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HAYYHOM BERY HHCTHUTYTA 3A ®U3UKY Y BEOI'PANLY

IIpeamer: Munbewe pykoBoauona jgabopatopuje o usdopy JoBane Jeauh y 3Bame

HCTPA’KHBAY CapajiHUK

JoBana Jenuh, mactep ¢pusnuap, je 3amociena y Jlaboparopuju 3a 6uodusuky y okBupy LieHTpa
3a ¢oroHuky. CTyaHeT je HOKTOpCkMX .cryauja u3 buodusuke npu YHuusep3utery y beorpany.
JIOKTOpCKY AMCepTalujy W3 00NacTH BPEMEHCKH pa3ioKEHUX (IYOpPEeCUEHTHHX TEXHHKa paiu MOx
pykoBoacTBOM zp MBaHe [IpeBHHUIIe, BHLIET HAYYHOT capaJHUKa 3arocieHe y MHCTUTYTY 3a MeHLIHHCKa
HcTpaxuBamwa y beorpany u np Anekcanapa Kpmnorta, HayyHOT CaBETHHKA 3aMoCieHOr y MHCTUTYTY 3a
¢uzuky y beorpany.

C 003upom Ja ucmymwana npegsulieHe ycnose nponucade 3aKOHOM O HayLld U UCTpaXKMBambHMa 1
[IpaBUJIIHUKOM O CTHIAKy HAyYHUX M MCTPAXKHUBAUKMX 3Batba MUHHMCTApCTBA HAyKe, TEXHOJOLIKOT
pa3Boja M MHOBauMja, carnacaH cam na Hayuno Behe Muctutyra 3a ¢umsmky y beorpamy mokpene

noctynak 3a u3dop Josane Jenuh y 3Bambe HCTpaKUBaY capaJHHUK.
[Mpennaxem na komucujy 3a u3bop Joeatne Jenuh y 3Barbe UCTpaKMBay capaqHUK YHHE:

1. 1p Muxausno PabacoBuh, BUIIM HayyHU capanHuk, MHCTUTYT 3a ¢puzuky y beorpany.
2. np MBana JIpBeHuLa, BULLYM HAyYHU capaqHuK, MHCTUTYT 3a MeaMUMHCKa CTpakuBamwa y beorpany

3. np Hparytun LlleBuh, Hayunu caBeTHuK, UHCTUTYT 3a pusuky y beorpamxy

V Beorpany, PykoBoaunan naGoparopuje,
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Hay4YHH CaBETHUK

HuerutyT 3a puzuky



2. Ctpyuna ouorpaduja

JoBana Jenmuh je pohena 03.01.1998. rogune y Yauky rne je 3aBpuinia OCHOBHY H
cpenmwy mkony. Hakon 3aBpmene ['mvuazuje y Yauky, 2016. roguHe ymucyje OCHOBHE
akajeMcke crynuje Ha @usnukoMm akynrery YHuBep3urera y beorpany, cmep npumemena
u kommjytepcka usuka. ['omuae 2020. 3aBpiiaBa OCHOBHE M YIIHCYj€ MAacTep aKaJIeMCKe
CTyAMje Ha HCTOM cMmepy. Mactep crynuje 3aBpimraBa 2021. roxune onbOpaHoM macrtep
pana Ha Temy: ,,Pa3Boj eKcriepuMEHTAaIHE IOCTAaBKE 3a IETEKIIH]y I10jeIMHAYHUX MOJICKYJIa
npuMeHoM (IyopecieHTHe KopenamuoHe crekrpockonuje”. T'ogune 2021. ymucyje
nokTopcke cryauje buodusuke npu YHuBepsutety y beorpany. On nenemopa 2021. ronune
JoBana Jemmh je 3amocnmena y WuctutyTty 3a Qusuky y beorpamy kao ucrpaxuBay
npunpaBHuk y Jlaboparopuju 3a buodusuxy y Llentpy 3a poronuky. Ha cemnunu UMT
Beha YHuBep3utera y beorpany oapxkanoj 10.07.2024. rogune, oqo0peHa je Tema HbeHe
JOKTOPCKE JHCEepTalfje ToJ HAclIoBOM ,Pa3BOj MHMKPOCKONCKOr cHCTeMa 3a
Npoy4yaBame MOJIeKyJIcKe TUHAMHMKe OHOJIOIIKHUX CHCTeMa MPUMEHOM (piryopeciieHTHe
KOpeJIallnoHe CIeKTPOCcKonuje, a 3a MeHTOpe cy oapehenu np MBana [IpBenuna (Bumm
HAY4YHH capagHuK, MHCTHTYT 32 MEeAMIIMHCKA HCTpaxuBama y beorpany) u ap Anexcannap
Kpwmrmor (Hayunu caBeTHHK, MHCTHTYT 3a pusuky y Beorpamy).

