, HOKpeHyJa Cy U OCTBapuJia KalluTajlHa fena GIopucTuke, Gu-
touenosoruje u haynuctuke y Cpouju. Exnnuja ®nope CpOuje noxxupibaBa
IpYTO0, HOBO ¥ 3HA4ajHO H3MEHCHO U3JIamke, 00jaBIbyjy C€ HOBH IIPUIIO3H y elU-
uuju Bereranuja CpOuje, a enunuja @ayna Cpouje Beh nma HEKOJIMKO Bpe/-
Hux MoHorpaduja: @ayna mpasa Cpouje, Kpnewu Cpouje, Penamu 6o0ozemyu
Cpouje. OBum nyonukanujama CAHY ce npenacraBuiia Kao HajpejeBaHTHH]a
uHctutynuja y Cpouju, gokycupana, mpeko ondopa, Ha UCTpakKUBama QIio-
pe u dayHe, HITO UMILTAIIHPA CBEOOYXBaTHO caryieiaBamke ONOIUBEP3UTETA Y
CpoOuju.

OnpkaHu HaydyHH CKyNoOBH TNocBeheHH, TUPEKTHO WM WHIUPEKTHO
0BOj TIpOOJIEMATHITN JOJATHO MOTBPlYjy cipeMHOCT u pazymeBarkbe CAHY na
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ucTpaxkupama Qiope u payHe, kao u buogusep3utera Cpouje, 0Ty IHO MOAP-
KU, Y TOM KOHTEKCTY Ou Tpebasio U pa3yMeTH OBaj HAy4YHHU CKYIL.

[Mpumena KonBeHnuje o OHOJIONIKO] pAa3HOBPCHOCTH U HEHHUX TOJTa3HUX
uJieja U KOHIIETIIMja BpEMEHOM je JIOBeJa JIo pas3paje, yHanpehupama u ycpe-
cpehuBama Ha HEKe JpyTe acleKTe OuyBama U Kopulrhema OHoIUBEP3UTETA,
a He caMO HETrOBe BPEIHOCTH Kao BHILE MM Mambe 00OHOBJBUBOT pecypca, Beh
U YUTaBUX €KOCHUCTEMa, ONHOCHO A0 (YyHKIHMOHAIHOCTH HUXOBUX KJBYIHHUX
KOMITOHEHTH HJIH TIpoIieca Koju oMoryhaBajy KopucT u 100poouT 3a Ouio Kojy
JBYJICKY 3ajenHuIly To je ocTBapeHO NedHHHCAmEM €KOCUCTEMCKHUX ycayra
K20 KJ/bYYHOI TEOPUjCKOI NPUCTYIA U NPAKTUYHOT MeXaHU3Ma 3a CBEOOyX-
BaTHO BPeAHOBam-€ PCaHOr 3Hayaja OuyBama OHOANBEP3UTETA.

IMoaceruhemo ce oBuM npuiinkoMm aa je 2005. roquHe y opranu3anuju
Onbopa ,YoBek u )kUBOTHA cpeanHa’ CpIicke akajeMuje HayKa 1 YMETHOCTH,
OJpKaH HAy4YHHU CKYII ,,BHOIMBep3UTET HA MOYETKY HOBOI MUJIEHHjyma®
KOjH je cymMupao (pyHIaMaHTAJHe TeMe Koje ce TUUy OMoauBep3nuTeTa, pas-
BOja UJigje 0 MOTPeOU 3alITUTE U TTApaJUTMHU OJIPXKUBOCTHU Ca I[UJbEM JIa MpY-
KW OATOBOpE Ha 3HayajHa MUTama: KOJIMKO je y HallleM JAPYIITBY Topacia
CBECT 0 MmoTpedu 3amTuTe OnoauBep3uTeTa; mTa je y mehyBpemeny ypaheno
Ha [JIaHy UHBEHTapH3aInje OMOAMBEP3UTETA U KOJTUKH CY TPOIIKOBHU 3aIITHTE
OmoaMBep3UTETA, OMHOCHO KOjU Cy €eKOHOMCKH MOJAJIUTETH NOTPEOHHM 32 OCT-
BapHWBame CKJana n3Mely 3amTuTe OnommBep3uTeTa M Kopuirhema OHOIOII-
KHX pecypca.

Hayunu ckyn ,,Exonomkn n ekoHOMckH 3Hauaj] payne CpOuje’ xKoM-
TIIEMEHTapaH je, y U3BECHO] MEPH, HaBEeJIEHOM, U HaJIOBe3yje ce TeMaMa Koje
oOpaljyje Ha Heke acleKkTe ouyBama U 3aIITUTE OMOIMBEP3UTETA, IPUMAPHO
Ha BpeAHOBamwe (payne CpOuje xkao eneMeHaTa OMoAMBEp3UTETa Y QYyHKIHUjH
OMOJIOIIKMX pecypca, ajlk U y CKJIaay ca CaBPEeMEHUM MPHUCTYIIOM O eKOCHC-
TeMCKHM ycJyrama 0MoanBep3uTeTa IIpe CBera y J0MeHnMa ,,cHabaeBama/
o0e3behuBama™ u perynamnuje, ajiu 1 ,,KyITYpHUX  BpeAHOCTH/H00apa.

CBH Hay4HH paioBH, Y 300pHUKY, OABIAaYE IUJHEBE HAYYHOT CKYTIa,
onpxasor 17. HopemOpa 2016. ronuHe:

* caryieJlaBamkbe¢ HANpeTKa KOjU je TMOCTHTHYT pa3pajoM KOHIenaTa W3
KoHBeHIIMje ¥ JOHOIICHEM JOMYHCKHUX CTPATCIIKUX JOKYMEHATa Ydju
je IuJb Ja OJIaKIlajy KOMIIJICKCHE 3aJaTke 04yBama OMOAUBEP3UTETA U
Kopunihema OHOJIOITKUX pecypca, TeHepatHo, a mocedHo y Cpouju, kao
1 J1a ce YKa)Ke Ha HEOAPKUBY IPAKCy eKCILIoaTalllje U HEIOBOJbHE OpH-
re o pecypcuma (ayHe;

* carjenaBame (GYHKIMOHAIIHE YJIOTe W 3Hadaja mpunaanuka gayne Cp-
Ouje v yKa3uBame Ha IbUXOBE BPEAHOCTH Y KOHTEKCTY HOBOYCITOCTABJIbE-
HOT KOHIIETITA eKOCUCHEMCKUX Ycy2a TIPe CBera Kao OMOMHAMKATOpA
3araljema cpenuHe, Te UIYCTPATUBHUX M WHCIHUPATHBHUX MpUMEpa Y
OMOMHUMETHUIIH ¥ OMO(U3UIY, KA0 YHHUJIAIA OUOJIONIKE KOHTPOJIE IITET-
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HUX OpraHM3aMa, ONpaluBama Onjbaka M Kao eJIeMeHaTa €CTeTCKE
JIPYTUX HEMaTepHjaTHIX BPEIHOCTH, Y Pa3IMYUTHM JTOMEHHUMA JbY/ICKE
ersucTeHnuje u aenatHoctu y Cpouju;

* carjelaBame 3Hauaja Koje IMOjeJJuHE BPCTE WM (AayHHCTHYKE TpyIe
MMajy Kao pecypcH XpaHJbUBHUX M JIEKOBUTUX CYICTaHIU U JPYTHX, 32
JOBEKa KOPUCHUX U YIIOTPEOJFUBUX CBOjCTABA.

Ouexyjemo na he pesynratu aHanuza y 300pHUKY ca Hay4dHOT CKyTma
,,EKOJIOIIKK W €KOHOMCKHW 3Hadaj ¢ayne CpOuje”, NONPUHETH ILIaHUPAKY
npojeKara BpeIHOBamba U O4yBamka OMOAMBEP3UTETA, MPOICHN YTPOKEHOCTH
u 3amTuTH Qayne CpOuje, Kao U onp>KUBOM Kopulihewy OHOIOIKHUX pecypca
(bayHe 1 oMoryhuTH carienaBame caallilber CTakba y HAlMOHAIHO] JISTHUCIIa-
THUBU M aKTUBHOCTHMA HA/JISKHUX CEKTOPA U OHOC 3aje/IHULIC IPeMa KUBOM
CBETYy Kao npuponaHoj 6amtunu y Cpouju ganac. Odexkyjemo aa he ce ucrahu
M CKOHOMCKH 3Ha4aj, OJHOCHO BPEIHOBAEC IMMOjEMHUX TAKCOHA KHUBOTHHA,
HE CaMO Y KOHTEKCTY OHOJIOIIKUX pecypca, Beh BpeaHOCTH BHUXOBE YJIore y
CKJIONY €KOCHCTEMCKHUX yCIIyra Koje IpyKajy, a YKOJUKO He MOCTOje OJroBa-
pajyhu nomanu y CpOuju, 1a ce mpoIiieHe MOT'y M3BECTH Ha OCHOBY aHAJIOTHUX
rmojaTaka u3 IpyTrux 3eMalba, ca IUJbeM OdyBama oOnogusepsuteta Cpouje.

Y Beorpany, 17. janyapa 2018. roqune

Pagmuina Ileranosuh, momucHu 4iaH






PREFACE

The thematic conference on ecological and economic importance of Ser-
bian fauna, initiated by the SASA Academic committee for the study of the
fauna of Serbia, was held in the jubilee year of marking the 175 years of SASA,
on 17" November 2016.

Since the term biodiversity was officially put into use in 1992, with the
Convention on Biological Diversity entering into force and its later ratification
which led to all signatory states taking the obligation to impose legal acts and
establish necessary activities regarding the protection and evaluation of biodi-
versity, the exploration of flora, fauna and fungi gained importance while clas-
sical biological disciplines such as taxonomy, biogeography and ecology were
placed in the focus of not only scientific, but also wider public. Taxonomy, sys-
tematics and faunistics, i.e. floristics, traditional biological disciplines with the
longest tradition in biology, have witnessed their rebirth and triumphal return.

It is important to highlight that the Serbian Academy of Sciences and
Arts since its inception has recognized the importance of studying the living
world of Serbia and surrounding countries, and that the return of these biolog-
ical disciplines is an important task for Serbian biologists at the beginning of
the new millennium.

Two Academic committees, the Academic committee for the study of
flora and vegetation and the Academic committee for the study of the fauna of
Serbia, have initiated and accomplished capital works in the field of floristics,
phytocoenology and faunistics in Serbia.

The publication Flora of Serbia has had a new, second and significantly
revised edition, new contributions within the edition Vegetation of Serbia have
been published, and the edition Fauna of Serbia has already got several valua-
ble monographs — the Ant Fauna of Serbia, Ticks of Serbia, Tailed Amphibians
of Serbia. These publications show that SASA, through its committees, is like
few institutions in Serbia, centered on the exploration of flora and fauna, which
can ultimately be classified as an inevitable and comprehensive view on bio-
diversity in Serbia. The previous scientific conferences directly or indirectly
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dedicated to this subject, additionally confirm the readiness and understanding
of SASA to offer its strong support to the exploration of flora and fauna, as well
as the biodiversity of Serbia. This scientific conference should also be under-
stood through such context.

The application of the Convention on Biological Diversity and its initial
ideas and conceptions, eventually led to the elaboration, improvement and fo-
cusing on some other aspects of conservation and use of biodiversity, not only
its value as a more or less renewable resource, but also the whole ecosystems,
i.e. the functionality of their key components or processes which provide benefit
and well-being to any human community. This was accomplished by defining
ecosystem services as a key theoretical approach and practical mechanism for
comprehensive evaluation of the real importance of biodiversity conservation.

On this occasion, we would like to bring to mind the scientific confer-
ence “Biodiversity at the onset of a new millennium” held in 2005, organized
by the “Man and Environment” Committee of SASA, summing up fundamen-
tal issues regarding biodiversity, development of the idea on the need of protec-
tion and paradigm of sustainability with the aim to offer answers to questions
such as:

* how much has the awareness on the need of biodiversity preservation
been developed in our society;

* what has been done about the plan of inventory of biodiversity in the
meantime;

» and how big the expenses of protecting biodiversity are, i.e. which eco-
nomic modalities are necessary for achieving harmony between the pro-
tection of biodiversity and the use of biological resources.

The scientific conference “Ecological and economic importance of Ser-
bian fauna” is somewhat complementary to the above mentioned conference,
with the areas of interest it explores, building on certain aspects of conserva-
tion and protection of biodiversity, above all the evaluation of fauna of Serbia
as an element of biodiversity in the function of biological resources, and in
accordance with the contemporary approach to ecosystem services of biodiver-
sity, primarily in the domain of “supplying/providing” and regulation, but also
“cultural” values/goods.

The aim of this scientific conference and the scientific papers to be pub-
lished in the Proceedings is to enable:

* perceiving the progress made by elaborating concepts from the Conven-
tion and imposing additional strategic documents aimed at facilitating
complex tasks of preserving biodiversity and using biological resources
in general, especially in Serbia, as well as indicating the unsustainable
exploitation practice and insufficient care for the resources of fauna;
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» perceiving the functional role and importance of the members of Ser-
bian fauna and indicating their values in the context of the newly es-
tablished concept of ecosystem services, primarily as bioindicators of
environmental pollution, as illustrative and inspirational examples in bi-
omimetics and biophysics, as factors of biological control over harmful
organisms, plant pollination or elements of esthetic and other immaterial
values, in various domains of human existence and activity in Serbia;

» perceiving the importance that certain species or faunistic groups have
as resources of nutritive and healing substances and other useful and
usable properties to people.

We expect that the results of analysis, published in the Proceedings from
the scientific conference “Ecological and economic significance of Fauna of
Serbia”, will be useful for planning the projects of evaluating and preserving
biodiversity, assessing the endangerment and protection of Serbian fauna, as
well as sustainable use of biological resources of fauna, and that we will be able
to perceive the current situation in national legislation and activities, along with
the attitude of the community towards the living world as a natural heritage in
Serbia today. We also expect to draw attention to the economic significance,
i.e. the evaluation of certain animal taxa, not only in the context of biological
resources but also the value of their role within the ecosystem services they
offer, and if there are no sufficient data in Serbia, that assessments based upon
corresponding data from other countries will be made, all in order to preserve
the biodiversity of Serbia.

Belgrade, 17" January 2018

Radmila Petanovi¢, corresponding member
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Hejan TAHTEJINR", Cpehiko AYPUNR™", Anekcangap KPMIIOT", Jlejan B.
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C ax e T a k. — TokoM BeoMa Iyror eBOJyTUBHOT Pa3Boja >KUBH OPraHU3MH CY
pa3BmUiIK 100PO amanTHpaHe MaTepHjajie ¥ CTPYKTYpe KOjU MPENCTaBIbajy HAIIpeIHA pe-
IIeha y 00JIaCTH ONTHKE, MEXaHHUKE, TEPMUKE HIIH aKyCTHKE, YaK H ca aclleKTa MOJCpHE
HayKe, IIITO j& TOBEJIO 10 MHTEH3UBHOT pa3Boja OMOMHUMETHKE Kao 00JacTh Koja ce OaBH
CTBapameM HOBHX TEXHOJIOTHja HHCITUPUCAHNX OHOJIOMIKMM MaKpOCTPyKTypama U MU-
KpocTpykrypama. Kon Beher 6poja TakcoHa ienTupa u TBpAOKpUIiana, eleMeHara GayHe
Cpbuje, mpumehyje ce CTpyKTypHa 000jEHOCT BUXOBUX Kpuia U mokpuiana. OHa Ha-
cTaje 300r MpUCYCTBa HU3a HAM3MEHUYHUX Ba3AyIIHUX U XUTHHCKUX CJIOjeBa Ky THKYJIe
(amp. pebpa, 1amene 1 rpedeHH Ha Jbycluama KpuJa JISNTHPa), Ha KOjUMa Ce HCI0JbaBa
TajlaCHa MPUPOJA CBETIIOCTH KPo3 TojaBe HHTepdhepeHuuje, audpakiyje 1 pacejarma.
ITpu ToMe 1071a3H 10 CeNIEKTUBHE pedIIeKCHje CBETIIOCHUX Tajlaca U MojaBe CTPYKTYPHUX
60ja. OBze cy mpeAcTaBbEeHE METOE TeHepHCcama ONMOMOPGHHIX CTPYKTYpa MPUMEHOM
xonorpaduje, MUKpOIHTOrpaduje i CPOTHUX ONTUYKUX TEXHIKA. YKa3aHO je Ha Moryh-
HOCTH IIPaKTHYHE NMPUMEHEe MOP(OIOMIKHX CTPYKTYpa MOjeINHUX BpPCTa MHCEKaTa M3
CpOuje y 00IacTH ceH30pa, 3alliTUTE JOKyMEHaTa 1 HOBUX ONTHYKUX MaTepujaa.

Kmwyune peuu: bnopoToHNKa, OHOMUMETHKA, HHCEKTH, CTPYKTYpHE 00je
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YBO/

[Mpupona je omyBek Orita HHCTIMPaIFja OOMYHOM YOBEKY, YMETHUKY HJIH Ha-
yunuky. Cetumo ce Ban ['oroBux mnejzaxa, CIMKe ca IIBETOBUMA HPHCA HITH Ba3e
ca cyHnokperuMa. [lomennmo u nuctia HayuHe (antactuke Cranucnasa Jlema u
ETr0OB poMaH ,,HenobeauBu™, y KOMe pojeBH MUHHU]aTyPHUX, JIeTehMX, WHCEKTOJH-
KHX po0o0Ta, Ha J]aJIeKoj TUIAaHETH, HaIla/1ajy MOHY HHTEpPrajiakTHUKy KPCTapHILy,
ncKasyjyhu cBOjy KOJIEKTHBHY MHTEIUTEHITH]Y. POMaH je mpeBa3uIao yMeTHOCT U
MMao je yTHIIaj Ha Pa3Boj KOHIIENTa ,,lTaMeTHe mpammunHe™ (eHr1. smart dust) [1] kao
cucTeMa OeXHYHO [TOBE3aHUX CEH30pa.

U mHore apyre uaeje, oTkpuha W IMpoHaJacy Cy MPOU3ALUIN U3 II0CMa-
Tpamwa npupoze. Oto JlunujeHran je o6jaBuo Kwury ,,JIeT nTHma Kao OCHOBa
BEILTHHE JIeTewka™ [2] 1 KOHCTpyHcao HU3 JeTehnX MalliHa HHCIUPHCAHUX NTH-
nama. IIpotese crpuntepa Ockapa ITucropujyca, KOHCTpyHCaHe O KOMIIO3UTa
ca yIJbeHHYHHM BJIAKHUMA, aKyMYJIHPajy MEXaHHUKY €HEepPrujy U UMajy BEeIUKY
CIIMYHOCT ca Horama keHrypa. [lomennmo u mponanaszaua YKopxka ae Mectpana
W BEroBy YMYaK Tpaky, YHje caMo MMe yKasyje Ha W3BOp MHcIupanuje. MHore
padyHapcke U anropuTamMcke TEXHHKe, MOMyT IeTyIapHuX ayTomara [3], HeypoH-
CKHX MpEXa, CBOJYIMOHMUX M T'CHETCKHX aJlrfOpuTama, MHTEIUreHIuje poja [4]
,,[1033jMJbEHE™ Cy U3 TIPUPO/IC.

Temko je ofgpenuTy TauaH UCTOPHjCKH TPEHYTaK Kaja je ImocMaTpame U
MMUTHpAE TIPUPOJIE TIPETBOPEHO Y MocebHy HaydHy obnacT. llpe he 6utn na je
IIEJIOKYITHH Pa3Boj IMIUBUIIH3AIIN]jE ¥ T0OPOj MepH OMO BE3aH 3a YUCHE O] TPHPO]IE,
Ja OM MaHac OBaj MpaBall UCTPaKMBama JOOMO Ha3uB OnomMuMeTHka. theH mmb
je Ja ce mocMarpameM OpraHmu3ama v OHOJIOITKHAX CHCTEMa OTKpI/ij MOTEHIIHja -
HO KOPHCHE 0COOMHE WIIH ,,MHKEHEPCKO-TEXHOJIOIIKA PELICH:a, KQ]a he ce 3aTum
xonupatu. Kao nmpumep hemo HaBecTH ciiokeHe 04H 3IT1aBKapa, Koje uMajy Beoma
IIMPOK BUIHM YTao, 3a Pa3iIUKy OJ CTaHAAPAHUX ONTHUYKUX cucTeMma. Mako mo-
CTOje TAaHOPaMCKH OOjEeKTUBH M TEXHHKE MMAaHOPAMCKOI CHHMama U MelycoOHor
MOBE3MBamka CIIMKa, OIpeMa je CKyIa, Ipoleaypa KOMIJIMKOBAaHA, a MPOLEC CHU-
Mama je nTyrorpajan. Hacynpot Tome, eBonynuja je kox BehuHe 3rmaBkapa mpo-
OJieM pelmiia Ha jeIHOCTaBaH U erKacaH HAYMH: YMECTO jeJHOT KOMIUTHKOBAHOT
cUcTeMa, YIoTpeOmia je MHOIITBO MaJIMX U JeTHOCTABHHUX (OMaTH]IU]E KA0 JICTIOBU
CJIOJKEHOT 0Ka) [5].

CponHa OMOMHUMETHIIM je OMOHHKA, KOja 03Ha4aBa MHKCHCPCKH MPUCTYII
UMUTAIUjU IPUPOJIE, TIe HUje OMTHO caMO pa3OTKPHUTH MPHHIUIE QyHKIHOHHU-
cama JKMBUX OpraHu3ama, Beh Ha edukacaH HaYWH KOHCTPYHCATH U HANPABUTH
nponsBon. Kao mpumep, HaBeaumo dabpukaliijy MaTepHjana ca cynepxunpodoo-
HUM CBOJCTBHMA (CITOCOOHMX J1a MX HE KBacH Boma). OmaBHO ce 3Ha Ja KyTHKYyJa
WHCEKaTa ¥ MOBPIIMHA JINCTA JIOTOCA OI0M]jajy BOAY [6], Te a Koka ajKyIie 3Ha4ajHO
CMamyje XUApOoAUHAMHUUKY oTHop [7]. ¥ 0ba ciyyaja, MOBpILIMHA Tela OpraHu3a-
Ma je IOKpUBEHa MUKPOHCKUM U CyOMHUKPOHCKMM M3004MHAMAa, YUME CE 3HA4YajHO
Memajy XHAPOCTaTHYKe U XuApoaruHaMuuke ocodnne. Kopucrehu ose npunmurne,
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pa3BHjeHa je jeTHOCTaBHA TEXHHKA KOja KOPHCTH CaBPEMEHU KOMIIO3UTHH Mare-
puja (monuMep U yIJbeHUYHE HaHOTYyOe) J1a pallHOHAIIHO TPOU3BEIE CYTIePXHIPO-
¢$oOHy ToBpIIUHY [8].

BuomuMeTHKa OHEKa1 TPOU3TIa3H U3 PU3NYKHX YCIIOBA KOJH CE TOCTABIbAjY
IpeJ CIIOKEHE CHCTEME, HE3aBHCHO OJ1 TOTa Ja JIU UX je ,,KOHCTpyHcasa“ mpupoaa
WM UX je KOHCTPyHCcao 4oBeK. IlorimenajMo caMo BeJIMKY CIMYHOCT u3Mel)y apxu-
TekType puMckor Koioceyma u ,,apxutekType™ mujarome (ci. 1(a) u 1(0)). Kao mro
j€ KOHCTaToBaHO y pafdy [9], MexaHW4Ka OTHOPHOCT (pycTylie IrjaToMa je Beoma
no0Opa, Te ce mpeiake MPEKTHO KOMMUPamhe OHOIOTKE MEXaHIHYKE KOHCTPYKIIH]Ee
y apXUTEKTOHCKY.

UYecto ce cpehe u Tepmun ononHcnimpanwmja [10, 11], ca mpunuvHO Mario-
BUTOM Pa3JIMKOM y OIHOCY Ha OnoMumeTuky. Moxxkaa Ou ce morno pehu za je To
00J1acT K0joj OMOJIOIIKM CUCTEMH CITy’KE CaMmoO Kao IMoja3Ha Tauyka 3a KOHIIUIIU-
pame HOBHX MaTepHjaia, MalluHa uiin ypehaja. He Texxu ce netasbsHOM KONHUpamy
ouonomkux (QyHkImja, Beh ce Heke o1 BUX 3apKaBajy, a IPyre H30CTaBIbajy, ca
IUJbEM 3aJ[pXKaBamba JkeJbeHe (PyHKIHMje, y3 MOryhHOCT TeXHHUYKE pealin3alije
CaBpPEMECHUM TEXHoJIorHjama. VcTpaxuama ciioxeHor oka paka Odontodactylus
scyllarus (Linnaeus, 1758) mokasana cy CylnepuopHa MoJiapu3allioHa CBOJCTBA Y
OJTHOCY Ha CaBpEMEHE ONTHYKE eIEeMEHTE OBOr THIA [12]. Y TOM cMHCIY, OBO je
OMOMHCITMPATUBHYU IIyTOKA3 32 KOHCTPYKIIHM]jY HOBUX ONITHYKHUX KOMIIOHEHATa, Kao
U IPYTHX BEIITAYKUX MaTepHjaia, HAPaBHO, MOJICPHUM TEXHOJIOTHjaMa.

Ha kpajy, jeman o MHTEpeCaHTHHX IpaBala MPEACTaBba U (yHKIIMOHA-
Tu3anyja OMOJIOMIKUX CTPYKTYypa WM CTPyKTypa Ouonomkor mopekna. Opae ce
JMUPEKTHO KOPHCTE OPTaHU3MU WIIM HHHXOBHU JETIOBH, KOjU Ce 3aTUM MOAH(DUKYje
TaKo Jla pajie CTBApH 3a KOje HUCY MpeABUl)eHH CBOjOM OHOJIOLIKOM IPUPOIOM. 3a-
HUMJBUB je mpuMep panuje ynorpeode (y XIX BeKy) HUTH HayKOBEe MpEKe Kao KOH-
YaHHULE y OKyJIapuMa ONITUYKUX HHCTpYMEHATa U HUIIaHCKuX crpasa [13]. Cee no
1ojaBe MUKpoJUTorpaduje, To je Ouo jeqMHN HAYKH Jja c€ y ONITHYKE HHCTPYMEHTE
yrpaze Beoma (huHe HUIIAHCKE JIMHU]E, Y pacriony AebsprHa ox 2 1o 10 pm (wro je
0coOMHa HUTH Mpexe nayka kpcraiia —Araneus diadematus (Clerck, 1757)).

Crnuxka 1. CnmaHOCT apxuTeKType (a) pumckor Konoceyma u (6) nujatome
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buomumMertnka, OMOHHMKA, OMOWMHCHUpaNKja WK (QYHKIHOHAJIM3AIHU]ja
HUCY TEPMHHU KOjUMa CE€ OIHCYje jenHa, noopo aAehuHucana, o0IacT ucTpa-
JKUBama. Y 3aBUCHOCTH KOjU C€ acHeKT ocMaTpa, MOKeMo OUTH WHCTIHpHCa-
HU MEXaHHKOM, OIITHKOM, TEPMUKOM, TPUOOJIOTHjOM, aIXE3H1jOM, aKyCTHUKOM,
paIuoOMEeTPHjOM, aTi U XEMHjOM, OPTaHU3AINjOM UIIU CTPYKTypom. McTpaxu-
Bama Cy CTOTa yBEK MYJITHAUCIUILINHAPHA, oapeleHa 3HameM, HCKYCTBOM H
MHTEPECOBamEeM HCTPaKMBava KOjU UX crpoBone. Mu hemo y oBoMm pany mpu-
Ka3aTH OHE acTeKTe OMOMHUMETHKE KOjH Ce THYY ONTHUYKHUX edeKaTa Y KUBOM
cBery [14] u MoryhHOCTH BHUXOBE IPAaKTUIHE TTPHUMEHE.

NHCEKTU KAO MHCIIMPATIJA ¥V BUOPOTOHN LN
N BUOMUMETULN

WHcekTn cy jenHa onl HajOpOjHHjHX Tpyma KMBUX opranu3ama. Ha-
CTamyjy CKOPO CBE EKOCHCTEME, & TOKOM €BOJIYIIH]jE CY CE Pa3BUIIN Pa3THIHTH
MEXaHH3MH OICTaHKa KoJl OpojHux Bpcta. M3mel)y ocranor, Ha Temy oxpele-
HHUX MHCeKaTa ce Mory Hahu 3ymuanuk (Issus coleoptratus (Fabricius, 1781)
[15]), cymep xumpodobHe (Morpho aega (Hiibner, 1822) [16]) n agxe3uBHe
ctpykrype [17], kao u cnoxene ouu [18, 19].

3aTo je moJbe OMOMHUMETHKE WHCEKaTa IMHPOKO OTBOPEHO 3a OTKPH-
Bame HOBHX IPUHITUIIA U BBUXOBO MPakTHYHO Kopuiheme. [loceOHO je nHTe-
pecaHTHa OITHKA, T/ TMOCTOjU BEIUKH OpOj CTyIWja 3aCHOBAaHUX Ha CTPYK-
TypaMa MHCEKaTa — HIpP. TIOBPIIMHCKY TojayaHo PaMaHOBO pacejame (SHTII.
surface-enhanced Raman scattering (SERS)), xao meton nerekinuje Hucke
KOHIIeHTpanuje ananuTa [20], Jpycnulle Kpuia Jientupa kao ceHzopu (Euploea
mulciber (Cramer, 1777) [21], Morpho sulkowskyi (Kollar, 1850) [22]), uHcek-
THMa WHCIUPHUCAHU ONTHYKU QUITEPH y 3aIITUTH AoKyMeHarta (Pierella luna
(Fabricius, 1793) [23]), paaujatuBno xnahewe (Cataglyphis bombycina Roger,
1850 [24]), edpukacHu nerekTopu UHGpalLpBEHOr 3paycwa (Merimna atrata
(Gory & Laporte, 1837) [25], M. sulkowskyi [26]), ut.

Onmuxa KymukyJjie uncexkama

Ja 6u ce 1oOpo pa3yMmea ONTHKA HHCEKaTa, TOCBETHeMO 0BO KPATKO IT0T-
noryiaBjbe e(heKTHMa KOjH TOCTOje Ha BUXOBOj KyTHKYIH. OCHOBHA HAMEHA UM
je la MHCEKTY Jajy KapaKTepUCTHYHO 00ojeme Koje My oMoryhaBa MUMHKDPH]Y,
aroceMujy, JUCPYNTHBHE eeKTe (MPUBUAHY IPOMEHY KOHTYpE Teja), IITO Kao
NOCJIeIUIY MMa e(UKACHH]E TPEKNBIHABAE Y IPUPOIHOM OKPYIKEHY.

Ca onTHuKe Tauke TJEIUINTA, HAjBHUILE je 3acTyIJbeHa arcopiyja Ha pas-
JUYUTHM MATMEHTHMA, TTOMYT MEJIAHWHA, ITEPUHA MM KapoTeHouAa (TMTMEeHT-
Ha o0ojeHoct) [27]. Jlujania3zon 00ja, Koju ce Ha OBaj HA4YMH JI00Uja, je PeIaTUBHO
Or'paHHYCeH, 1A je MPUpPOoJa Mopaja Ja MOCErHe 3a HANpPETHHjUM ONTHYKUM Me-
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Cnuka 2. [lpumepu (a) noBpuutcke (Argynnis adippe (Denis & Schiffermiiller, 1775)) u
(6) crojeBute cTpyKType KyTHKYIe nHcekara (Calosoma sycophanta (Linnaeus, 1758)), (B)
3alpeMUHCKe CTPYKTYpe Madnna (Agapanthia violacea (Fabricius, 1775)) u (r) memoBuTe

MIOBPIINHCKO-3aIPEMUHCKe CTPYKType (Jordanita globulariae (Hiibner, 1793))

XaHU3MHUMa, Kao IITO ¢y uHTepdepeHIja, pacejame, mojiapusaiiuja, Tudpaxiuja,
IpeaMame 1 TaJlacOBOIHA Iponararuja. Behnna momenyTux edekara ce ocnama
Ha TaJlaCHe 0COOMHE CBETJIOCTH, IITO CE Y KPajIeM HCXOLY CBOAM Ha CEICKTHBHY
pediekcrjy MmojequHIX CHeKTPATHUX WHTEepBaia, YAME Ce ITOCTHYKE HEOITXOTHA
obojenoct. Kom mHcekaTa ce Ha oBakaB Ha4HH J00Wjajy 00je U3 TIIaBOT U 3€JIEHOT
Jlenia CIIeKTpa, Kao U 371aTHe U cpedpHe 0oje. 3aHUMIBHBO je /1a ce KOJ MHOTHX HH-
cekara 00je Memajy ca YIJIOM IocMaTpama — OBa 0jaBa Cce Ha3WBa UPHIECIICHIIH]A.

CBu 0BHU e(eKTH ce BHIE caMO OHJAa KaJa je KyTHKYJa CTPYKTypHUpaHa
Ha MUKPOHCKOM M CyOMUKPOHCKOM HUBOY. YOuaBajy ce mapajeiHe JUHHje (Koje
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(DYyHKIIMOHUIITY Kao TU(paKIMOHE pelieTke — cil. 2(a)), CI0jeBUTE CTPYKTYype (CII.
2(6)), npaBuiHM (C1. 2(B)), KOMITJIEKCHH (CII. 2(T)), 3anpeMUHCKH 00auH ((hoTOH-
CKH KpHCTaJIH), HU30BH OpaJaBUyacTUX UCIYITYeHha, Xparase, HelpaBUiIHe OBP-
IIMHE, ¥ CBE TO y HEBEPOBATHOM Opojy MeljycoOHuX komOuHanmja. OBe CTPyK-
Type ¢e MOTy HaJla3uTH y AYOMHHM KYTHKYJIE, Kao IITO je TO Hajuemhe Ciayyaj
ko Coleoptera, vuii Ha JeyCIIAIIaMa M JIA9HMIIaMa KoOje 00JaKy KyTHUKYIY KOI
Lepidoptera nnu vekux Coleoptera. boje HacTase Ha oBakaB HauWH (HIIP. KO Jie-
NITUpA ca CII. 3) HA3UBAMO CTPYKTYPHHUM.

Ilonexax mopdomnomke CTPyKType HeMajy YIOTy y CTBapamy 000jema,
Beh ciry’ke kKao moMohHa KOMIIOHEHTa y CMalkUBaly TYOUTaKa Y ONITUYKOM CHC-
TeMy oka. Bemnku Opoj MHCeKaTa KOPUCTH MPaBHIHE CTPYKTYpe Ha HOBPIIMHU
KOpHEEe OMaTHAxja, Koje Taga QYHKIHMOHHUIIY Kao aHTUPE(IEKCHOHHU CII0j, KOjH
00e30ehyje na HajBehu A€o cBeTIIOCHE eHepruje cTUrHe 1o poTopenenTopa (kyhHa
MyBa [28]).

Cruka 3. CtpykTypHa 060jeHoCT Kpuia nentupa Apatura metis (Freyer, 1829).
Ha neBoMm mpenmeM Kpuily ce BUIU HpUIECIEHTHA JbyOnyacTa 60ja,
KOja Mema CBOjy HUjaHCY ca MIPOMEHOM yTJja mocMaTpama

Kpamax npeeneo mexnuka ananuze onmuukux cmpyKkmypa uncexama

buomumeTHka cymTHHCKH MMa JBa Aena. [IpBu ce 0aBu aHamM3oM npu-
POOHUX CTPYKTYpa, MEpEHEM BUXOBUX ONTUYKUX 0COOMHA (CIIEKTap, ycMepe-
HOCT, IoJlapu3alyja) U pa3oTKpUBakeM (U3NUYKUX MPUHLHKIA KOJU CTOje H3a
npumehenux edekara. Jpyru moxkymapa na UCKOPUCTH TocTojehe TexHoIO-
THje paau UMUTAIMje TOMEHYTHX CTPYKTYpa U edekara.

C 003upOM Ha MHUHHJaTYPHOCT CTPYKTYpa KOje Ce IOoCMaTpajy, HajBa-
JKHH]E CYy MHKPOCKOIICKe MeToje aHanu3e: ckeHupajyha (SEM) u Tpancmu-



Mopdosomike CTPyKType HEKUX MpeJCTaBHUKA eHTOMO(ayHe cpOuje Kao MOIENH y OMOMHUMETHIIN 237

cuoHa enekTpoHcka Mukpockonuja (TEM), MUKpOCKOIHja aTOMCKHUX cuia
(AFM), xondoxkanna u HenuHeapHa Mukpockonuja (NLM) [29], mukpoTomo-
rpaduja u HaHOTOMOTpaduja, nururanna xonorpaduja [30, 31] u xonorpadceka
MHKpockomnuja [32].

JudpakToMeTprja mpoydaBa paclpIINBame CBETIOCTH 300r audpax-
[IFje Ha CTPYKTypama 4Hje Cy TUMCH3Hje MOPEANBE Ca TaJaCHOM IYKHHOM
BUJIJbUBE CBETJIOCTH. THME ce 3pauerhe pacua y LIMPOKOM IPOCTOPHOM YTy,
a IEeroBO Mepeme OMoryhasa 1a ce CTEKHE YBU] Y IPUPOAY CaMUX CTPYKTYypa.
Axo ce xopucte MoryhHocTu xonorpaduje, moryhe je JoOOUTH U CTUKY CaMUX
CTPYKTypa (AuruTaiiHa xojaorpadcka MUKPOCKOIIH]a).

CroexTpaiiHa aHAJIU3a je jeHa O BaXXHUX TEXHHKA, jep OOJIMK CHEeKTpa
onpelhyje obojeHocT KyTuKyie [33] u ciayXH Kao MyTOKa3 Ka o0jallmbery On-
THYKUX edekaTa. AHaiIM3a yraoHe pacrojiese pacejaHe CBETIOCTH jeTHAKO je
Ba)KHA, jep CyIITHHCKH 3aBUCH OJ CTPYKTypa Ha KyTukyinu [34, 35].

[onapumeTrpujoMm ce yTBphyje Aa Ju KyTUKYIapHE CTPYKType yTUUY Ha
nojiapusanujy pedaexToBaHe Ui MpomymTeHe cBeTIocTH. OBO MMa OHOJOMI-
Ky BaXXHOCT 3aTO IIITO Cy M0jeJUHE BPCTE HHCEKATa CIIOCOOHE Jla BUJIE U CTabE
nojapu3aluje Te a ra KOpUCTe Kao CUTHAJ.

PazorkpuBame JOMWHAHTHUX ONTHYKHX edekara ce Hajpehum nmeirom
CBOJIM Ha CUMYJIHpahe IPOCTHPakha eJIEKTPOMAarHeTHOT Taiaca Kpo3 KOMIIIH-
KOBaHE CTPYKType KyTHUKYJe, Te nopeheme ca eKClepuMeHTaIHUM MepEeHhu-
Mma. [Ipumemyjy ce cnenehe HymMepuuyke TEXHUKE: METO KOHAYHUX €IeMeHaTa,
METOJ IIPEHOCHE MaTPULIE, PUTOPO3HA aHAJIM3a CIPETHYTHUX Tajaca u ap.