JoBana Jenuh je unan npojextHor tTuma mpojekra BiophysFUN (Grant No. 4545), uuja
je peanuzanyja (uHaHCHUpaHAa Kpo3 3eneHu npozpam capadre HAykKe U npuspeoe
MuHuCcTapcTBa MPOCBETE, HAYKE W TEXHOJIOMIKOT pa3Boja Penmybmmke Cpbuje. Ox janyapa
2024. roqune Joana Jenuh yuectByje Ha MSCA RISE npojexty ULTIMATE-I (Grant No.
101007825) xao wnan npojektHor Tuma u3 Cpbuje. JoBana Jenuh je mog MEHTOPCTBOM Jip
Muxauna PabacoBuha pykoBomuia mpojektom ,,Integrating Picosecond Excitation for
Dynamic Fluorescence Analysis® mporpama 3a miazie uctpaxusaue ,,SEED* peanuzoanor
Kpo3 WHTepHH mo3uB WHcutyTa 3a ¢usuky y beorpamy. CpenctBa 3a (unHaHCHpame
uHTepHOr To3uBa HWHcTHTyTa 3a (Qu3MKy o00e30eheHa cy y okBupy mpojekra Serbia
Accelerating Innovation and Growth Entrepreneurship Project (SAIGE).

3. [Ipernen Hay4yHe aKTUBHOCTHU

Hayuyno wucrtpaxuBauku paa JoBane Jenmuh ce cacToju o4 €KCHEPUMEHTATHOT
HCTpa’KMBamwa y 00J1acTH pa3Boja U MPUMEHE HAINPEIHUX TEXHUKA ONTHYKE MUKPOCKOIIH]E.
Joana Jenuh je 3amouena cBOj HAy4HO MCTPaXKMBAYKU PaJl pa3BOjeM ONTHUYKOI CHUCTEMa
MHUKpPOCKoOTIa 3a GuIyopeciieHTHY Kopenanuony crekrpockonujy (Fluorescence Correlation
Spectroscopy - FCS) y okBupy u3pajae mMactep paaa. Hakon Tora je HactaBuia 1a ce 6aBu
KapakTepU3aIijoM U ONTHMHU3AINjOM CHCTEMa Y UJbY M3y4YaBara MOJIEKYJICKE THHAMHKE
(b1yopeclieHTHO 00eIeKEeHUX MOJIEKyJla y OMOJIOIIKUM CUCTEMHMA, IITO j€ MPEIMET HheHe
JIOKTOpCKe mucepTanuje. OueknBaHU HAYYHH TOTIPHHOC OBE IOKTOPCKE JAUCEpTAIlH]je OrJie/1a
ce y pa3Bojy metona kojuhe omoryhuT in Situ mpoyyaBame THHAMUKE WHKAICYJIALHje U
ocnobahama aKTMBHUX CYICTaHIM M3 €pUTPOLUTHUX MeMmOpana. Pa3Bujenu meton he
JONPUHETH KapakTepu3alllju W ONTHUMM3AlMjU EpUTPOLUTHUX MeMOpaHa Kao Hocaua
nekoBa. Jlo cana, JoBana Jenuh uma jenan pan o0jaBibeH y yacomnucy kareropuje M21, jenan
pan o0jaBJbeH y Hyaconucy kareropuje M22 kao 1 HEKOJIIMKO CaolIITemka ca Mel)yHapoaHux
CKYTIOBa M CKYTIOBa HAIIMOHAJIHOT 3HaYaja.
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Abstract

We report application of the knife-edge technique at the sharp edges of WS, and MoS, monolayer flakes for lateral and axial resolution
assessment in all three modalities of nonlinear laser scanning microscopy: two-photon excited fluorescence (TPEF), second- and third-
harmonic generation (SHG, THG) imaging. This technigue provides a high signal-to-noise ratio, no photobleaching effect and shows good
agreement with standard resolution measurement technigues. Furthermore, we assessed both the lateral resolution in TPEF imaging
modality and the axial resolution in SHG and THG imaging modality directly via the full-width at half maximum parameter of the corresponding
Gaussian distribution. We comprehensively analyzed the factors influencing the resolution, such as the numerical aperture, the excitation
wavelength and the refractive index of the embedding medium for the different imaging modalities. Glycerin was identified as the optimal
embedding medium for achieving resolutions closest to the theoretical limit. The proposed use of WS, and MoS; monolayer flakes emerged
as promising tools for characterization of nonlinear imaging systems.