Ilpezned mexuuxa 3a ceHepucarse OUOMUMEMCKUX ONMUYKUX CMPYKIMYPA

Amnannza (POTOHCKMX CTPYKTypa yKa3yje Ha JOMHUHAHTHE OINTHYKE
edekTe, Koje je TOTpeOHO MMHUTHpPATH Ha BemTadyku HauuH. C 003UpoM Ha
MUKPOHCKE U CYOMHKPOHCKE CTPYKTYpe M HHUXOBY TPOAMMEH3MOHAIHOCT,
ONTHKY MHCEKaTa je Moryhe HMHTHpPaTH HEKOM OJ MHOLITBA JHUTOTPAPCKUX
TeXHHKA: TBO(YOTOHCKOM cTepeouTorpadujom [36], xonorpapckom u HHTEP-
¢depeHioHoM auTorpadujom [37], TUPEKTHUM JACEPCKUM HCIUCHBABEM,
YTHCKHBameM (EHTJ. embossing, nano-imprint) [38], TUpEKTHUM KOMHpambeM
(eurn. templating, molding, soft-lithography) [39], jorckom nuTorpadujom [40]
WM KOMOHWHAIHMjoM pa3nuauTux meroma [41]. Hemoryhe je matm metassHO
o0jammehe MOMEHYTHX TEXHHUKA Y OBOM PEIaTUBHO KPaTKOM TEKCTY ma hemo
ce KOHIIEHTPHCATH CaMO Ha OHE METO/IE KOje Cy Ba)KHE 3a 1aJbl TOK M3JIarama.

JBodoToHCcKa cTepeonuTorpaduja ce 3aCHINBA Ha CKEHUpamy (HoTooc-
eTJBUBOI MaTepHjalia JacepCKUM CHOIIOM ca YJITPaKpaTKUM HUMITyJICHMa Iy-
JKUHE Tpajarba 01 HEKOJIHMKO JJeceTHHA (eMTOCEKYyHAH (jeaH AeCeTOMUITHOHH-
TH €0 MHJIMOHHUTOT JIeia CEKyHe). Y BeoMa MaJoj 3allpEMUHHU OKO (hoKanHe
Ta4yKe CHOMA, MHTEH3UTET CBETJIOCTH j€ JOBOJHHO BEIIUKH J1a M3a30BE €KCIIO3HU-
Ujy MaTtepHujajia — ucupel 1 u3a poxKyca MaTepujal je HeekcmoHupan. Hakon
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XeMHujcke o0paje, MojaBibyjy ce TPOAUMEH3UOHATHE CTPYKTYPE MUKPOHCKUX
U CyOMUKPOHCKUX TUMeH3Huja [42].

Xonorpadcka nurorpaduja je 3acHOBaHa Ha KOHTPOJIMCAHO] UHTEepde-
PEHIIUjU J1Ba W BUIIe CHONIOBA YHYTap (oToocerssuBor marepujaia [43]. Kao
HITO je Mo3HaTo, nHTepdepeHuja popmupa obnactu noBehaHoOT WIIH CMambe-
HOT WHTEH3UTETA, KOje pa3IMIUTO EKCIIOHUPA])y MaTepujai. HakoH xemujcke
o0paze, a y 3aBUCHOCTH 0] Opoja CHOIIOBa, IbUXOBE MelyycoOHE opHjeHTamje U
cTama noyiapusamuje, Moryhe je JoOMTH BETUKHN OpOj TPaBUITHUX KPUCTATHIX
cTpyKTypa [44], cnuaHUX OHUMa Koje ce cpehy kon nentupa (Hup. Callophrys
rubi (Linnaeus, 1758) [45]).

bocamcemeo pomonckux mopghonowikux cmpyxmypa uncexkama Cpouje

EnTomodayna Cpbuje cBakako HHje OHaKO OoraTa Kao y Opa3uiickoj mpa-
UIYMH, aJIi U JaJbe MpYy’ka U3BOPE MHCIUPAIH]jE 38 HCTPAXKMBAKka HA TPAHHUIIH
ouosoruje, pusnke, XeMHje, ajlu U TEXHUKE U TexHoyoruje. Ca riieauinTa of-
THKe, BU3yeJIHHU MOKA3aTeJbH IPUCYCTBA CTPYKTYPa jeCy HpUIeCIeHIIH]a, TPH-
cycTBO 00ja M3 TIaBO-3€JICHOT Jiejia CIIeKTPa, Kao ¥ CpeOPHKACTE WM 3J1aTHE
60oje. Beoma gecto cy 6ena win 1ipHa 60ja (Koje, CTpUKTHO ¢u3mdku ropopehn,
1 HHUCY 00j€) TojagaHe M MOTIIOMOTHYTE TIPUCYCTBOM CTPYKTYpa.

[TocebHo cy mHTepecanTHHU nentupu u Mosbiu (Lepidoptera) m Hexu
tBprokpmiy (Coleoptera) (bamunuje Buprestidae, Cerambycidae, Rutelidae,
Curculionidae u Carabidae), BuimHH Komumu (Odonata), MpEKOKPHIIITH
(Neuroptera) u onmuokpmiu (Hymenoptera). Kpunae spycrnume nentupa u
MoJballa MOT'y OUTH CTPYKTYpHO 000jeHe (Ca TUHIIMYHOM CTPYKTYpPOM Kao Ha
ci. 4(a) u 4(0)), a kox TBpHOKpHUiana u Jeycnuie (ci. 4(B)) U NyOMHCKH Jie-
7oBU KyTHKyne (ci. 2(0)) yuecTByjy y dhopMupamy CTpyKTypHHX 0oja. Yax
Y MUTMEHTHE JbYCNHIIEe KPHUJIa JENTUPa UMa]y CyOMHKPOHCKY CTPYKTYpY (ciI.
4(r)), anu ce nHTEpPEepeHUNOHN ePEKTH HE BH/IE, 300T TOTa IITO je alcopniuja
CBETJIOCTH IOMUHaHTHA. Y Tabenu | cy mpukazaHe HeKe 07 OMOMUMETCKH 3a-
HUMJBMBHUX BpcTa nHCekaTta Cpouje.

VY HapenHa nBa MOTHOraBba npukazahemo nmpumepe ananuse GoTOH-
CKHX MOP(QOJIOMIKUX CTPYKTypa WHcekata u3 CpOuje, BUXOBE MUMETHUKE U
MpakTHIHE yrnoTpeoe.

TaGena 1. Hexu o Takcona nucekara CpOuje 3aHIMIJBHBH Ca aCIIeKTa OHOMIMETHKE

TakcoH Pen damuianja Tumn crpykrype

Apatura ilia (Denis & Lepidoptera Nymphalidae | bperosa cTpykTypa jpycruiia,
Schiffermiiller, 1775) ci. 4(a)

Apatura iris (Linnaeus, Lepidoptera Nymphalidae | Bperosa ctpykTypa jpycnuua,
1758) c. 4(a)
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Takcon Pen Damuinja Tun crpykrype

Apatura metis (Freyer, Lepidoptera Nymphalidae | bperosa ctpykTypa Jbycnuiia,
1829) ci. 4(a)

Argynnis adippe (Denis & Lepidoptera Nymphalidae | CiojeBura cTpykTypa
Schiffermiiller, 1775) JbycIuIa, ci. 2(a)

Argynnis aglaja (Linnaeus, | Lepidoptera | Nymphalidae | CiojeButa ctpykrypa

1758) JbycHHIa, ci. 2(a)

Argynnis paphia (Linnaeus, | Lepidoptera Nymphalidae | CrojeButa cTpyKTypa

1758) JbycIuIa, ci. 2(a)
Autographa bractea (Denis | Lepidoptera Noctuidae CrnoxeHa qudpaxnnona

& Schiffermiiller, 1775) peeTka, ci. 4(0)
Autographa gamma Lepidoptera Noctuidae IToBpumHCKa CTPYKTYypa
(Linnaeus, 1758) JbyCIHIA

Autographa jota (Linnaeus, | Lepidoptera Noctuidae ToBpuMHCKa CTPYKTYpa
1758) JbyCITUIIA

Callophrys rubi (Linnaeus, | Lepidoptera Lycaenidae DOTOHCKH KpHCTAI

1758)

Diachrysia chrysitis Lepidoptera Noctuidae PacejaBajyhu mianapau ciioj,
(Linnaeus, 1758) ci. 5(B)

Issoria lathonia (Linnaeus, | Lepidoptera Nymphalidae | IloBpumHCKa CTpyKTypa
1758) JbycIuIa, ci. 2(a)

Jordanita globulariae Lepidoptera Zygaenidae KonkaBna 3anpemuHcka
(Hiibner, 1793) pemierka, ci. 2(T)

Pieris brassicae (Linnaeus, | Lepidoptera Pieridae dnyopeciieHTHE HAHOYCCTHIIS
1758)

Pieris rapae (Linnaeus, Lepidoptera Pieridae ®dnyopecueHTHE HAHOYECTHIIE
1758)

Polyommatus bellargus Lepidoptera Lycaenidae PacejaBajyha 3anpemuHCKa
(Rottemburg, 1775) perreTka

Calosoma sycophanta Coleoptera Carabidae KyTuxynapHa 3anpemMuHcKa
(Linnaeus, 1758) CTPYKTYpa, ci1. 2(0)

Hoplia argentea (Poda, Coleoptera Rutelidae Panmomu3oBana MOBpIIMHCKA
1761) pemietka, ci. 4(B)
Laemostenus punctatus Coleoptera Carabidae KyrtukymnapHa 3anpeMuHCKa
(Dejean, 1828) CTPYKTypa

Morimus asper funereus Coleoptera Cerambycidae | AncoprunoHe Ajaqnie
Mulsant, 1862

Rosalia alpina (Linnaeus, Coleoptera Cerambycidae | AncoprnuuoHe Jiaqnie

1758)
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Cruka 4. U3rnen (a) cTpyKTypHO 000jeHUX Jbycninna tentupa Apatura iris (Linnaeus, 1758), (6)

Mmosbria Autographa bractea (Denis & Schiffermiiller, 1775) u (B) tBpnoxpunua Hoplia argentea
(Poda, 1761) u (r) nurmenTtHe Jjpycnuue gentupa 4.adippe (Denis & Schiffermiiller, 1775)

Xonoepagcra buomumemuxa Diachrysia chrysitis (Linnaeus, 1758)

Cosunia D. chrysitis (ci. 5(a)) moceayje u3paxeHy CTPYKTYpHY 000je-
HOCT Ha IIMPOKUM 30HaMa JOp3aJIHe CTpaHe NMpeamux Kpria. 3iaTHa o0oje-
HOCT OBUX 00JIaCTH HajBEpOBaTHHje UMa IUCPYNTHUBHY (PYHKIIH]Y, KOja 00e3-
Oehyje pazbujame KOHTYpE Tela U TeXe MPeTro3HaBamke Ol CTPaHe MpeaaTropa.
3aHNMJIBHMBO j€ /1a TOCMATPakE MO ONTHYKUM TPAHCMHUCHOHUM MHKPOCKOTIOM
MoKa3yje /a cy MojelnHavyHe Jbycnuie BeoMa npoBuaHe (ci. 5(0)), aau BUX0B
MPOCTOPHHU paclopes] Y BHAY IBOCTPYKOT clioja (KOju YMHE TIOKPOBHE U Oa3He
JbyCIuIle) aje MHTEH3UBHY 3JaTHY peduiekcrjy. CkeHupajyha enekTpoHCKa
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MUKpockonuja (ci. 5(B)) IOKa3yje jeNIHOCTaBHY MOBPIIUHCKY CTPYKTYPY, Koja
Ce cacTojH OJ] MUPOKO Pa3MaKHYTHX rpeOeHa (Ha Mel)ycoOHOM pacTojamy of
OKO 2 pm), KOju cy MOBE3aHU TYCTO pacropeleHuM monpeuyHuM pedpuma (Ha
pacrojamy ox oko 0.15 um), obnuka pubsse kocTu. [IpopadyH mokasyje na je
3a 371aTHY 00jy OArOBOpHA HEpaBHA MOBPUIMHA YHYTPAIIKHOCTH JbycnuIie (CI.
5(B)). Pacejame Ha OBOj IOBPIIMHHU YKJIakha IIJIABH JCO CIEKTPa U3 CBETIOCTH,
oK Behe TajacHe nyXuHE pedIeKTyje, IITo oAToBapa 371aTHOj 00ju (cia. 5(T)).

OnTHuke CTPYKType OBOT MOJbIIa MOTyhe je HMUTHPATH XOJIOTpadCKu.
Mu cmo kopucTHiM WHTEep(epeHnnjy aBa KOHTpa-mponarupajyha macepcka
cHorma (TanmacHe qyxuHe 532 nm). Kao dorooceT/snBu Marepuja, kopuuiheH
je TaHak clioj mynynaHa (IPUPOJHU TOJIUCAXapUI), ca AOAATKOM jOHA Xpoma
(nuxpomupanu myiynaH). Hakon xemujcke oOpaze, GopMupas je HU3 ciiojeBa
n3Mmelhy kojux ce Hamasu Benuku Opoj HaHodecTHIa (CII. 6(a)). Y peduekcuju
0BaKo J0OHjeH cI0j MMa 3JIaTHU OACjaj MOMYT OHOT Ko D. chrysitis (cia. 6(a) u

6(6)).

Bapujabunnocm, jeouncmeenocm u hyHKyuoOHAIUZAYUJA HYCIUYA KPULA
aenmupa Issoria lathonia (Linnaeus, 1758),
Argynnis aglaja (Linnaeus, 1758) u A. adippe

ITocmaTpame Jbycnuia Kpuia JIEOTHPa [0J ONTUYKMM MHKPOCKOIIOM
OTKpHBA BEJIIMKY Pa3HOBPCHOCT HUXOBUX 001MKa u 0oja (ci. 7(a)). Ha Behum
yBeIu4amUMa, ocMarpajyhu ckeHupajyhuM eleKTPOHCKMM MHKPOCKOIIOM,
BUJIMMO JIa TIOCTOjU onaroBapajyha BapujaOMIIHOCT MHKPOHCKHX W CyOMH-
KPOHCKHX MOP(OIOMKHUX CTPpYKTypa (cia. 7(0) u 7()). MaTemaTnyka aHanu3a
pacnopena 0oja Ha CIMLIHM CHUMJbEHO] MO ONTHUYKUM TPAHCMHCHOHHM MHU-
KkpockomoM (ci. 7(a)) unu mehycoOHOr monokaja monpeyHux pedapa Ha Cu-
uu 1o0ujeHoj nomohy ckenupajyher enexTpoHckor Mukpockona (ci. 7(B)), mo-
Ka3yje 1a je BepoBaTHONhA MPOHAIAXKEHA IBE UJICHTHYHE JbYCITHIIE EKCTPEMHO
Maja —4gak 102, V mpakTHUYHOM CMUCITY, MOKEMO Jia TBPAKMMO JIa je HeMoryhe
Hah¥W 1Be WACHTHUYHE JBYCIHIE, Tj. [1a jé CBaKa IMOTIYHO jeINHCTBEHA — OHAKO
KaKoO Cy jJeIIMHCTBEHH OTHUCIH NpcTa, 00je Qy>KHIle OKa UK paclopes KPBHUX
CyJlOBa OYHOT JHA KOJ YOBEKA.

JeauHCTBEHOCT yKa3yje Ha BHCOK MOTEHIHMjad Kopuuihema Jbycrnuua
kpuna Lepidoptera xkao enxeMeHaTa 3a 3alUTHTY AoKyMeHarta [46, 47]. Ako ce
JbyCHuIa IEPMaHEHTHO MHTETPUIIE Y JTOKYMEHT (HOBYaHHILY, JINUYHY KapTy,
Macoi), OH NOCTaje HeITOHOBJFUB M BeoMa KOMIUIMKOBaH 3a (alcupukoBame
300r TPOAMMEH3HOHAIHE, CYOMHUKPOHCKE CTPYKType Jeycnuna. OBo je 3Ha-
YyajaH HampeAak y OJHOCY Ha TPEHYTHO KopulihieHe TexHuKe 3amTute [48],
KOje Ce 3aCHHMBAjy Ha CJIOKEHOCTH 3alITUTHUX ejleMeHaTa (HIIp. XoJorpam),
anu 0e3 jeNMHCTBEHOCTH (CBM XoJorpamH Ha HoBuaHunama on 1000 nunapa
Cy MOTIIYHO UASHTUYHH). TrMe ce mpuOanKaBaMo CaBpeMEHUM HAaCcTOjarlbuMa
Jla ce NOKYMEHTH IepcoHanun3yjy [49]. Jomr jegHa o mpemHOCTH OBOT BHIA
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.f‘ bl wim

Cnuka 5. (a) CtpykTypHa 000jeHOCT HpeamHuXx Kpuia, (0) HojeiMHaYHa KPHIJIHA JbYCIHU-
a CHHMJbCHA IMOJ OINTHYKHM TPAHCMHCHOHMM MHKPOCKOIOM, (B) HEpaBHAa IOBPIIMHA
YHYTpPAIIkbOCTH JbycHIe | (T) pacejaBajyha moBpmuHa KpriiHe MeMOpaHe Moss1ia D. chrysitis

3aIITUTE j€ ¥ BeJIUKa TPAJHOCT XUTHHCKUX CTPYKTYpa, KOj€ Y €HTOMOJIOITKIM
30upkama MpexnBIhaBajy IECETHHE, Na U CTOTHHE roanHa 0e3 WKakBe IMpo-
MeHe ONTHYKUX cBojcraBa. llltaBumie, mponalenu cy hocuiIn3oBaHu ocTalH
MoJbla ctapor 47 munuoHa roguHa [50], unja je cTpyKTypHa o0ojeHoCT Ouia
ouyBaHa!

Kon cBux enemenara 3a ONTHUKY 3aIUTHTY BakKHa je U MOTYRHOCT yruca
JofaTHuX uH(popManuja (IONyT IMYHHUX MOJATaKa, CIMKA HJIH OMOMETPHjCKUX
KapakTepucTuka). [lokazaau cMo J1a je MPUMEHOM YITPAaKPaTKUX JIACEPCKUX
uMmItysica Moryhe Ha KOHTPOJIMCAH HAuYWH YIIHCUBATH MOJAATKe Ha MOjeAnHAY-
He Jpycnune kpuiia Lepidoptera. MonudukoBaH je paHuje pa3BUjeH CUCTEM 3a
JIACEPCKY MUKPOCKOIH]Y [29], Tako 1a JacepCKH CHOI MOXE JIa UCITHCY]e MPO-
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Crnuka 6. (a) Xomorpadcku 10OHjeHH CIIOjeBU HA AMXPOMHUPAHOM IYJIyJaHy, Ka0 UMHUTAIHja
YHyTpanimbe cTpyKType Jsycnuue D. chrysitis. CHUMaK je 1o0ujeH ckeHnpajyhuM eleKTpoH-
ckuM MHKpockoroM. (6) Pororpaduja pediekcuje ca xonorpadcku MOTUPHUKOBAHOT CII0ja
JUXPOMHPAHOT MyJyJaHa

| LK1 jirm
———

Cruka 7. BapujabunsocT (a) jbycnuia Kpuia JenTH-
pa A. aglaja CHUMIbEHHX IO ONTHYKHM TPaHCMHU-
CHOHUM MHKpPOCKOIIOM, (0) Jpycniuna u (B) IeyoBa
Jpycnuna Kpuia jentupa A. adippe CHUMIBEHHX
CKCHHUPajyRUM eJIeKTPOHCKUM MHKPOCKOIIOM (CcTpe-
JIUIIEe O3HayaBajy Mompe4yHa pedpa U MmoMaxy J1a ce
JIaKIIe youe BUXOBA MOTMYHO cly4ajHa MelhycoOHa
pacTojama)
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M3BOJBHO 3a1aTy cIuKY [51]. YV 3aBHCHOCTH Ol HHTEH3HUTETA JIACEPCKOT CHOIIA,
UCIHCHBambe je Moryhe peann3oBaTH MPOMEHOM (IIyOPECHCHTHUX OCOOMHA
XUTHHA, n30e/buBarmbeM (C1. 8(a)) uinu ceuemeM (ci1. 8(0)).

Cnuxka 8. Criuke nobujene (a) nacepckum n3besprBameM U (0) TacCepCKUM CeueHmheM JbyCITUIE
kpuna genrtupa I. lathonia
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3AKJbYUYHA PASMATPABA

BuomumeTnka, OWowHcnHpanuja ¥ QyHKIMOHATW3alKja OHOJIOUIKHUX
CTPYKTYypa cy 00JIacTH Koje ce BeoMa HHTEH3UBHO pa3Bujajy [52]. Llupoxo cy
KOHITUIIUPAaHE M TENIKO MX j€ jaCHO JeUHUCATH — MOXJA je HajUCIpaBHH]jE
pehim na ce Buie pajau o MOTJIEAy Ha CBET HErO O jaCHO JAe(QUHHCAHOM Ipa-
BIIy HcTpaxkuBama [53]. Mmak, uctpaxxnBarma U3 OBUX 00JIACTH Cy OOMMHA 11O
Opojy 00jaBJLEHUX paoBa M BeoMa 3HaudajHa (MepeHo OpojeM murtara). Cto-
ra cy ce II0jaBUIIM M CIIELIHjaTM30BaHM YacorucH, momyT “Bioinspiration and
Biomimetics” unu “Robotics and Biomimetics”, a y peHOMUpaHUM HAyYHUM
yacomucuma, kao mto cy “Nature” m “Science”, 4eCTH Cy pajoBH U3 OBUX
obmactu. Cem Tora, pe3ynraTu cy Beh HamIM W NMpakTUYHE, UHAYCTPHjCKE
IpUMEHE y 00J1aCTH aIXe3uBa, JUCILIEja, KO3SMETHKE U JP.

CBaka TexHHUYKa 00JIaCT UCTpaKMBama JIAKO MOXe Halii CBOj MaHAaH y
JKHUBOM CBETY: MAIIMHCTBO — Y HEOOUYHO] CTPYKTYPH OHOJIOMIKUX KOMIIO3UTA
WY MEXaHULHM MOKPETa )KUBOTHA, PAYyHAPCTBO — Y KOMIUIEKCHUM HEYPOH-
CKHM MpeXaMa XKHBOTHA M €BOJIYLIHOHUM MPUHIUINMA, ONTHKA — Y HHTE-
TYMEHTY WJIW CIO)KEHUM OYMMa MHCEKATa, XeMHja — y 00TaTcTBY OHOJOIIKUX
CYTICTaHIIM, aepOHAayTUKa — Yy NTUIIaMa U JieTehuM MHCEKTHUMa a, HaXaJjocT,
Y BOjHA HayKa MMa M3BaHPEIHOT YUHUTEJha Y JKUBOM CBETY, yrienajyhu ce Ha
BeunTy 00pOy 3a omcranak. OBOM CHHCKY 3arcTa HeMa Kpaja M y TOME je U
BEJIMKA MPUBIAYHOCT OMOMHUMETHKE. Y OBOj 00IacTH, OMOJIO3H U CTPYUHHALH
U3 Ipyrux 00JacTH ce Haja3e Ha 3ajeJHUYKOM 3aJaTKy yodaBama 3aHUMJbH-
BUX OCOOMHA )XMBHUX OPraHHW3aMa U IMPOHAJIA)KEby HaYMHA J]a C& OBE 0COOMHE
HUCKOPHCTE.

WNHcexTu cy HajOoraTHju U3BOP MHCIUPAIHje 300T YUHEHHUIIE 1A j€ €BO-
JYTHBHHMM pa3BOjeM HACTAJO BHIIE MHJIMOHA BPCTA, a IIPUCYTHA j€ U BEJIUKa
pasHoBpcHocT popmu. 1 y Cpbuju nocroju Benuku Opoj BpcTa MHCEKATa, ajau
Majio je JOCTYMHHUX IMOoJaTaka O HBHXOBUM KYTHKYJAapHUM CTPYKTypama Of
MOTEHLIHjAJIHOT MHTEpeca 3a OMOMUMETHKY. Muciaumo na Ou 6o ox Bemu-
KOT PaKkTUYHOT 3Hauyaja a ce HampaBH HEKa BPCTa MIIYCTPOBAHOT KaTajora
MHKPOCTPYKTYpa ¥ HaHO-CTPYKTypa uHcekara CpOwuje, moceOHO 3a peoBe
Lepidoptera u Coleoptera. Karanor 0u yksby4uBao Mop(doonike KapakTeprc-
THKE MUKPOCTPYKTYypa U HaHOCTPYKTYpa KyTHKYyJe (0uHjy, Kpuia, aHTEHa,
HOTY U JIp.), aJTK ¥ HbHUXOBE ONTHYKE M MEXaHUUYKE KapaKTepucTHKe. Tume Ou
ce 3HAYajHO OJIAKIIA0 mocao OyayhuMm ucTpakupaunma y 00JacTH OHOMUME-
THKE.
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THE MORPHOLOGICAL STRUCTURES OF SOME
REPRESENTATIVES OF THE ENTOMOFAUNA OF
SERBIA AS MODELS IN BIOMIMETICS

Dejan PANTELIC, Sre¢ko CURCIC, Aleksandar KRMPOT,
Dejan V. STOJANOVIC, Mihailo RABASOVIC, Svetlana SAVIC-SEVIC

Summary

Biomimetics, bioinspiration and functionalization of biological structures
are disciplines of intense research. They are wide in scope but not easy to
define — this is more a worldview, rather than a well defined research direction.
Anyway, the research is voluminous measured by the number of scientific papers
and very important by numerous citations. This is why specialized journals
have appeared such as “Bioinspiration and Biomimetics” and “Robotics and
Biomimetics”, while renowned journals “Nature” and “Science” frequently
publish papers in this area. Apart from this, the practical results have found the
application in adhesives, displays, cosmetics, etc.

Each and every technical research area can find its counterpart in the
living world: machine engineering in the unusual properties of biological
composites or mechanics of animals, computing in the complex neural
networks or evolutionary principles, optics in the integument and compound
eyes of insects, chemistry in the richness of biological substances, aecronautics
in birds and flying insects, and, regrettably, military science has an excellent
teacher in the living world too, inspired by the eternal battlefield of survival.
There is no end of this list, which is one of the main appeals of biomimetics. In
this area, biologists and specialists in other disciplines have a common task of
finding interesting properties of living organisms and discovering ways to use
their properties.

Insects are the richest source of inspiration due to the number of several
million species created during the evolutionary history, with the enormous
diversity in both form and function. There is a great diversity of insect species
in Serbia as well, but with a small amount of available information on the
cuticular structures of interest for biomimetics. We think that it would be of
practical interest to make an illustrated catalogue of the micro- and nano-
structures of insects of Serbia, in particular for the orders of Lepidoptera
and Coleoptera. Catalogue would include morphological characteristic of the
micro- and nano-structures of (cuticle, eyes, wings, antennas, legs, etc.), but
also their optical and mechanical properties. This will significantly facilitate
the future research in biomimetics.
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mme siscd w with 225 mm ihickness. which i< wesaitable v che madern plastic carsd
lewlmalegry, Punthermere, U dimemsion ol seatbering pamicles s aather Tiege 5000 - 300 peoe in
divmcter, weh HKD pme averaee spacioe — cosulting i g Tudky syedom whach can e evera

cavincered by lechnigues like micro-lomograph s,

Itoee a conumen ko lodoe thit contaie natocal chwooctensie ol living cocalones o
ersenbially complex and hard v reprodoce. This was et reaheaed by Henamin Drankline what
used this Tor docarnent prostection (larley Gimbb, “Benjamin ranklin and the birth ol the paper
Moy el Ty Bl aen Mol 200 2008 fecture, publishod by Federal Boseres Bank
el PhildbeTphbigo Tle pwgde gt ol plamd s v g Ty pogaosnis g (s i qess el chejr
il imyd wred Uscd thern Lopied Ve Dl JolTae Tol s, Poowc o Toeder wechinolocical adyvaniee menis,
Frumhlins o thosd Tecwme abole s aand was roploced wath dilTesent pomating techioigues, suclh s

ot b, sunlloche, watermark. ologrome, v,
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Comiplesity ol pafural sipetures wor shecpoed inoael, b lgpasgse paialers el Tich
pronlie Laeatahad ) Do diccetly aos Tor 1D Teatdres, mstead ol paintinge tere 1oamer, eomarde 1
Winei diectly priod Jeal seoativn o the popes. sahile Puoweh paineer O Slarews o
Schoech wransterred butler! Ty wing scales v b= canvases o8, Berthoer, | Boaleneoes, B $eno,
It Motin, “Howeerlly imbusions o Wono Schricek masterpicees. Techmgues ond il
Properies", Appl Phys A, 51 = 50020000 Do, a1 e leehimgtes hagvy e Snmmen mamn;
mature prinding (R Mowsemb, “RCTRel Tar preadacing palwee prindss, LS B2P0000 A DN,
e, TRulwe Ty owing print<s”To L soe Biklphy Sae o [list, 4 TR AE 360, [ G,
Palvends, A poecipt Do taking fivurcs ol hateeTaes oo i swauned popes™ o Liasay s oo

naldral beslery amd ather mycellanoogs solspocts, poc 1

Pateni= WO 200007 oA 320070 O Homm-Thbichor, “Ioorgane marking
pacticles e churocterising products Tor prool o aothenticits method Tor prodoction and o
thereol™ and DED2ERSG AL W2KE. 1L Rouhe, Producing iloronation-bearing  micro-
parlicwlale mixiures  invaHves drl'inin!_: il Lhat can he implementied wsing mdursd o
anbec i Ly appleed pamicle characteristive Seboeweed Trom e, moerphology ™, disehosed an i
f Joetrme b pooleebiorn STy e ol cormpleaity ol aguatis crcams=n oo shec1l (ke
divtems ared rindiokn - aveending tocharactori=tes o theie sorfoces The practe g nwcthoad .
haracver. nol disclived, Anwher problem i= that the spical elfects ane neaoovery prenconced, and
the canmplesity can be vhsenoed only ol che sab-weavelenythe evels, s clecinon nocnosoopy.
Techragus lor eshimating The deere o complenly wus ol dbeserifiesd, cither Yariation anwesn g
the specimcns ol the same spocics i rather small, Inothat nespect, the method can be wsed enly

fran Ll Pocensig Jevc D ol doweore it authe ntication,

Bowenl s, thene was g siemlivant smounl ol escangh simed aor wsioe dhe pringiples ol
efdics inopaure far degumend predceticon Fieoimelivs 18 Sundd o Bhushanand T Tene,
CReruetral colevation i, BSC Ads L 203050 TEGE TR B Yoo, 1o Taee, 104 Park,
S Jeon. [0 Deel =ML Kim, “Hecenl funetional material bascd approgches e prevent and deteet
counterleitinge™, L kater, Chem, 47 1 02003 236886 - 24000 Variahaling of Riological structures
wus Ol phscrved (1. 1 Hane and J- % igneron, “Fhadnne namunchiteetuns o boterllies and
bectlos: valoable sources Lo Bisingpiration™ Laser Phobenics Hewe 5, 5oc 1 332510 12001

Bicleonplaing  was used wo manglactoes Burleedly seals-like amoclur= using  mwclals
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IS Selireprmledr, ¥ Sieppp-RNasoe S S Mok and 00 A Bl CEielemplated Mot el
Ml riand=". Uhein, Bluner, 2008, e 821 B34

The ramdemnad <dshonms deseribed afeovee niosy e maghine irspectel, Pasel on raligion
seatleriig wth eonseyoent optical va icoomece detection i the coase ol mctal clusgons.
Reccvndud paterm v wnans pod aned stacd g cenbial sepeesibors veon U decrenn, ilsc i Pubbie
bew vocrsplion methed s wsed. o described inthe report: “Coonterfe detemrent Geatanes Toc Lhe
nexl generativin correny design™, Commitlee s Mest-Cieneration Comency Pheign, Saiwnal
Rlalerinls Achvrery Boand, Comawssaem an Pogieeenne amnd Pechmesl Sy<iems, Madwnal
Roavareh Coongil, Tublication NSEAR 47X 11995 Secticn: Bamdem Pabe rndbnsrs i
Crantes feit-Pererrenas Comeepl, e 74 - 730 wnad Appeadis 1 dMelheds or authemicaion ol
tigque randsm™. puc FET = T A wehmigoe s bosacd ory i heess o scorcl snie, dsed Lo

ey pion. and o pubhbic sme, used tor the decryplivn.

Al the mcthoads waed o wormplesily ol malural stroctoess ol dheie sariabilicy rermainged
corloetely unosed i the contesd o e deconent protectione. Pocoment variabddivy was rather
allained by randomly dispersinye partiche- or theead-like cntmics across Lhe doucament, as
deseribed o the potent Tteratwee 087 BHIRIZUEL, 2000, K Eomatse, 5-10 Sanpe, “Ohpect hor
Al el i tion seritivation, authentication veritving chipe wading deviee apd aafbencicagien

Jualaine mulie=I7

SUNMNMARY OF THE INY ENTIGN

Thes invention solves the prebleny ol identicalness ol presently osed, decoment secority
Femtures geur hobezrams and olher E% 130 maokimg then yalne roble becoundereiting. Presently,
scURly elemenns ang adeitieal on The samy e ol dogumenl pssperl, i<, il sands,
witleat vimdabily Poloocon e indieidual decmmenes, This cuses e wemsmtcr leiting paogess
Faoviti=e, o the commterlein somades 0 ovan Poeoapplicd o any aumbor ol Jocumwents. The

iventmom uses naturally vevaroing Felovical ponicles, whose vanabiliny e soaranieed be the
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L by o degrees ol frecuoms ol Bisedegical procecas Thee are west Lo pranefedune s o,

whieTy can b Turthes applicd e adoeomie mt g o produc L thu= making o unige.
Scaoeurity tag sy ononuleynring metend ane disclhoesed.

Thye svewrivy e ol the presenl ipvemtion s charscterized byoa palwern ol inimitubde
Piclowicul partivles. dJdircelly vansteoncd [omy o crzanrsm e g Gansparcnl adlhesive luesr on
subedrale, cotecrad wWath o boeeparent superstrates sbch that said Teleoical  particles i

eavapsulated between said sabsteate and said ~uperstrale.

I e cinhodineent el e presenl nventiom, e paticro ol Pichaival partivies st

shapc ol a bar-coede v O18-cckde,

In apher embediment of the present inventien, the pattern f biodogical pacticles in

the shape ol o sithouette s o buman bead or, alernativel s, i the shape o o limgerpriml.

Pacloraldy, the biokosecal paicles aee overtly ieserilod sl vt s mechianical

vl e cuiting.

Abcrnatitely, the Pelovical paticles e oty ecried Wl anbooemation [y

permanenlly bleaching their Musnesee nee,

Prelerably, the bidesical panticles ane selected Trom e pidopte o scuales, haics ae bristles.,

£ nbeptera scales Prichoplers bairs e bristhes, ond Soachoides scales.

Rdure proferably, the bobheocal particles ane wken rom several different specics. and

wntembled on the substrate inoa predetermimed patlern,

In wne cmbodiment of the present meentim, selected pacts of the supersirsle are cieoened

with o transparent layer al adbesive, which permanently sdheres wothe bidogical particles,

Fur herrore, Lhe inyemteom = direedesd oo he ose ol o secunly G oceanding La the presenl

inventoon for idemtification and aothemtication vl goosds, onicles and docarments,

Final by, the invenion i directed oo g method a0 manalacterimg o security Ly aeeording L

The: prsse il insenlion, saen1prising The Tolloming g s
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Lr praviling ol Tearl ane boabesg ] partichs on o surlsgse;

E2h it s el lly raneponend Lape, wdinh e bowe spebige cnerey Gedhesive saer, in .

Pl il b o Tornn e iese pene g lapss,
o prressing The Fiest pere gl Bipes oqthe The serbier waich the Bicelegigal particles,

ER0 renueing the iese pre ool lape Froem vhe surlase withe the boalogical paclicles, with o

It jrorily a0 b brisebogical pan i les Being ol besd Qo e iy poe-cas G

SOV Friiri i o hacy Phe L paes coc-tapes aith g hed Bicdesval paclis e o1 st o
sl Righ sl cacras, oplivalTy raneparson, adhesiee ape, soch thal Uhe slhesivy

lasvw 1 dinw wach raher:
LI im-o 0 thae Ve gl Tape Trenn Hie sogend s

CRD errering Lhye <csenad Bype woilh oo thond opais slls ranspaneng Bape, wehigh s <ogller than
the ~ceomd Lape o Tormn e seeorily wae rcadys o be atbichod o ssoead = aaticles o

Juwuenenls.,

A Livy wceordioey Lo Uee precsent imeenlore comnpreise s o muliplcits of scleebodl mician-
steclC parts ol an iecct Pody thioloeneal partie bes 1, atiached onasobetrade soeface soinhin the
predetermined onea having well delaned, casaly necaenee able, shope. Bological pacticles ane
directly transferred o the substrate. retainmy their original physical characieristivs and spadial
arcangemsnl Saisl Biologicol poricles aee seleetsd] accorcling e o high lesel ol comprlexiy amd
walljabiliny el Wheir cprical preopertivs, elseovable wnder dillerenl imaee magnificagions Croerall
Luse ©1eac 1 sk LT 1L cmable = v isal s o ion ard casy rocoseoibien bee e user, as weellos

e T Pt b e mmicrescepe feve].

Cemplesity s mcsured Byoohe cpabiscically avergaed slumes v surbes ruba ol the
Fivshovrica] partivhe O, T amd Pres 2 shas the epical complosiny of mscet Tesdw-seides [oungd on
the vuticle ol some insects 1'relerably, the selume®soriaee rati s less than 54 nm. Yariabilivy s
defined throueh the pumber of degnees ol Treedom W0 T i D rancia, ~eomees il freedom al an

vage, S A SR G TEy TR - bl the ohserced Roolegical partcle image al the delined
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Muganilicdion CFiwe O prssenss oplival pockeras of jrsced bodyoecgles 7 opegepebed o Jil e m

e riication=1 Prclerably . e nombcr ol deerocs el Trecdoro <Toudd Be Loscs e [H00,

= pemaireel Phae whe ebseeved apeidal clheets e stoenely ocoliood, variabRle el
tewlividuad and the pesolt of mterlcienee, diflraction and scatbeeg socludioge theie palarieation
ame] ansula dependence ) Toom wecormpbes theee-dime neeonal stroctuee, Aoddienally, wasaes and
vuells ane chiven b ke dorable. with permanent opcal prepentics and capable ol beimg rons e med
o the substrate and processing prioe. doring and aller attachment e the sobstrate. A suhsiroe
which receives The Paoliecal sornaconne Thus becomnes wragu e ancl unrepeatable, Fhe resalime Loy
v b dupher aibched cnosariogs epes o abjeg < leemiading indieidualizaion and s

sl it i,

ALy swbheliale ney comlain e pemibed ok e lich sme w-cd s g relorenoe L
conerale a fegal covrdinate sysiome Seheoted Teatbees ol et body ports attoc hod o ihe ta e

Used o e it Trine -neadalz=he seourily sk dscenmd Tine el protceticn ).