Key words: knife-edge technique, nonlinear laser scanning microscopy, resolution measurement, second/third harmonic generation, WS, and MoS,

monolayers

Introduction

Nonlinear laser scanning microscopy (NLSM) is a specialized
microscopy technique that uses localized nonlinear excitation
to excite fluorescence only within a thin raster-scanned plane.
In NLSM, two-photon excited fluorescence (TPEF) is typically
detected and used for imaging (Masters & So, 2009;
Tserevelakis et al., 2012; Rohrbacher et al., 2017). In addition
to TPEF, other imaging techniques include three-photon ex-
cited fluorescence, and second- and third-harmonic generation
(SHG, THG) (Zipfel et al., 2003; Tserevelakis et al., 2010).
Every optical system has a fundamental limitation of reso-
lution due to diffraction which causes the image to spread in
both lateral and axial directions. The diffraction pattern (light
intensity distribution) of a point-like light source in the lateral
(x,y) and axial (z) dimensions is referred to as a point-spread
function (PSF) (Cole et al., 2011). According to the Houston
criterion for resolution (van den Bos & den Dekker, 2001),
two point sources are considered resolved if the full-width at
half maximum (FWHM) of their PSFs no longer overlap. In mi-
croscopy, resolution depends on many factors such as numer-
ical aperture (NA) of the objective lens, wavelength, refractive
index of the embedding medium, coverglass thickness, distance
between the object and coverglass, etc. (Kozubek, 2001).

The standard technique for evaluating resolution is based
on the imaging of nanospheres, often referred to as beads.
Beads can be used directly to assess lateral resolution, or to de-
termine the PSF by applying the deconvolution method (using
bead images and prior knowledge of the actual bead size).
Although this method is practical, it does have certain limita-
tions. As bead size decreases, the signal-to-noise ratio (SNR)
deteriorates, making it challenging to obtain reliable measure-
ments. Deconvolution, on the other hand, can be severely af-
fected by noise. With axial resolution, the stack image of the
beads must be recorded. This is challenging in practice as the
beads are prone to photobleaching. Consequently, the meas-
urement of axial resolution results in a relatively small number
of data points which affects the quality of the assessment.
Furthermore, due to the coherent nature of the SHG signal,
its PSF is a contentious issue, as pointed out in Chen et al.
(2012). Accordingly, imaging of common polystyrene beads
by SHG microscopy is not widely used and has been reported
only in terms of the material nonlinear response characteriza-
tion, with no resolution assessment (Hou & Labarthet, 2018).
Similarly, sparse THG imaging of similar objects for reso-
lution measurement was demonstrated in Masihzadeh et al.
(2009). Several inorganic nanocrystals of noble metals or met-
al oxides arranged in a noncentrosymmetric crystal structure
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(such as KTiOPQy) have been used as point-like SHG signal
sources in NLSM (Mahou et al., 2017), in a manner similar
to beads. In contrast to fluorescence, SHG is theoretically an
achromatic phenomenon which can be obtained at arbitrary
wavelengths covering the entire range of tunable NIR lasers.
This makes such crystal structures suitable for NLSM reso-
lution evaluation.