Tug manuliwtoring provess woresist ol several stivecs, wehicle wee adhespve tapes with
varyne suclice coeres, The i lape e osed we B T the Rooleowal pamticles Tnome Lhe
arvamisam. Thoey are transfermed wooa hivher surfoce ceeney tape, where they remom permanent |y

allixed snd protected by an addionsl protective lyer.

BRIEF DESCRIFTINN OF THE DRAWINGS
e I Butenl Ty scale observcd wder the scanming clectm mieroascope $571 0

i 2 Orosesection al U butle e Ty seale admertad dndere the reanamssien clectiom

microsope 4 LR

g 3 Pl licdd wroms-scction al Uhe ol Ty scale ridge s odsacrecd andes dhe T1ER
T YSE L

e, 4 Giammi correeled image sl the butweelly scale Trom P 30 wehere cdaes ane
crphasiacd.
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b Thecshodaded vepsion s vhe imstay o Fig 30 enabline calsulagien of T e feseld

w1l amdl.

I P el b g 1Ty e e St shanpead cul, soch vhal o iridesecnl palch e
oo Juded, s iaeniloed mage seveals individoal scales witl mumber o dut- ol

adilferenl aotc sy sd s el content,

i T A Trwner transloremesU e acade m T b Oacd e calcokme siznal Tandss idih
A

g, B Atay with tranaferned Biological partiches.

e, by Atue with transferned Bivleoical particles and superstrate baving an mlhesive

Laver which changes the iridescence color,

g 11 Syuare-shapedd cuts i g botter! Ty aeemg tdesignaned seh white arowe . as

vbee reed uncher the seanning clheclrom nuerosce .

(RTER A wiThouetle made of hiolooical pacticles.

I 12 A Pmyerprint mode o balogical paticles.

Fig 13 Acbarvonke codye o Bute Ty seales.

Fie 14 A manulacioring precess ol ot witke hoelooieal paeticlos.

I 13 AT chaerl o U s lactorimy e sl ot ol Dicelecical panLic s,
Iz 10 Arvamin et e preccs s ol L ot Brelosical panicles Pelomgineg LodilTerenl

Fichowica] speocice.

DETALLED BESCRIFTION OF THE INVENTION

I woaperdalion wich the wlschoed Jdreaings, b technical conlents ol el
cyPedipeenls el The presenl insention ey skeseribed Beasina e, oaeeer, pal Timitine s <o

ol peveeliore which s esclusively Jelined Dy the chims. Any equivalend vucetion and



14l

15

Wl 2 s P EPHISAR ] i

neelilivatien ey gewooraling we (e appenced clajmes s w0 By imeladoed e Cheir seope: o

praabcalisn,

Anovplical L isodisghesecd which eamigins o mamber ol bialogieal porticles el
acvordiog Do Ui complesite soed vornabilicy, Bl deseribiog e comstroctioe ol g el i
wariol s cnledime s, s s cenerele mcaning Lo aobiss el somngplesie and caralda licy, Thie
s nevessary i oder o select the best species and blelovival partiiches, which poaramies the unti-

counterlail propertics ol o Ly,

Increlerence o Pige Lthe eepical complexes of Bichogical partcles can be ohserved. e,
Lepudoplern soales, Stnactune oonsesls o Daar dvpes ol pradingss o volure prating which s
vharacierizcd By pidpes | bavine o momber ol lmelles 20 anad o sorlode gralioe cansishng of
e riles Fcormcsting e ridoees, 1y olecrving Uhe crioss-soctiont 4l W sl S0 20001 can Twe
st Ul Ve sezle Do teeo meemibranes: o lesioer ene o biche s unsioctoned, and o opper ene 5,
vl vontains ridess, lamellas wod cresserils By wsing magnitied cressescelom el o womples
pcel ol e Bty scale i Fiee 5 the coanplexity can e guantiGed by doteriioieg e condoor
lemeth w0 contour eochecd-sardoce ratoe Contowar lenoth e determined by el digitally
emphasiang chject cdpes rsee g, 0 and calewlating the vl nmomber ol black pisels - 4.
ol et s abeomined by odigeicalle chresbedding imaoee in Fee 3 ok wesuleal the apueragien is
shoewn i s 510 o) inlewrating Uhe 1elal sk o Black il & Complesioy O i< thus {7 =
Nl

Mataral varistien in the internal strcture of the bioboesical portcbes. oo Fopidopion.
scdle Tas hboeswn m Divec 102 and 3 leads e varability o nesulting vptical elfects. T, 6 showes o
star-whapod poct o e Boterdly wing s fonned o anathey solsoote, Oeoercte Tepidopter,
species and cul pesiion ane choesen sach thal the resulting pece contans ab lesst one ndeseent
spol fu A magnilicd image newveal scales 7 having oo namber o dols ol vaeving inlensily and
speetial <oemmenl, Their positan, aplical <peetrum and inwensicy arc unprodiclable ard deling
abrapsys ol et Theie number 20 used o mcsgsupe o variabolite This can by caninnaled e
ciuleulabinres e satieeal the mdiv sdual seale sunlace weca S dcasils caleululed Troro e i ) oo thw
wecrars dimems=in cfa dot Av cFre dL e Tasd featuee 12 conmoctod e ospacial wodihe ol the

signal i pclaniven:
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A Av = L8 gy

e B 7o here Bowricr L Darro o Uhe Lepiduplerac soale imagee s shoene I mcasuning L
spuecteal wiadth she wverawe ol dimension Av can e calewlaed, inollve the oomber ol L

degrees ol frecdom s calealated ws A = 57 v

[ relerenee Do i B prcterrval cmbsoddime ool an epdical socurity fae aegiending fie the
s 1 £Teeso by pecscnting Lo ba oo tiracornia] projoetions, s bsate 5o coveered wdi
thare tanespenent, adbosave Tover = Buodoagocal particles 10 Tinnly swlhers o e 2aid sd e
layer, producing an corily recoznisable patbern feeg, o sembol, o leter, o baccode, o silhooetie.
ele. ) Adbesiom ol the biobegical particles 1F s soch that the ateempe ol renooval destroes Lheir
subnncran-sidad simclore Three seible mosrks THT2 and T4 Le g emossesd ane prinkead one Lhe
subetpate Wl s vl Lo pesibeminye The S inow woell ok tinesd pesition, woith mespeet ta vhe
el reuding ~estene They alsedeline a lecad coordinate s esterme  hiche came b caervilmco and
mart-urthowse il Cdesisenated woilh Josbod Tinee) Phee waact inathematical sotere ol the coordimate
ivelem e hmown oonly 1o the f=suer ol the e, Lhe Biclogical partickes 100 are protected by o
tramsiparent coner T4 Une or several partiches WY are andomaly aelected o bearers off
individnalianion potlern, Theeie posilion wilh reapedd b maorkers 11, 12 w0l 13 is delemmnined and

mrriacl Il itien, e apuisal paiteren OF i e oo pogorbeed e nsennerisced, e,

I wwher embediment (g, 30 the soperstrate 1 compreses o pattemed odbesise lawer
He which perimanemly alfises o e Divlogival partiches, This semves adual purpesas, sl vhe
reltactive index oo e Tares chanoes e retrsetive igedes abree e Tiokonsical pooic les wnd alwers
Lhe irideswenl wakoa oo v paat ol e padtern 17 A i Lo pactewes cmbeadiment, o or seveaal
sedles 1, wre randemly seleced os bearers ol wadividualizotiom panern. In odditien, any atlemnt
o dimassembhe the e resoles m separation of oheocal pantiches - some of them remain on Lhe

substrate and others are Bied with the superstrote. thos producing o canper semsmee g,

In another embodimoent,  the substrale B = tansparent,  thes cnahlimz pweo-sided
ahscrcatin vl the Wlsgical poricle D lar seame Lepidoplera species, the iridescence pattern ix
lifberent en cieh =i of thee sl 1R mbeadinesat, fhee oplical paiieom cian by obecnoag kol

inurremigesl amld wlleeted fiahl, The pallern gan e pesull ol difTeaction, islerfere e,

10
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iridess ey, soedlering and (Tseeseenee o coberend aor ingolerent lishl Anewlar, Tegal el

palarration Clanzcabialive ol W prateern i rcconded aoed osod ws o ad Lheen Licaldoms sl

I vt canpaotber crobodine i, cransteread Bicdegical rticles 0 awe Turther palieoned b
rewcchamical rcons, A roechommeal nool s cnmased with te desined patteen, pevoducing o sseienn
el e and pevessod proatiens, I paesscal oo L patlerm. thus cogshing e Piologicl
pacticles and chunviny their optical poeperties rees imdeseenee. scotiering). producing visoully

nhecrvable patlern.

In vl anether embodionene. ransfeened hisdhogical pariches ane racnescopically patterned
Py Taser coallined or engraving oo b osapire shaped arcas desaienabed swoith s hile cornosin Fig. T
A beam eome an alalst Beer 50 imtaduced ineoa sysleme with g wampuier candood |
valvionwler-munon scameer, which s wscd  Loooaneelolys dedeer w beam aeesedine L
preanmicd Bupsictony, The beame s e eapanded iond Pocosed 1 the tage st Piolooicl
pacrlicles Using an =thoet lens, wlicT cnables Tat scanming Doeld and Tincae relabim Telsooon
doflectien anele and the Tecal beane position, The Tescr weoecleneths scaonoimg spoecd and pusecr
anc chosen such that culling or eneriving 1= enabled. 10 osed bodreaw o peraonalised. biometric.
patterm feg. silhowetle osoan g T, biegerprint s g 15 retimald blood sessel patlenn,
signatune, of s igec) aenbe the serBaee o o tap with Piodogiey ] patisles, I chis maanner an

e 1T Lo e produeed . which can e osed Do s o s ine aothenliva o,

A unbker cmbeadimenn e charscesrizcd by oo bor-eode or QR -conde il made Trom

Fivhorica] pratiches (hig, 130,

T anenber conbuslimean, Toeesenge of tnsiorred hialogical paicles isoscles ol
Bloaelicd =10 Toel iolonsy T rsdition, Ths van e done wsaee an VY poopection sesem
curdsting vl a P% lange and an aljective, A moash, oontaining winesponent and epagoe i
which compree wn tmage. 15 imeected o the system such that an imase - produced direct Ly am g
g with biclogical particles. Bleaching setion s cmntmlled by the intensity of the illumimating
P omed (b iomination nne. Alvoaively, o bedim Trorm seeondipoges sepee (0% o ulrals
e i i inansacsdem withe n compuileg-contrestled galvamameter-mieoor scanoer, il s
Uacd Looansuboely defloet o Paearm accondinr e prosaammaed  ragoetoey, The beam e then

capincded aod Gwused ot g aithe beodoeical partiches, usaye an thets lens, vl coaldes

11
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Flan soanning Pl anc Tingar oclatioan betwosen Al deflesiem asgele sl the begal Beans ueadion,
Wivclonsth ol a laser 15 chosen <uch Ui the Bleaching acliom = cmaliled vig st le-phcuen
privicss T O case ol o O Laserk o bwoo-phaeten poecess (o U case ol o olirafest T i The
lomer poweer aml s scanning speed determmine the lersity ol the bleaching, The patlern

nhsercable wsing bvw miensity T radiation s o coverl seourily Tearone.

Uhe tay monoluctocime process consests ol several stoges depicted in Ui, 140 Vit a0 tape
having an adhesive bser ipressune sensitive b with boow peel strength (preterabldy, the sorfoce
enerdy al [he sercder of 105 Sicnap is Liset- or dee-cit in dhe reguared shape. & Gape is pressed on
i =aurbingeg: vese sl wilh Bicdegival particles veoe o Dol Ty winge o winh their iideseent =l
Gy dpr and chey adhere Lo the vapwe ©pTasae (T0in Fras T35 The Lape s pocled. Tilling-a D eells or
s Cpliase cll oy Pioe e Boest, o vape e tramrslomed s o sccend optically tansparcnt L
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“Ihysival O Weay unstionz," Seienee 2970 0 2B1E) 220 - ZOGI, wlier mwsscapie somwering
(vem disopdered sy o plslic <pheies canbedded in a0 leanspraent sebsliale s sl e
consigt phiesical voe-way Tuncliom, The responee a0 the sysem oo ly depemls o the
tHumination durcction. aeain prodocing woigoe mdividual charcteristicos. The proposcd methed
s limited by the physical reguirements or the mcsoscimc scotbering, resulting o 100 mme 10

mm sieed log, with 2.5 mm thickness, which v unsuitable e the modern plaste card
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lechnology, Futhermaene, the dirmension ol scatlenng parieles s orather lurge — 500 - B0 in
divemcter, wende LI pirn averayre spacing — acsoling g Tudky swedcnn wlich can T revera

cogineered By techiniguess ik paicoo Lanmograplyy.

I o comnuen booes bedoe thal conaine mooeal charclerslie ol Tiving creahmres ane
mherently complew and bard Gy reproduee, This s Girst sealiced by Bempamin Drankline wehes
scd e o Joewment precdeetion (Farley Coruhlb, “Beoguemin Peanklin and Uee Bicth ol e prapuer
ey wertenmy 1oy bored aen Moarch 300 2008 fecture, publisTed By Fedoerul Eeserve Bank
al Philadelphesic e mode costs ol plan leaves foomect)y oecogniang the unigueness ol Lheir
wenilism) wndd vecd them b priot the liest dollar Bills. Pue s funher technadoeic ol advonee mends,
Frunklin®s methosd became absolee, and was replaced wath dilTerent prmting echnigues, suech as:

infaglae, gunlhiazhe, senlermenk, hologranns, ol

T palents (WO Z00TRY0T A 2N D Hlamm-Dobischar, ~lorganic marking
pericles Le choracteriong products lor prootl ol aothentiowy awethod Tor prodocton aned s
theread™ apcd TH-RER2ASE0 A1, 32004, 11 Bawhe, “Prooduvinge inlormatoon bearing  misne
pact lcolabe misliees ivedees Jdelimne ade hae cane be mmplemenbed wsing nalucal o
subeciuently applicd ponticle charactersties scleeted oo e morpdo oy ™ 0 deaclosed ane nde.
[t document proteetion which ween patoral complesiy o wguatic vreanism ingeeganie shell- ik
divotumne and radiclarians accending woocharscteristivs o their sorfoces. Phe pracicing method s,
hipaever, mod disclosed. Another prodleny i dhod The opleal el lecle ame oo vory pranounoed, s
wull us their vanahibiey, and the complexiy con be obsereed only ae the sub-wavelengih fevels,
Ui cles Lo micreseopee, Tochmigue Tor cstimstine the deerce o comprleniny s e deserb=sd.
cither Yarimion amone Che <peeimaens ol e samne spegics isosiber small [n thae spoeels the

muthod can b wsed valy for the rensic Jevel o dowcwment authenticarion.

Kovonlls . thone was o0 ~iendlTeanl o ol iescaue i simaced o weine il prinviples of
v 1 el Bor dosctoend pestecbiom G Song 15 Bhshare comd 1 Toare, Sugctioeal coloztien
o matune”, BRSO Ak 20050 3 THER2-T4ERN. Yunabiliey of biological stroctures was alse
ahterced (O P By and -1 Y ivnern, ~*hotomic nomearchiteciones i buiertloes and beetles:
vulushle sownees [or booanspiratwn”,  Loser Phobonies Beve 5, B 1 27=31 {201

Bictemnplading  was used  w manulagdure Botlerlly scale-like sipoglups usine mwlals
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U Sl Y S-Sl oS Mark, ol 00 A Bal, THbdempledd Sanesgpoeioned
Mlucrinds". Chen, Blawer, 2008, 24y 821 8340,

Fmbesssgal el rants have boen inudivishoalizod By using o caesshopy processs t8S7 4200 He
(2 — ZoEedn2 40 Daosmann, 1o Bome “Crplical clomenl soed methosd o the poeodoctien
teecal™) T Tl s venerates o nestber beleoream with o Tock voweed amave, by the second.
ahlitiaral crnbwesdnre shime ane wsacd contaiminy letters o aombe e capalle af omguely markin

w hologram.

Artber way of individoalicavien s doescribod (TETO2ZO0T0O0330E 48 [ HEM-NE07) T
Phecka, AL Leopald, “Individualieed boloerum manofacwrioye method Tor eoos passpom™y, when
a master hHegram i wsed Tor the permanent port o holagrophic image. whereas a spatial light
nushalubeor v wgxed T the warinble inlommtien. Holth imoges ane canmbimedd an the third

Matheeraphic madinm,

The randenwsed wvslerms deseribed above mirst e achine -inspaecled, bieashon rsliocoen
seatlemng wth conseyuent aplical g microwae detectnmm fin the case ol metal e losomes ).
Keoocorded pralicany s coervpled and stoned s cenvead repesileey oz o U deciment sl Public
kew cnctspiien methsad e oscdl as deseribaed in W reprac Conles Teil delerrent Bealoges oy Lhe
meal menerolion curreney desion. M wchoogue 15 baecd on twer keys: ooseonel e, wsed hor

cmryplion. and o pubhic sme, weed Lo the deeryplivn.

Al the mcthesds e o complosity of nattiral stroctdees, b their sarabilicy remained
vompletely unused inothe comeat ol document protceton. Document vanabiliny was rther
allained by randoomly dispersing partiche- o theead-like enties across Lhe docament. as
beseribesd n The mdent Diberdures (18 RAmITHHED, M, B EKomalsu., N1 Manpr, el T
althend il seritivation, authentication @eritying chipe wading deviee angd aowlbencicigion

Judsine e lhodT 1
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sommairy of the Insenlion

e proskelemn sl By e aeaention s inuivisoalizaion el messsproduoeed seearine devises wilh

[aeleg s This s cone b il hing biceeg el paeticles wich premommeed individoalioe

T imwveninon s dirseied e saclirivy chevce, comprising

u traoi parent substrate with at hewst e embedded hodogram on s upper surlace:

al Least wwae iimmitahle Biclooical poacticle amaeed wod attached o s abeee o opgquer

surlace ol the substrate:

4 Lrao oo nan sopersirate, baeime o oreccss. and adhering o the sobsirote sod coclosany Lhe

Pitloeieal partichel s

Fhe security doevice al the mvention paclorably compriacs ol least one predelined pasation
withsrt dilTracting stmoctunes beang formed smo e sobetmowe, and the mamitable biclooical

partiche= bewng ploced ot said positim,

Muore protemblye the proed Pineed s agrbout g [Teactine sienviires s 4apey s panen,
Lhds eemnime ol Toasl oo wodess s Terenn e et Ll Techeaicul parlic bers 1 os Gare ) prlaced in

al Teasd o vl cnd e s,

In vne embediment o the inventisn, mone than ane predelined positions ane provided and

arcanges] accorling teo prededermined pallern.

I'referable, the inimitable biological pamticledsy e tanck selected Trom scales. haes or beesthes frem

the Lepidoplers wing 4 hody,

Alwernatively or additonally, the mmitable biobosical particlegss s foced selected Trom scales

fronm chue ol plera specics cotiche andfer srameae spevies ady,
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Furthepmore, the inimitable bivhegival paticlerse may be aclegbed Trm buirs e Beisles of The

Trcloplorg e,

T2 prct el coabesliorenl ol che invention, the jnimsicable Bpodos il partickasd s Gawen Firml s

albachicd o e suhseale b w laspanenl adhesioe,

Adbernalmvely, the inimilable Bidesicnl poricletsb can e hell in plice on the subeirne only by
the: ol astraetivy Torees Petwcen the particheest anad The sobenbe, sl using Glhesive

suibsLiariacs.,

I vne embaadimant ol the imsentian, i< ol prapeecd thi The iomigadie Biological particle:

e L eut i predetormnmed shapee, Teeloae cnsmzement ont o abag e subsite.
T e b r wmbendime md, nrene han sene inimitable Bieleaieal panisles are usasl

e embodiment. the infniable Riohegical porticles are slacked onoone another, helore

arcn e imenl on asr abonee Lhe subsinae

Prolerable, the inimitabde biobogical panticled=; e paney inscribod with inlomnation. belure ar alter

areange sl on e b Lhe sibsirake snclfosr cnclosing ol e biolopical pacicle

Mluore prolerably. the inimable bicbogical panticleis) s tamed overtly imscribed with inlamation

by cuding thremaph e itheirsarfie.e.

Alwernatively. the inimitoble biolocical portacleis e foce: conenlly inseribed with infsmatien by

it iy blesching ils Oheiek Muoneseene.

In a prelermed embediment sl the inventien, the inimitable buolosical pactiches of several species

ane chosen aceonding L their variabi livy o oplical propoentice.
Prelerable, the substrae comprises o tramsparent adbesiee Jusver oo e loseer sorface.

Ul freventien s s diree bed L thes wse ol e secociy device o e inscntion Jue dentilicativn

amed authenucation o goadsoatie les wnd oo e,
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Py, Thae ool jonn s ddiveeteal T pacthowl ob maanulagioring g <o urily deviee of Che inveidiog,

carmperi=ine e Tolles mi staope:

e prosiddings o cnrsparenl subsiray sith g Bt opes conberihbed bodoegamn o i< wpeper

LT A

(2 chemetaliong the hobsaram e ol fessl one precedmesd posilion Do leem ol Ll ome

TEaas Pl i weimldosg;
P mLaching al leasl one andrmilabde Poaloepicd poarticle imosaid woindews: and

i plocing o recess o o ransparenl soperstrale oover e windew and adhering Lhe

1] LN T TR ET: LIt sy L g Do e e Thy: |'l'll.l|l.|gi|_':ll [\:ll'lil_'la._‘hl

Theere wre several erierio which muest be simualtancows by Tallilled inoorder s provide the deviee

with @ unigue Ningerprint, wsable for docanenl probec o purposes.

Uhe Tiel coterien for bralogical paticle selection i wvocding woosariabaliny ol sprical
proportics denoss Cheir surlace tnear-liedbdy or in the Tar-lield of the scattered rmbiation, Deteeted
pical prabpenice wchihe oplical Wkl amplinds omd phase, Tield voricite, eleetiom and
ran missivm spreckfal detrifaien, el Riclogical particle <hape, moied paiteo, rolarizaien
pallerny, widesecnee, dJdithas e, ared Tecseenee, The seeid scleelom coeriam - Uw
tnderlving canmplenity of hialoercal particle strocion:, Wheh Tos woospan the range Trom nare-
muler o micrm-siae leatures, intncately distnboved o three-dimen-aome, The thud crierion
thear Troglity, necessary for imnper sensidvilby. The Baarth criterion 1 the non-degrmdability of
the wtrmctores, ol least aithin dhe validily period ol The cheommemt, The Hilth erioevien is Lhe thinmes+
el Al skt <ol Ahat they can buoeasily intceraicd withm holoeeraphiv £% 0, whosy
M b= < ol the erdker ol saseral Teas of miciors. Vhe oselseiien procsss rogiores i liliment ol

all Mve wrileri.

Profurned bicdegival pacticles @ s which gan be oot in e cificle ol sarions
spcwics al” Taepidepuera tscales, haws a0 brisbles o Coleapleis dseales o Trichemery thais

Fristber s Amomeae Crcalos ) Ther e coneral wround-plane af thoese slruclorces, woithe the delails
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signilis Ty de peiding on e <preeies, They e sellogentaimed (g |3 plage-likae argelinalrical,
bz aowall of sulimicren thickness, w hich cncloses e icemad solame, Tosode e paclicle.
e el Frutores iy el sache as pamo-pillaes plotomie coeestals, (loeecwent nomo-pactic bk
Tne or both evternal sucloces ane potermed with soating-hke ndees and cooseeridoes 41g, 20
Ridges hove o lamellar stroctere, similar o the Bragse gratmg. The maim constiloent = chicin, g
Bivduetival polysaecharihe jmaoluble i owater gmd many other sulvemts Thed e penmanent
remnante al iy idia? cell aond peaps el wichow chonging their oplical prapestics foe fong
[erivels Q0 is Ko thal clrisd inscses ke ot P iy sueive Der dessides in s ahomelhogival
culleetivees, Tendescence, dithaction pattern oe Nooeessecnee ol individual padicles moy siocngly
wiry e s L swclincy (o0 Lhe arduer af Sk | 34) i s van b seen in Fiv, T hig ks 1ol
the arrder ol Tew microms, resulting m ragibity of the whale Atetore, which = slabhe cnongh e

P tranes e rred and adbered o the bobogram sl e,

A belowram may be prepared (er ndecdoalication by makiny sperial machks cn Lhe
hathogram surface which define o lecal conrdinate systenn, Partiches ane atcached e the hobpgram
in Lhe pesaloons abelined wilh reapaecl oo the siod conindinade svabenn, Lorse warloace-cnergy
adho=ive may beowseal v permane ey Tis she parvisbes e (e Bakogam surlases A bl i«
protceled Toean Lamperine By e ensparenl supersbiote, sohich e permaneentls alTiocd o v
barbwam us e el sueloce-ciersy adbesises or bol-Slampang. S recess i made ma sopeesirale,

such that the particle i proteced Ceom hich proessares eascried donng the slamping poocess.

Acsioele pacticle v plocalicy of e can b atoclcd s the fologram i a paedelined
pallvin, Onoly o subeact ol altached parlicles mighe begsed P autleenbicaliem puapnse whinle
resl 1% there as o distractivn, which makes connterleit harder. a5 o coomeriater waeald not know
which partiches ore weed Tor authenticaton, Biobogical partiiches which possess dilTerent sprical
prvpurtics un Lheir ITont and reor side maoy ke osed b prodoce secority leatares wehich can be nead

o bonh gicles inpue el adigamen Esee-rhnoeh regesler.
Ericf Lrescription of the Drpwings

e | Orptical imae o an imdividual butterlly scale, where the streng, hocal variabilicy

-

ol iridksee e can bee vibse peed
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Sunning cleeien mis e e o the bulier Ty seale, ache e The gompl ey

ol s inlorrid £Lruc LU re i b soon.
Fxpdoabeal vicw ol The eosuriny eslosran iy e nwesd in fso orifeeans] poojeeliogs

A wecwrity hubegram with o owindos, whene o pumber of individually cad an.d

chaped | epichaplera s Coleapleran sealesane posilioned ingidks The winodoes .

A sceuriey hologrom with an arrey o wimdews where individual Lepidoplera e

Cathenpleram seales are albched.

A mecwrily habimgram with onoarray ol windva s where the individoally col and

<haped L prishopaera oo Culvapieran sk g ailachedd

A seearity bologramy with on omray of windows where the imdividoslly overt|y

s i el Depiddeptera or Clespteran scales ane atcaehed.

A recunty holesam with an arcay of windime positiomed inoa cectangular grid.
Weimdirws are partially Alled with Lepidoptera ar Caleoperan scales s oo prodoe:

i binry eor hor-code

Awciurily belegram o withowl windeaws, where Depideplera or Colespieran scales

ore rmbemly distribicsd sersss the hologrom swriee.

A sccunty belevram with anoareay ol windowe positined oo guasaperisadic or

apacrienlic iling vy, Penrosy 1iTing .

Dietavilegd Dhseription of the Fnvention

In vemperutian with the albwhed  drvwings. e technmeal coment- omd duetin led

cmbodiments o the prescal invention ane descrbed hercinalier, hosever, mol limiling it scope

af pridectiom which s cxclusively defined by the cluima. Any cquivalent variatim and
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neelilivatien ey gewooraling we (e appenced clajmes s w0 By imeladoed e Cheir seope: o

praabcalisn,

Roterener ic mpode o e A which preaents Moe erthegong] vieass el one cmbalinnend of
Lhas socurily dovive ol the paescnt inventen, s composed ol o sibalrate | e o leleaersom 2
cmbethled oo i ope seeloce, Saddivenal maoks 3,4 aed 50wl Jdinenedvazs are sanallee e
HEL . ane pnconperabed imae the Bobograr 20 7 The Bty sieface o the solwbote | ocneics an
adhesive layer 6, which can be sctivawed cicher by bear or by proessare inoveder e integrate Lhe
socurily device with an article, poed ar docaneent. The upper sorface of the sobstrate | oempneses

sl paleh al acdheve 70 wehese s B i<t Lree creneh G revcive o biolegical parnich: 8,

The Bichogival pariche 3 i permiaaent |y otbiched ondo The adbesjse 7,

The hivlagical poriche 8 i ihen covened wilth o sapersiesde A, having o orecess T Taree
coteh el the Bichogival paniche 8, wivhaus soaching i3 apper arfee, Phae B <ol
e e sbper st 9 s aavecnod soilhe o s pooent Taves of heal 2 pocssdine ety aled adbe e 11
soch O thee rovese IO To I willent adToseve Taher, Supersteate 4 oanad sobsdrate 1o atkoched e

cuch vther, such thut they cochue the biological panticle K

In amdher crvbedimaent, depicwed e Fig, 40 e bodogram 2 s dentetalioed b the placcs

where the biolovical particles % aee o0 be put thus prodociog o window 12 which cnables

vhrercatiam ol the optical propertics ol the biolagical parte ke frem undemeath.

T Tuether conPasdiment s sheesen m P 5o mamber ol cot <haped bote ey seales ® o

paesatiened insdde the holigrum wind-ea L2, Tollinving the previoosly deseribed procedone.

Beforenee - mode wo e, {1y, nepreseoting anetber ecmbodiment of the secanty deviee of

the prosent invention desioncd and manofwtared v bave an ospectlcd nomber of cpagee o
ranspanend w&indonas wilheadl o RN AT vraling R 12 15, 1aoannd 17 The somdoses uane
mkntined 1non siderly ponncr, corresponding Lecertain symmetry, os an g B The weimdieees
o ol el i i, woideh wnad bcisbl e coel wermdont Taeioe stk e sanes ol 150 nm
i pen, A ocransparenl sdhesive pateh isoplaeead i ide cochowimdens and mdiecidoal irideseem

acpidoptonis or O alorporin seabos W are allawhed vecach g,

10
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Prolornod, Tg med [inaieed fo P pidepd e spocees aie thees frossesing <haeg spol ar pat s e
thom wimes, such o vsewesa detfoeveice. Argvvorfiewns aegewiens. Dnoeee aeoeetee. Fliiore forice,
Airreeelin oo, Adevreriw caddipes Araames ceirfvide Ao e, Other Fepadopleny speics,
pawsvieamy  sroctorally coloned scales, may beoowsed. wwn soch wsn Deeeievaeer cfava,
e oy cenfioad, Anfegceens gemsng. Jrfaedto glafeedorioe, Lo e
Profvoed Coleaplera sreeics ane ey pussessing scals om dweir subncles Sopla eraerlae i,
Poencfeaavasies vidte efpopesede Cantapew-epfoey cpogesins, fypees dfveesipdiiviaio. ™ wdierorg
bree teeden . Cypliers freederacnd, Bedfeins Bepeeiafln, Sofiogaedus apfveetaling Heplie negeiies, som
Curcolivnidac, sanee Collenluda, Paclomed Pricheplers specics o Presnfiley toeerin,
clrferrdenees. Phelfedens abdomainedty,  Nevlopseche paeectata, Baevalfloegn vicie,
Hesperopfoctor b, Polveenseopn eocommae iiatios, Fosioedden ateren, Meweeddie
detetfverns, Antheimaades allafeen, imeenbiiey Sineseeens - Preferred Arancae species are those
Mrescssined seibes aen Lheir cotiehe, suchoos Sloaeetses el Mlamedtaes spilennclean PORSieens coadgi,

Paniaplieetietoten eapdineeten, Cvfogansegaten (S,

Wiribeas g Peociter kel with cales T @ singly spegivs, of wilh scales Tram sevenl
diltorent spaecios, Thae booleearane 2 woith seales B s wcevered Wit o Lo parenl Torl B ine pove =scs
cXactly manching the positieons o windowes v the beloewme % i Taver af a0 ransgonent

adhsiiee 15 placed on the Botem sade of o covers witheot covering the neocs-es,

In wet aather emthoudirment imdividual Dopideprera so Coleopleran seales & ame v
shuped, weing Tser moachioiws. sl Qwen placed insade the Bbobogsramn windeves 12, a0 sbown in

P 7 Talbowing the provioiesly described ecmboedding procedone.

In o loather vendwdiment, depactcd o Piss B Lepadupiera sn Coleopteaan seales B oo
ey inscribed with mmlormatwn 203 e g wext, numbers, image, boresde) by cating themgh the
scdle B, prelerably by laser. Infvrmation 200can ke inscnbed betone or alter the cocapsulatien of
the sale Boin Uhe sceurin device T The seale< are vun by wcing shorl pulse ke - prclcrably
[rig - siirnd of [eprdeesceand, schse coepay 5 <finldly abeece che damggae Theesedsd ol sealyes
I Tascr Tcarm 1= inbredoeed o roteroscope, s e Lo Towtsed T s alyective, dincetly e
the scale. The lascr boeom pesiton o cosdeellod vy o0 paic of  conputcr-canto] bed.

ol S ULy LT

11
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T an aleernadive cmbelimenl Fopidepberss o Coleaplenm seales 8 oaee goeg i 1ly jnscriteel
will mlvermateore 20 (e tex L ourmdwors, dereec, Bioeode )l Tre bleachunsr (e scale Musacscome,
Inloamativcae Mb vonn b ieseribad Belen: on alter the coeapsalatee of e scale Kin te seconity
dewice I Phe scales wre bleached by wsing shon polee loser - prelerably pico-sccoml er lemi-
second, whese coerey s shghily below the domage thresheld ol scales, The Taser beam is
intrewlugesl i e, when i s fogusgad B the ehjsetive, direedly ontbo e scale. They
Lyser beoamn pesilion i< genuradled using o pair of campuier-contoolled, galeamemelep-aeanning

TR S

I vut apetber cmbocdiment, windowes 12 o armnged ina resolan receangalar pod 1.
Yoound thein eesupancy depersls oo the oy cnceding ol anlermalion. @ horcin o wimdows

vectpried with ascabe desionates Binary Toanad an anoceopicd wisdos desionates Tinaey 7L

T el amathor crnbodiment. there aie o s sdoss one the Badesam 2, aned ccales & o

ranned g dismabuncd oy e Bedosaarne o e 4 T

Acfuher cimbeodiomenn s depictod i Pee DEowhone windess - 12 e plased accardiog

guasiperisdic vr apoeniedic 1ling reos enree oo

12
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Cladns

th

Aseeunly device Lomprising:

o sl sabwbeate T e vt b least oo cinlodded Bolograee (20 o s upsqor

surluce:

al et vees nueoital e bacdogric pacticle 0% camaimed aeed atiached oo ove alwsee the

uppar surluce ol the subetrated L

d Dranspacenl soperabrate O hovios o rocess Ok wmd adbeerioe o ol sobsdrote

CEE o cnte by thee iobossical parcticler-1 08

The security deviee according boclaim Lowherein ot Jeast one predelimed poeation withoot
dillTacting Atretanes is harmed on the subatrote 41, and the mimitable biolegical particlers
chois fane pliccad ol suid pessition,

The wcewnity duviee aceacdines e cliim 2, e hercine e presdetined paesitiong=3 withou
dilTracting stctiones s Tanck ransene il Thos ferning at ool one ondesg 4120 whewin

the inimatable Prologwal partichecs 187 = faced placed inoat least voe ol said wimdows,

The saetcwrily dbeviewe acosrling Leany oo claims 2 ar Y. wherein moore Than ome predelined

il i prronded ad el iecordine e e ermined pasorn,
Tl sevoeils dewvice weciadure ooy ol e peecedinge clannse wleacin e idmitable
A H b | =

Piaelogival pamtivlers OREY s faec ) selocted Tren scales, Tuies or Brisdos daan e Lepidopier

wing b by,

13



11

15

I

Wl 2 S FOUTEPHSA ] 345

The evwuriny alevigy ageaepdiong beoany of the preseding Taims. whencin che aimitable
Binhzical panliclofsr SR 1= Guac) wclected frem scades trm Lhe Coleoplora specics cuticle
arndin Arancae spocics ldy .

noclaims, wherein the imimitable

=

The secority deviee accirrding by oany ol Lhe precedin

hishogical paurtichasond i fan baelested e lairs o bristles af dhe Trischopplers spuegiss:,

The <evuriny ehesive mecanding beoany ol the preceding <Taims. whercin vhe nimitabl
biadlvgical pariacher= 18F i Tared Tumly ottacled we v solsiaaw 400 a2 wrspacent

adlcsae,

The seeurily devier aeeordiog tooany ol el Tl 70 wehercin the indmilable Biclogicl
protichots b ) i fane ) are held i place on the subsliate L1 oody by e naweal alractive

Fortes B bwcci U pactie hen -3 ol e solsorate.

The security desice secsrding s any ol Lthe preceding cloims, wherein the inimitable
Rivelaeical paristotsy TR i bared e iy predetermoeasd sl Pwelore armanee el cnoor

dbove Lhe snbstres 1.

Tl sweeunily devier sovondiny Looany ol the preccdinge claoms wheein meee than o

ririLable Tacfewicul partiches 18] e ueeld,

The seconty device accordimg wooclaine T wheremn the inimitable biolegical pamicles 1

ant <hkicked um one amesther, Belone armpement oo seeabose e suhsieee
The sectniny devier wecindore by any ol e proeecedinge clams. whoeacin e animilable
Puadlogical poaticlets TR o darc | e iTed doh wlormatio, Pelons e alles amaseement on

or abwye the substcute O] ondfor cocbesing ol the basdecical partcle.,

The securily desice secanding Lo clim S, wherein the inimibible Paodagical porlicleis p s

P v eI s it s il inlenemion Ty caugines hromash it i e ey

14



11

L5

25

15,

Wl 2 S FOUTEPHSA ] 345

e ~ceurity doviee acorrdime wooclairoe 130w herco U oninnilahle biolosacal peotiches - s
racteoveatly iscnbod with mbariadion e peroaoeotdy Bleae g s ceheied Dosmescenee,
noclaims, wherein the imimitable

=

The secority deviee accirrding by oany ol Lhe precedin
hiselpical partivTes ol several spedice wie heean ecorsling o ovoriabiliee ol theeie il

[Tl

T sevurily device srconding e oy ol e prccedine claimes. wheecin e sobstate 11

wranpeescs i trinres e 0 ad fres e Tayor 4o ol osees surlac,

Llse ol the secority device scoording booany ol the preceding claime Doe ideiti lication: and

anthemiieatioon al gk, oriches and docune nls.