Due to the lack of techniques for assessing resolution of all
three modalities of NLSM (TPEF, SHG, and THG) within a
single microscopic system, we were inspired to conduct a
more in-depth investigation into this matter. Here, we propose
application of the knife-edge technique to monolayers of tran-
sition metal dichalcogenides (TMDs), in particular WS, and
MaoS;, for evaluation of lateral resolution. In their single-layer
form, TMDs have a D3, symmetry where the lack of inversion
symmetry allows for an unusually strong SHG signal. This ef-
fect is very sensitive to layer thickness, crystalline orientation,
and layer stacking (Kumar et al., 2013; Yin et al., 2014; Rosa
et al.,, 2018). The thickness of our samples (<1nm)
(Radisavljevic et al., 2011) and their efficient SHG production
(Woodward et al., 2016) and THG (Wang et al., 2013) signals
also allow direct measurement of axial resolution. The inten-
sity profiles obtained at the monolayer-substrate boundary
are free from artifacts typically associated with thicker sam-
ples. Although a similar approach was reported by Mehravar
et al. (2020), the absence of axial resolution results in their
study can be attributed to excessive thickness of the samples
used. Other 2D materials (2DMs) such as hBN have been re-
ported as a test material in resolution assessment of a confocal
focus-engineered coherent anti-Stokes Raman scattering
(cFE-CARS) microscope (Lee etal., 2023). However, h-BN ex-
hibits an SHG signal that is an order of magnitude lower than
that of the MoS, monolayer (Li et al., 2013). SHG and THG
signals obtained by WS, and MoS; monolayers both result in
a relatively high SNR and no photobleaching effect.

While the knife-edge technique is commonly used for laser
beam profile determination (Araujo et al., 2009), its applica-
tion in resolution assessment of various microscopic techni-
ques (Chu et al., 2005; Wachulak et al., 2017; Mennel et al.,
2018; Mylonakis et al., 2024) has generally been limited and
auxiliary. The knife-edge technique is a method of assessing
resolution by analyzing the transition zone across a boundary
formed by sharp-edged objects. By extracting intensity profiles
across the edge and measuring the width and slope, one can
determine the resolution of an optical system. A sharper and
narrower transition generally indicates a higher resolution,
while a wider transition indicates a lower resolution. In this
study, we present the measurement of resolution in different
imaging modalities of our custom-built nonlinear laser scan-
ning microscope (Rabasovic et al., 2015) utilizing two distinct
approaches.

Here, we report application of the knife-edge technique on
WS, and MoS; (for lateral resolution assessment in SHG
and THG modalities). We also evaluated both lateral
(in TPEF modality) and axial resolution (in SHG and THG
modalities) directly via the FWHM parameter of the corre-
sponding Gaussian distribution. Our study includes a compre-
hensive analysis of how the resolution varies with the NA of
the objective lens, excitation wavelengths, refractive index of
the embedding medium, and imaging modality of the micro-
scope. In addition, the obtained PSF (FWHM) values were em-
ployed in deconvolution of the image, resulting in significant
improvement in image resolution.

Microscopy and Microanalysis, 2024, Vol. 30, No. 4

Materials and Methods
NLSM Experimental Setup

Our custom-made NLSM system [detailed information can be
found in Pajic et al. 2022] enables precise control of power levels
and motorized positioning of the sample in the axial direction
with a minimum step-size of 0.25 um. For TPEF and SHG im-
aging, a tunable (700-1,000 nm) Kerr lens mode-locked femto-
second Ti: Sapphire laser (Mira 900, Coherent Inc., CA, USA)
with a repetition rate of 76 MHz and pulse duration of 160 fs
was used. Femtosecond pulses were also obtained from a
SESAM  mode-locked Yb:KGW laser (Time-Bandwidth
Products AG, Time-Bandwidth Yb GLX; Zurich, Switzerland)
at a fixed wavelength of 1,040 nm with a pulse duration of 200
fs and a repetition rate of 83 MHz. After being expanded 3.75
times with a Keplerian telescope (obtained by AC254-040-A
and AC254- 150-A lenses, both from Thorlabs, Inc.), the laser
beams are directed toward the objective lens via a main dichroic
mirror (MDM; FF700-SDi01-25x36, Semrock). Beam raster
scanning over the sample is achieved using a galvo scanner
(6,215H, Cambridge Technologies). A National Instruments
USB-6351 card was used for signal acquisition and control of
the galvo scanner with a sampling rate of 1.2 M sample/s.

SHG and TPEF signals were collected in back reflection by
an objective lens, passed through the MDM, filtered with
appropriate filters (depending on the excitation wavelengths
used and imaging modality), and then focused onto a photo-
multiplier tube (PMT) (RCA, PF10006). In SHG modality,
we used several narrow bandpass filters (FBH370-10,
FBH400-10, FBH420-10, and FB520-10, all from Thorlabs,
Inc.). In the TPEF modality, the signal was filtered with a short-
pass filter (FESH0700, Tholarbs, Inc.). In THG imaging, the
signal was detected in the forward direction (transmission
arm) after being reflected by two harmonic beam splitters
(HBSY13, Thorlabs, Inc.) to reduce reflection of laser light.
Finally, the residual laser light was filtered out by two filters
(FGUV11M, Thorlabs, Inc. and FSR-U340, Newport). After
filtering, the THG signal was focused onto the entrance win-
dow of the PMT (H7422, Hamamatsu, Japan).