Aomethaisd ol manulucwring o seemnily device aseording weoans ol chaims | owe 17,

wranpeesan e folhesing siope:

Clv et iadions o Crinspament sobsleale 417 s al least one cothedded Bodess e €837 o iLs

upipr sl

2o dermctadsing the holoszigm (O3 an al Lest o prede lined posiliom Lo Borm ol Teast oo

Leanspraccrl Woindsed 170

fdvanaghing an begst onge inimilable biobezical padicle v8F in said winchee 175 an.d

pdd pliines o recess HHKB il Iranspanenl sapersirabe (20 over dhe winchea 071 and klhering

(e supaer=erte 8 e e sabstrade § 1Y hooenglase the bialosical sicld=orss,

15



WO XN R PUTEP RIS 3

Fig. 1

1Tk



WO 2T 4SS PUTE R FAR

CDE-cIMEE M

G - B4 48 w17 = i,

-

AT DT ey

A=A 59 rm

"o~

i -

- -01 = 30NAE ane

SEMHV:- DKV wWD: 719 mm | L] : | MIRAL TESCAN

View field: 8.99 um Det: SE 2 i
EEM MAG: 61.6%x  Datelmddiy): 0612915 Performance i Nanospace

Faz. 2

2



WO 2T 4SS

B

T

////”



WO 2T 4SS PUTE R FAR

o
2_-—‘\»._._,_ xﬁ@ f“
o e 3 AR
__h\-—.- £ |
@.-:'::-".-:!:-".--" T i
;f' . : “_‘_\"‘——-
1

: |

411






\%gﬂ% ' _,,..«' % /%
17 / b
_ /

.

iy 1

fffffff

1t
g



| / //

// //////// -




WO 201714569 POTIE RIS

o,

ﬁ;//
g = S22

8 06 0000
13M

. @WW%@H
z/// “ia

//////////’ //

Fig.o



: * ,.f .
_

i

H = / fl‘ =

E



.
L




INTERHNATIOMAL SEARCH HEPOQRT

IntErraacnal appinaion la

PCT/EPEDLE/OBLASE

A, CLAEHIFICATOM OF BUEJEST WMATTER

1MV, Ed4ZDZE 36 EAZDZE /0%
BAZDES/A51
ALD .

E4ZDZE /43

E4ZD25 /45 B4ZD25 /128

dgrpming b Inleinniennl Palem Jdnearteshon © P gricbath nnlkral elgasieniea nnd 1IPL

E FELLS SEAACHED

B4ZD

Kinewum dosrumd rbabon Jaonohied frlriedccalion ssedennlobread By clrandealea ipmbclel

[t=umarkaban mapmia; clhe {0 rinmom dec -aninign o lhe edem inl w.ch AcGirrenbe prsonclincsd n s beide smong e

Etedimniz dnip o conagHerd ke nal

EPD-1nternal, WP] Data

wnyTe i dyn bnes and, whens pracicoh e senmh ferms e

L CaGURACATS COnsC eCD T OC RELE v ANT

pace 14, lines 7-%

fioures 1,2

pace 1, line 1% - paoe 13, lire 3

pace 14, lTine 2% - paoe 1%, line 26
pace 16, Tine &7 - paoe 17, line 10,

Lmeqery’ Ayhon of depoanl, wih edichon, ghece oppropabe, m e rabesanl pyeyg e Sahyam o slum M
A WO FOO%/052811 AE (STIFTUNG & WEGEWER TNST 1-1,18
POLAR [DE];: HOCHSCHULE BREMERHAWEW [DE]
CUBIS] 20 april Z00% {200%-04-30)
& paoe &, lipge &3 - paoe 7, lire & q4-17,1%

_."I__

Fanha 3w td ooalisled o I o0 nualenl ol Bos =

S calantdamly amms.

* Bpaool uokgorse of odad chounerics .

A" gozumerd dalimeng 1h garetal dade <! the 2 wosk m poleonndoed
1o b ol sl on vala e dio

BT potkar apy 1zaliz or galar bk puzkahad >noar aHee he ifdeenac=anal
Ty Jom

17 docursn whdhneay lnde deobb anperan dy daareal o mhich
Hied o cakEkeh tha 2ol 1zalion dolc of anotoee ales cralher
wpina | vwieeet s oy wpmaideeed)

O et uned alarny 1o oa cral hechaug, st aaksifeEn or ol
maans

P dcunsai publne s pio B e clecuobond iy dola Lec Laber Can
b piknily Joke chunmed

T Imoar doowrvak pub abed mrbar $2 sbamabann 4 leg dalo cor pescnky
dale xd naln coalisz] widh [he JpARc-1eon Bl <resd b undessland
i prinegde o Trchy Underbere] 1he nvenban

" dcadnmant ol pon dubar redeeanes o Zlamad hedn b aannec ba
aatnkdered nowal arzannod b ooa-1edared 1o nvave an yvanrbve
st w i The el o thoan aknke

“v" deadrant ol pan dubar reteeanes te claned nvaiban oaneco ba
verruicherdrd 1o Pk 2 ireiniesd s e e docunanl o
il i wall Svw on i AT e doosiranls aech cenganolioe
Emireg oretaus lo 3 parson akled rhe ad

BT o a-mnl irmerdian o Thee @a0me polam "araky

[yr= nl {he njau rmpkan el 1he almianlcanl aemch

e Auogust 2016

[ym rmying Al lhe nlemnieaal wenmch rerer

127052016

Mavm ond ey udhess ol Twe BAT
Eurcgaon Falam SHica. F B, 3842 Poradaan 2
FL - AL Hy Hyep g
T4l [+3° TCL 140 200,
Fpa e300 G200 6

Bulhwizad uficn

D' Irecaccn, Raimonds

o "Z211S8 2 'Udinge ] dinsl] =4 calh

paga 1 of 2




INTERHNATIOMAL SEARCH HEPOQRT

IntErraacnal appinaion la

PCT/EPEDLE/OBLASE

L Conlinuaian)

OOCARENT I COMSICERE D TO EE RELEWAMT

Cotwycy' Citnan o dea avmnl, will rredeclion. mhag opp e, el ¥a o wavailpaisoge

Ry o v alyim Ne.

)

Macstercard ET AL:  "Card ldentification
Features €ard Front Security Fedtures
Overview Security Feature Current
RequiTement/Placement New
RequiTement/Placement MasterCard Brand
Mark Card front Mo change MasterCard

Card Fromt Featurec and Dezigne Card Front
RequiTements",

31 December ZO00% (Z00%-12-31],
KPOSSEGTEO1,

Retrieved from the Internet:
URL:bttpe:/ fwww mactercard, com/uk /merchant
Jenfdownloads/ 1086Z Masterfard Card ldenti
fication Features,pdf

[retrieved on E016-08-F4]

cee the credit card on the upper left
correr and the copyrioht icon dated FO05
WO Z007 /031077 AL (STIFTUNG & WEGENER TNST
POLAR [DE]; HAMM-DUB]IZCHAR CHRISTIAN [DE])
EF March FDO7 {Z007-03-FF)

cited in the application

pace 14, ling 13 - paoe 1%, line 23

pace 1%, Tine & - paoe 20, lire 1§;
fioures 1,3

1-1%

o "ZITSaE ' Ukr-wden U akdk: klekil S0 2240

pags 2 of 2




INTEHNATIOMAL SEARCH HEPOQRT

linlunrrain et puabair findtilly ma el

IntErraacnal appinaion la

PLT/EPEDLS /OB 1356
Focenl dozurie PLbkcalen Fotar lumbe PLbkcalen
stedin =eanch repar dalm membarial dalm

WO ZO0%0SES1L A2 J0-04-200% AT SLOEIS T 15-06-2011
DE LOZQo/osSzoo% Bl - 12 - 2008
EP ZEETIAR A2 15-0%-Z010
WO ZO0SCSESLL AZ 30-04- 2005
WO Zoofodlel? Al Z2-03-Z007 DE LOZO00SOdSeds Al 2%-03-2Zou?
WO ZE07e31e?? Al 2E-03-2Zoe?

o 21188 U g Ldtth oo mies] 1=p1 o B2




wO 20177114572 A1 |00 OO0 O

IS TREESATIONAL ANMFLICATIOR UL ISHFDR USIER FHEF FATEST GO RAT S TREATY (10 |

' Wodd Inoellecmoal P Oy |
T a0 LT LR (R QTN
[Tk hterna tmemal Folelicwlfem Somnher

Iercnwativnaal Borcan
WO HHT/I14572 Al

Wk

(A3 lncern achiemal Fuble achn Daie

fo July 2EIT (60T 20T WIPOIFCT
=0k Tnternad lennl Patent £ Tassillcativn: Tk RS FAS TELIC Ihejan BNerseanss 7, Folaeede,
Na2B i 2l RaI0e X856  2uld g NITEST R R
LGP A N LTERETY B2 2345 12040t

{0 Al WINKLER, andiguss P12 Fos G370 5 25500
AZ1E libonarlpnb S ppllearhr S by Ivapagptan g,

(L D] el Fa T
AHE] Dhoal labed Sl oocdess s s g akan by e

(X2 Tulernallenal Filime Dale: K o oz e e o s o AL AL, AL AR
B ccerbees 20005 40 [ 2200051 AL AT, L7, AZ WA THY T 1100 ML 1HR, 110, 1.

e Fiiloe | ) _— ([ T A R T O A N N b T
(=5 g ungwgpe ny A PR g, b Tl Le, 0SB4, el D 4l 6] £k, 0aT,
AZ0r |l ]l shr]agn [.gugugm-: | g i=h [N o I O U I N M 1 0 o I LY O Y IO o W LR O L
, , . . | O T R A O I LR R R O B R (1 LSS | S O YRR

G Al SIELEE GF PHYSICS REDGHATE, AR RTH MW BN R M N S MRS 4
L %IVERSITY OF BELGRAIMO [ 25 Piogreown I S O 11 I b N E VR RO P I R R T

P e grnde TS A =1, sy, Wk 5L ML ST YOS UTIL T T, T,

1721 Tivenows PAYLOVIC, Donlca ek @i 15 FETTRL LA L ML S LS S S5 20, 40

Belgado, VEIA0 sy | A48T Yiadbmile,  Jorgs 1R Dasidpnabed Steles cochen: swformie s aasel e e
I""'!":"i""" 127 I!""\'I':'-'-"‘I'! Fhbse (Rs) R HAPINT. 70 AT LR T et et el weneley WIS U ST o],
Aleknaindir, Loaoea b5 Pl |22 (1) K- % T S SO I PO I % RV R SR U L L TR | I ) (R
WAL Mlihwileg S Fapica 151, Pelzode. FE L 2RL, £00 Pudan 485 1 AZ I8, KL KE L,

T1, TR Durequeing 1AL, AT I IR0 2711 27%0 7€ 10

FUIT e e ey

ST, SECLEPTY PAs ™ PETELAST R PAKTRLES 01k R LAl WL kLRGN

1570 Aletroed T he wes o odhreeled B socons des e oedes e 1

W ? .-_:' o b peeneccneen b il preem i smaee, poneles s hislegi.s.
R-:-\‘-‘:m;ﬁ o 1 .|II i, :'-l:-\.-.l_"\--.lll_.. I:Il_rl_..; 'I.I.lrl.lhl|l!:. e .|I.Lll'f._h|:-. .||||II v e iny
= e— - mhg] w 1y 1 Hl Foafeenl prige e oo e -
iR BT e
- S weenl va el U et e st 7y ] o ool sl | I""'"':r'
- - . - . . .
! shoslizlors, B s i, e sice tickaiea, and capeliclitze o
oo e emition meang e hditiomil precssaing aosecsiy kg, cam
- - Pl el stbarre (s o mosatent ol paegseesssd hiola -
— - hCH . . . .
T, - _ . Pieeal pamiche v o spee T ponent which s coeched noonfie b=
i '_..-'""':F - H-. o AT el s e DI Dy ooreecas 12 TR nd sdlio -
— '\'_ -
' gl II_.-"" \ W g I e e abarite ¢90 el cnecamg The el gl partic s 1% 2
! I"‘IL oy el i s metheas e mime mne enid B osaeibeale forosoeoal e hine
! _-"H-JI _I_ LT —n _,_J'J' I_" .IIII,‘| |'|-I'|.'I|:-\.i|_' |II:-.|'I|_'|'Ii|'lII_ Nl Lfi:-L ||'u-|,!|_'.
[ —_
[ I
[ ;
' ] l,l' Y Il.__r" _
LN e
~ P “.'_ -
H".\, e .-"" . _,.-""
L. - v
At LY
B
¢ !
. \
.l. -'.
-—
-
~
L F"‘-L ——a
LAl ".E'I_ —
PadrFa-
Iy 3



wOo 2007414572 A1 | HT00SH O 0 AR RO RO M At

Pk Tl s FLFR Gl Celd THEL TG 1. B T LT PMublished:
T DY e WK KT, S Mo, LT RO B, =0,

T T R HRT R T TR T K L WY Rl B O s £

v, S e k] L REH M s, T, Tip,



1a

1%

25

Wl 2 s PO EPHSAR L

sSecurity tag with laser—cut parikles of biolopical arigin
Field of [nvention

Fhe preesend anveniion relaees Too<cennly Lass P ickentohc o andd ol henticalon ol

garads, Wl e o s i
Background of Invention

Orplically vomable devices (002 ane s comrmon protsclvge clement on o varnous Lypes ol
st o e el ity s, petsspoerts, visas, hanh wandsb = o T Dok "0Optical Pocne
seewlily™, vl by BT Wan Betesoaws, Ao TTowsc, 0 PEST Hobosrgns ol oobaer i sy
chements o mainly waeds Peganss i protestive valie i hased encoanplhesive of mivoen and
submacron structuncs. Manoluciuriny s g complicated and cxpensive process aehese Inal newolt
i master hidovram - g singhe, unigoe pretolype. o mabe prdectism commercially acceplable.
the master bodogran e copied and mobopled, resoltng inog replica shime wsed e cmbsessimg inae
a prlaatie [oil, which s thee wae gebsl inhes s dheeumie sl using o bed faael, Tl Timal sesull s aseriys
el deemenls posseawing xawtly Che cauma prowetive (WY Thic s <banificanm droma ek,

Prraspes, (0T O] 0 goplertcing o By it al ek abes el gaan Breoprsinulas ol

Aol there v wmgeing pescarch o g simple and alTeedables dogmnen
trdivoduadicaleoon neclbond This roabes counterleil mueh haeder, Pocausse caclt wnad oy
tiweurnent st T cepied individoally . laroe scabe productivnn of Talae docamonts Feaviees
tmpuossible, Thvaever the mvial mdiaduashcotiom by amply pontine numbers wall ned ook,
boecouse o1 L simple and alfordobbe, ol oaang rodern printing wehnologies e laser
(it s, PR sy e inadiv il imiom-Fearing frolires must possess o siemi ol amount ol
vumpleyicy Togcthey with stong, uneepeatable, mdiviceal prepetics They haes T b
vty i jls wnogueness wilh boomelris clarelyristiss, such s Tingerpering<, ivis Jand relin
prictternn b sicnilicant by e coonplea and aonisco e, Careently waed O] sccority cowctlonds oo
el sied Forindis idoaliamen dhnoepimting 1, as this will sounilfomily inercade e

prowducticn prces.

Anempts o vbtain “lngepant” decuments ane based onothe ideo o physical ooe-way

functions falernatively called phesically unclhimable functwrs, o in 4 Bochn, b Theler,



11

15

20

25

Wl 2 s PO EPHSAR L
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sy vun v medilicd amovarivus ioers inoonder v mcet abcieniooned coteria, Precise
culting the bielomical specimuens ol miwonescopie level vang o laser beam i deeonbed o LIS
RAMAETR B2 2003 Wwesner, | aser micro dissection meethod and device Tor loser micre
alisseetiom™, 11 i fuosdible e e other, o st meschamed] methocks o mivees sulting and
shaping., bl Faacr Posames e in prisasiple omope gepvenicnd sl capee by olfrdase keer pulas
g Tor pres sy coding Tines ol gk el el parts ol the muaderial, The Riolagigal partisles can
P rodiliced i b e ananmers cacepl catting, ke plota dumase o perneent ploke bleachiong.
sinve chivr, e maen bikding Bhock of the aotheopueades, e hilils stoeny Toeneccenee s hn
irrsdiated with bloe or sole 1% light, it 5 pesible W bleach porticles made of chitine (8.
Foabasovie el al, “Sondinear microscepy ol chitim and chitmoos simctares: o case stody ol s

cave-bwoelling insects o fiormed Ehet 20 2005 0RO

The tandonnesd svslemms deseribed above mist e ochine -inspaecled. bivasl on risleacioen
sealieringe Wilh consegguenl aprigal e microworee Jeteetion vine the ke ol mewl e fusians .
Feccvrded pralica s coervpted and stoaed insowenitrad repesibiey ag o U desgciment sl Public
ko cnerspiien mothad eoselds o deseribod o the repant: Cuonder [eil detesrent Beatees Tor Ui
meal penerallim curreny desion™, Committee cm Mes-Cieneratieo O ummeney Predgens National
Materials Advisors Board, Commssion on Prgimeermg and Technical Sysleme, Satwnal
Boesearch  Cemmncil, Pabbceadeon BOSAAR-LTY 4100, Sechnens Bandasm Palbernslnerypeioan
{mnterfeit-DPeterrence Coneep, g 30 - 75, ond Appendie 15 - Metheds Tor aothentication of
Ui varedeon paternsT e FET T T Leelitige 18 hused ore 0oeo baowss o searel 1o, Used

rer cierepiien, and o public ong, osed Toe Jecrsyprion,

Al the mocthods g o complesity or patuead stroctuece, bog sheir sarghility remaingd
comprlolely wnmsal i the comeal ol Joeumwent peotcetoon,. Posument vaniahiliey ssas i

attained by randomly disperaang pacticle- or thread-like entities swones the document.
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sommairy of the Insenlion

The prode i salvedd Bee ue presene imsention esowalividuaticol foan ol soeurily Ligs Thic vogliang
Pew e iy aftachinge an arrongement of Biodogical parteles sk proamseoneeed imlisidualis

theat e pewdilied bt e oF cot iy pormaoeod Bleachimg. seeibimg andfor <laching.
T twtecnlaom s direecbod e oy e, e sy,
SRS S LTI TRE T RS TR

At mwend ol pregesacd Piological priricies inod speciliv paiwern ahish s

gl s Lhae Swbslrale: el

u Lunsparent supesstawe, having o reecsss amnd adbesring we e subslrow and

chglosing e Tieloival pomivhes

Frelerably, the backeacal porlicles wee obred Irom dewl non-decompoessa ble, Tssies,

MTiars pn'll'l'.'lhl}-. Lhe  Rielesgicol porlicles are sebecled Trom seakss, bairs or bristhes

Pl piabepeaeri s Frichopier., € eleaptory amd Aramea er sines al e nople .

o prelered cmbsgdionent o dhe imenon, the processing o the elogeal poricles iy

abarm by i vhent in pesdelined shapes, prelerably b using o Bsaer beam,
Thee wrranze e it el progesseed Biobeeical particles may poelenaBly b Doicher prseessed

In wine ennbodiment o the present invention. the funher pracessing ol the armamegennent of
[l bivbogica ]l pamis s s o by prenmame ity Bleoagching sean the el akod ooreseengy
e the boalogicg ] partickes i predelined potlern, bearing peesenal ee clhee inlermaton, weiog

sctinn radiob oo Fhe acuieme radialiors ey Tae Tager o o= Fasacr rsdiatien,

In wrdher wmbsoadimemd o the ipvention, the Tuecher prosessine o The arrangemsng ol
prvccssctl Poological pacticles s done s wtidicially decing the biobogical particles with

Muenz=ce it dyes, and perrmament |y Bleaching oot the artilicial Poorescence ol e dyed parte bes
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in s e Tineel palie oo bearing personal or s e inleepratian, weiig scings eadifom, The g lini

radiation mmas e be laser oo - Taser 2ad il o,

Blore prelerabdy, the unnpemeng of precessed Rislogisal paetie s s e tiogd acsording hieg

priccde toneminoed peciodic, guasi-periodics aperiodie o meczro Lo patkern.

I o specgi e cmbodiment o D ineenbior e Tredeaicad protices e ot i 2o T,
am] preitived encvlindrically col paciiches o shat st and the celindvically <haped
pacticles are strongly atiached L the Lae sorfoce wsing o stromg adhesive, while the gear shaped
Pivlogical partiches ane ol sdhesively bonded oo the oy sorface, thes producing o Treely

mivsenhle, inberhckesl micramechonmeal irndescenl sy=hem.

In o prelemed embadiment. the arranpement ol processed bdevical patiches 1= delined

e o har-oade pottern.

I alse prelerned that the omongennent o processed bobogieal parieles s inseribed weih

mblil ol inlorwanion by L abdation,

In e ecmbodiment o the presemt invention. the oansparcnl sobslrole comnposes J
trawnspaire i lesive Loy on il lower surlaves which prelerably s ol e pressirg- sensisive o
Pad prringineg vepe [0 prelerned wombealimeny of the il jon, Thae Bisfogival pariis es posseas
sralmne- ek JilTracting ~liggiog .

Prelerabdy, che inseribasd indormation bears perssnal dinki, stk gs silfoociue, Tingerpering,
reLiva] peatbern e amdfer nunwcoical il ol Suchos o P g O -cande,

The myventiom prclerahly cnvisoees that Uhie arraneciwenl ol proccssod Tieloeicad potiche 1=
il with alternatime Bleached, ablatal s getcated spots i aditeary ander Foeming the
numbers Coddedl in lwemary syslem.

Furthecrrraee, the andeentiony s directed e e dse ol o sovunity L according Lot inveition
fer adeniifecanicn and authentcatien ol geeds. acticles and decuments-,

The imventiom 4 oalse dircetsd weoa methoed o monulwioring g seeority g acoonding Lo g

. . . . . L
relerned embediment whercin o [oser beam with averave inkensity Skin2 - 2 k¥efem ol Lhe
b z ¥
Fracal ared wl the leser beam s weed tebleoch the bobagieal parie les.

&
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Fimard v, Al i mnlion i alipested doe o mctheoad ol maulas urine o sourily g agsorling e
arcLhaer peclerrod cotbewd i ne s borcan wltea-sboorl Tascs poTsaes ol woduratios ol Tess than Tps and
WL T ke nedly o e wamee o 002 LIKIRY e an the Tocal aeca o Lhe Lesaer Tweaen an

ueed Loncwt the bideoical ponacle-,

There wee scecril vemeria which must Peosimuolbancowes s TelGod noedes o give a0 anigue
fingeeprinb. usahhe e docoment protection porpeecs, Hiodogical porticles ane seleeted acoending
W wariability ol optical elTects qinerference, dillractivm,  Mueorescence, scallering), inlemal
cuomplexiey al Thewr <structone, Iexglity, capabality of emng casilye and reprodoeibly proeessed by oa

Lyt beeaam, 1 dupraduhilite amal thinp-s.

Acoresmlline v condaining Rolagical oo aned e rosirugiures e st el il
e prcaluble praeboetive doviee, Creanis s and ssoes are chsen sl it e olescoved il
cllvets we stiongly becaliscd, vovable and ndividoal and the resolt sl e Feaenee, dilTraction.
thuene sy s wnd swatleaing from gomplicatod three-deme nsaonad stustones, Sddmienally vissoee
anc cheaoi b b duralles with pormanent optical propeties and capalsde ol beine traoslered and
prowce st belome. durmg or aler atlachmaent o the sobetrate, Biolooical paricles are permanent ]y
allached o the sobstrate, woally by using o steong odbeesive, As o resoll, the g canml b

alisaz e Bled witlea b prernta e n Ty ks s b i opstisal peeopwenl s

Brief [kescription of Drawings

(T Orptical mage of an ndividual buterly seale. where the stromg. lecal, variahilivg

D ks s e P ke pecd

g 2 Moeanning clectren mivnescope imoge aH the boterl Ty scales sohere the complex icy
ol s inlermed sirnclure eion b seen.

I & A omatoral biokemeal particle s cot inbe predelined shapes, which aee further
arrangeil i Wline e fiesas anad Penooss toped er e sepealing 00w, L
[ypaed sl Fivs,

e 4 A AeUri Wi pocsaen e in oA Ll progeeiins.
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b Aewsurily G with o an armay ol paches whepe precul Belogiegl parbe]es o
urrarezncad and allacTied.

I A swsurily G with an wrray ol pawehes whore procul Biohgival parigle: an
arriocd. attae hed, wod vvertly amd cove ety aoese el

Iz 7 Acscewnny Ly wilh oan aranecmenl o preceul bodosrieal parbicles, s ik contain
Pt el inlorrmait e iscnilbed os Bleachod, ablaed aead onte aed ancas.

i R Acosreuriy ke with oan arranegcmenl oo preocul bioleesical parbicbes waehsy
icndesgoenee dupoemds o e oeentaleon of e Tizhil =g,

g v Aoy tay v an e nt al pregul biological paclicles positiened in .
revluneular end, delinime o bar-code.

Iz 110 Acscourily tae sl bioloeicad parlicles peceul oo ocie sbiivpws ond ot lacheed e

supfoce, sovh thal o novealibe veae s vsleom is consbrocticd.

Deetailedd Dreseriplion of e Foneenlivo

M coaperatien it e allaebesd alresingae s fechnical conbents aml o duetai s
cmiPudirments ol e prescnl imsention ane descrilod Borcimalier, Tostcver, ol Tooniting . oo
el peatcgtiom whivh s cielusively defioed by e claimess Aoy oguivalent variatian and
muodificatism mode soonding e Lthe appended claimns s by be covened By their scope of

MreileLLisim.

The ey manalucturing pricess slams with selecting appropriate biolovical particles

aceording Lo several eriteria, desenbed inche Tollowang et

The Tiest erterion for boalopmeal pantiche selection soaccoreling boosaeinbalisg ol aplical
propurics aeness Lheir surface foeae-Fields oroan the Tor-field of the scatiered rsdiotien, Deteeted
pplical prepenive melude oplical ekl wmpliteds amd phase, Tield vorticity, eleetion s
rareni=sivh specifal dedribinon, vl Rivlogjcal paicle shape, moied paiteon, palarisaiesn

pallerny, widesecnee, dJithe e, ared Tercseenee, The scennd  scleelom coerinn = Uw
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underliving sanmpele sty of" Biodosjog ] prartic ks sgpegiury, which Bos wospan (b panes T70m patte-
rrcler Lo o= Tealdecs, inlnicatcly Jisiriled e thrve -dimerseoms, The thid crieeron s
them Nagality. oevesaary fog amper soisitivals . The Gaeth eriteeione i e iomedeorsdalsilive of
the stroctone, ot beast within the valudiny pemod ol the docoment. Fhe Dl coteriaen s the thinness
ol the structones such that they com be casaly waed Tor secority g prodoction or mtegrated wichin
exinling O D hose Lhickiess s ol e crder e several ens ol misrens. Ve selselion progss

Poguires Tullellonend of 1] v grileri,

Frolerned boologucal partecles, i dhe likerdoee neomed soales, are These sehich can be Tonndg
i e the cllisle o warws insecis Thene s o peieral gronpel plan ol These pamivles. solh he
deluils ~paoilcamly depemding oo e sprecies They e sell-contgined tliz, oo lale-Fike 1
cylmdrical. having wowalTof sulmicnon thackooss sehch cie leses e internal colume. Insidke the
pacticle. o number of Teatures moy exidl, such 2~ pano-pillacs, photonie coystals. Nuenescent
nane=partiches, e or both ecdernal sorfaces ane pattemed with the groting-like mdges and crss-
risloes {1 Y Eaudges have o lamellar structane, similae e e HBroge grobinge The oenn
voerstiluenl s hiting o bisdegival poelysoccharide insaduble inoswoler ancd many ocher sieslsenls,
Ty wie peomanenl somants sl ieed e ndual co T and moy cndune withenan chanaie e il
prapcatics e o pegneds — 0 s besan that deied inscets Tke Boteerflics mad so e o
devades in eotomodozical vollections, Indescenee, dillractisom pateene or oemescenee ol
radivaduwal partiches oy stvingly wary aceess the sorface dul the onder o S00x D pmer, as can
b woen aim Figt L Thcknese i oH ther cler ol L mierons, resulling in feagiluy s 1he & hole
strwctune. which is stable enoagh to be cranslemed to the substrotee during secority g production

e D= Fezned aend aad Beeessd Lo e cxas g £I% 10 b,

Slore specilivally, preterrad hiobegival paficks ane scales, s o Brisfes ol
Fopidopiera, Trichapwern Caleoptora o Acncay . Proleed Taopickopuera spogice any Uhesy
o ssaneg salber st or et s Bot aee e Tiroited v Uhems Baamples of spovies e Qv
ditrenni Argvropilerrio crgeadenns, Dnone moeeder. Tlieee Jaese, A e v, Cther prolemed
Lepidoplery specics are selected  amoneal Microlepidapiore. Khapaliscera thoteflicst or
Ieterwers (ooths ] exhobating  structoral colorstwn,  such  ows fMoediende clievaden,
gt s ey colieva, Anfageapeier e, foodindiee piedidocie, Oellopliess e, Apoiierd

el Apeepangy (T Adans Fol Pretrrsd Caleepora <pcacics are rhol el Tintied v ek Aegadia
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croceneten Prorikadoegeny boFesledeeer, frrapecegding cnogesins, Fvpees slboeosdpede Rk,
Prevorecera etiior, Qe Doeeeencke, Beeeteeros dogpevieidin. Spfececreefus mecvabadicg. Henaiva
aegeetery, sune specics ul Uorcolivoikes awd Oollembwloe Toilics, Prclved Trchoper,
specied, bul mat limited o them. ane: Paembealepioee e ciedensrs, Plviloens wledosmrmnds.
Mot pooncteie, Hoeeelioan v, Bespreorgalivdoy desigriotes, Melvesnteegaie,
hedvestelzwlarony  ATaeniles alneea, Moodar Bl Tonaie ool AT ipeeete s aftantrany s Fssepep e
Srercerpfoes Dreloored Aoy <paeivs are (o possessing <ogles o thcie guliele, bol ped [ipogged
oo e, sivhe s Meeeety veinota, beooatos apfeadenas Pidiormn condan, Paoapdeaemens

alaEraeeran L C e eaen s ek,

The Lug mwalucturing precceds aith preeeuliing el Bielogical pasticles, deseribned
abwwc e pogoined chapess Preoferallys nelormime e Peee 30 an individual, unmeaditied.
lopidoplory scale |35 nemesced Crom the wiog omd cor oo g nomber of even smallee. shaped
particles 20 A% an alernatiee, hairs, scales s bBristles of Celeoplera, Sraneae and Trichopera an
used i The swme manmer S anedber albernadeee, o Dlymemesplers wing = precul inbe o nnmber il

e saevller. <haued, parisles.

Particles ane precul o0 enahle uled wr o irreguolar orrongements, Prelerned  uling
AT Il iy prerieadiv oo jissaas patiern 3 Fie 30amd guasi-periveiv te.e Pemree Tiling
(siblern 4 in P 30 e the boesk B Oipabaom, OF O Shephard, Tilings< amd palwerns. W 1L
Foecman. YL Prelerred mom-tiled saeamgemonts of proevat pamivles ane these whishe wie m

cupralale ol tesscllatiny fosvcrane w ildwut wagsd o sorefaee do.w, dangran pattern S e 3

Uhe precol particles ane ransferred and atlasched e the sorfaoe of the Lae sobstrawe inoa
sbach vr e o predelined  wrranscnent using mwronaoapolatien cheegues das desenbaed

“Hathalic microassembly”, Bad, By WL Claothier ond 5. Regnoer, (240000 Jhh Willey amed sons),

Uhe partiches are cut in g predeiioed pottern by o baeser beam. 'relerably . o beam Inom an
ultralast Leser = mirodoeed ing systen with o computer-contnolled salvanosmele r-orirnor scwner.
which is usd e anealarly beleet vhe b oegendine to programmeaesd irgechory, T Beanm s
Thate ey paricbesl el foerseal o ke g wich biodosie | parbely <, weing 0omiseosgaepy sdhjeetive The
Lusacr o benenh, scanmine spocd ol power e chosere seely i culiing o1 cersrrasene or

[leaching s coillied.

10



11

15

20

5

Wl 2 s PO EPHSAR L

The vhained g can beowsel imbependomb ve il can by persgae iy tlcebed fooan
oxnisling DT one e docenien, Only w0 sulect ol allached panticles rmishil beowsed Tor
aulbermbicilivm s, while the rest s theee s o distraction, wlieh mokes coonterleit barder,
an o cownterfeiter weald ool koew which porticles e oeed Tor aothentcation, Biobooea)
partiches which posscss dilfferent optical propertics oo their front and rear side ane wsedd we
Procdiey secwrify leatures which san b pead Trome bobe sides o perleey alignmenl Sl

P l<daor b

Kelerenoe is mode 1o g 4 whach presents Dasc orfbogomal views ol ome cnibasclimend Wt
e secwrivye e al e presem imeeadien. [0 sompaeasd ol o subsiiate & bavinge an dilbesive
Lwer 7 oab il Doty sugn e, which van Twe sctivated ciches By haae, liglie or poessure in aeder we
nternate e e owah the mticle, wod o dectinent, The appor socfaee of e st dete 4
vomprises o =mull pawh ol wlhedive Bowhese sorlace e ust lorse ecooueh e receive precut
Pivlogical particles ' They ae pemnanently attached oot the adbesive patch ®ina predelined

peclierm perindic, guasiperioalic. aperodie or imregular)

Uhe attached boaloimcal pariiches 4 ane covened with o supeestrate BL hovims oo necess 11
large criough Lo comntwn and enclose the attaehed biological paroeles ' without wouching Lheir
Pt st e Bt surlas o e upesieis Kb covend sithoa gramsparent Leser ol T
el sy alivated wdbesives 120 <ueh thae he reces TL i Tell willean adhesivy Tiver,
supworsteate [ wnd subEiraie G oane atloehed wocash eaher and sacalead T s adTeseee Taser 122 2uch

thit they conelesar the attoched baolkeegeal parieles ».

Sadditiontal moks T3 I wnd T30 whese Jimenseoms e sowadlor Qwn 2000 ton. mas by
incorpriiieal inker The subsorale & The nvarks ane waed as melene e ol andd dlached biclostical

[t le= ane it i e abe Pl peossitoons, With respres !l Toesaid fele i ne seinls,

[ by cmbaaineent CFie. 500 thee seauriny e el The prresend insention i< csizned aned
s e o boeew e s i anber ol small paiches ol adhesise [ 170 18, 1wl 24,
whose <urloes i< juer Luree enoush ve coch o reecive precen biodagieal pomisTes 1 goranged in .
pallerny, Pho panclics wre placed i an soedeely masmen serecsporeding v corlin smm<cy. s in
Fies 5 The woidtbe and heiohe of the pratches s prelerable wonin e samge o D500 - 008 .

Frocut hiolowical paricbes of Lepidopteras Trichoplere { oleoplera, Arancoe or Lymennplera ane

11
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il Tl o e padsch inoa preede linead scsmacmemd The pagbes aee cichar Tilled woitly e
Piclomicul pawlicles Trome e samele spocics, oe Teem peceul biolozical pamiclos Teom soveral
dillerent spwcies, The sulwiake with peecal aod arcanzed Taclecical paotiches - covcaed sith g
tcamspaneal supe ety having recesses cxacolly matching the posatime o the patches. A thin
lyer oo o tramsparent adhesmee s placed on the bobsm side o o cover, withoul covering Lhe
== [ his |:I:.-'q:|' AT RITES I G sl |'|il.l|l.|gi1..':_|| J'I.,IniL'IL"-. Pyl Ty sabesdrsgiy el Lhe

sl

In o Mapher ecmbodement, depacked in Figl 6o o secwnby Bag is deschosed 1w hens Lhe motorl
Aol Tereee iy el preal el arraneeed Biobageal pactiches 5o peorntanesd |8 Dleag el o i
predelined padwern, I this oy e pree ot wnd arcanged boodosgeadl paclicbes aoc caverlly imseril=ed
ol i vt code s porsonal mloemation teogs el imibers, image, Tarcede e pattern i
fer caample, inscribod by o scanning sub-plenseromd Jeser beame that indoces twea-phason
absorplion al the Tocal poinl. Phe Laser weavelength s incthe ronge D= 1030 nm. anad i e msidy
1< n dhe range [iHb2 - 2 k‘-".'.-'n_'m", bl The Towcal area ol Thee DBeser besons 1xacl valoe of The T
e el aen theye =canminge speed ol vhe siFe a The lasal spol, Teae The Biser Pea i< Tegsed
Ui o liwh nomcrcad aperiore miceoseopie abpeetivo and scamned usine aalso-geannine

rrarreee g ] v deser .

T an e mgivye Smbediment e preeul and aoraneed Feleasical pamicles are dved with
thuencsec it dye prier e the mecripliem, Inlormation sun Boinseribed  beloes oe alicre U

coapesulatiomn of the procot ol weviocd Biodecical particlos an e soounty L,

In wel another embodiment of the present inventoon, poctions of the precut ond arcangeed
Filoical particles ane abdated 2 peodelioed potieens, os dllosteaecd i Ui o o this way the
soales ane wverly inscribed woth o secret code or personal infommation {9, wexl, numbers, mage,
harcisde b The patern ia, Tor exorple, inscribed by o seonning sub-prossccond lser beamn that
ablares el in che Bacal poanc, The Basor woedlongth iin the ratese (3 [0S0 A gad che
IREe sy i s e 102 S [IXEE EWiem' The laser teame e et Using o ligh mame il
sprortore roenosci algpeclive and o scanned  wsing walvoescanming  onrmas, ias o pecyiall=1y

e nerlsed.

12
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I st amother emtadiment ol the presenl invs il Glepiviead in Tie, T g gaopdaine
precul and arcanced brobowieal raancles 21 wohieh ane inscribod soide cilbes Dleaclhod 220 alslaled
23 v unteeatcd 24 st e anhiteany cader foeming the sumlbees coded i the weeraey svsLen.

Uhs wnables mome duta o ke stumed oo the samae oney companed o the binars sylem.

In o furlbeer cbeadizien Brolowical parlivhes, whiche poessess dilTeaec o graling-Tike
stmetunes, e soleeted, Asoo comseguence, theic cdescenee depends om the illumimation
direction, with respoect Lo the wrating srientativen. They are precat by aking cone of sl
prienlation bedween Lhe col chapee and the groding. Aler arrmgng amd aliwching prect biological
[tk an v G surlace, irndessenes patlern arenely de pemds oo e sllomination diccetion, as
shers i ion i, 8o TF o arconeemanl ol peecul pagticles teos, tanoeranm s o Fraes B8 0 e HHunyimaled
fronn e lightsotree 258, oy partiches e feoeorelleet iaht irdecscentle, 000 sarme ioreemcnt
ol precut particles (1o, B30 3= dlominawed from the lizht sounce 260, only precat particle of cellecs
lght iridescenthy, inally, 11 the some amangemwent of precot patiche oFig a0 v illunimated
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