Fluorescent Beads

To measure lateral resolution in TPEF modality, we used a
TetraSpeck Fluorescent Microspheres Size Kit (Invitrogen,
Thermo Fisher Scientific Inc.) which was specially developed
for the calibration of microscopes. The slide contains six view-
ing areas, each of which contains nanospheres of a specific
(nominal) size: 0.1um, 0.2um, 0.5um, 1.0um, or 4.0 um
and a mixture of all sizes. Each nanosphere is stained with
four different fluorescent dyes: 365/430 nm, 505/515 nm,
560/580 nm, and 660/680 nm. This makes them suitable for
applications that require a broad spectral range. For the pur-
pose of resolution measurements, the optimal SNR was ob-
tained for 0.2 pm fluorescent beads. The profile extracted
from the recorded images of the beads was fitted by the
Gaussian function. The lateral resolution was directly assessed
through the FWHM parameter of the Gaussian fit.

WS, and MoS, Monolayers

Synthesis

MoS; samples were synthesized using a chemical vapor depos-
ition (CVD) technique, described in detail in Senkic et al.
(2023). Samples were grown on two substrates: c-cut sapphire
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and Si/Si0,, each with a 290 nm oxide layer thickness. The
synthesis procedure is the same as described in Senki¢ et al.
(2023), with a growth temperature, T, equal to 875°C. The
thickness of monolayers was determined using atomic force
microscopy (AFM), and was determined to be 0.8 nm Senki¢
et al. (2023).

Similar to the MoS; growth, DI water-based solutions were
used for WS;. As a growth promotor, a § ppm concentration
of NaOH solution was used, whereas the tungsten source
was a 100 ppm concentration of ammonium metatungstate
hydrate (NH4)HaW15049 - H2O (99.99% Sigma Aldrich).
These solutions were mixed in equal parts, and the 10 xL drop-
let of this mixture was dropcast onto the cleaned substrate,
which were then placed on a hot plate at 120°C until the drop-
let dried. The Si/SiO; substrate was first cleaned with argon
gas, and then in an O, plasma chamber for 10 min. Before
loading the substrate with the deposited metal precursor, the
CVD furnace was heated to 500°C under argon flow
(=200sccm). When the substrate was loaded, the furnace
temperature was raised to the growth temperature of 850°C.
The sulfur temperature was set to 140°C, and argon flow to
100 sccm. When both temperatures reached their target value,
the argon flow was decreased to 75 scem and the synthesis pro-
cess was started. After 5 min, the furnace was then quickly
cooled to 775°C using compressed air with the argon flow
set to 50 sccm, whereas the sample remained in the furnace.
Then, the argon flow was stopped ({ = 0scem), the furnace
further cooled to 500°C, and the sample was completely re-
moved from the CVD furnace.

Transfer

MoS; and WS, were moved from the Si wafer by using poly-
dimethylsiloxane (PDMS) transfer (Nichues et al., 2018).
The first step is a pickup, in which 2DMs are moved from
the growth substrate on the PDMS sheet. In this step, the
PDMS sheet (160 um thick) purchased from GEL-PAK com-
pany was cut into a rectangle slightly larger than the Si/SiO,
substrate and positioned on top of the Si/SiO, surface with
2DMs. To increase the separation speed in the following
phase, PDMS is left without contact on one of the edges of
the Si/SiO; substrate, which was ensured by placing a carbon
fiber or any similar object on the substrate edge before placing
PDMS on top. Subsequently, the PDMS/2DM/substrate is
placed on top of a DI (deionized) water and ammonia solution
(1,000:1 ratio), which is gently stirred to ensure the flow of the
solution. The solution slowly intercalates between the PDMS
and Si/SiO; substrate, separating 2DM from the Si/Si0; sub-
strate. After complete separation in a few minutes, the Si/SiO;

substrate sinks into the solution, and PDMS with 2DM are left

Table 1. Overview of Objective Lenses Used (All from Zeiss)
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floating on top of the solution. PDMS with 2DM is addition-
ally rinsed with DI water and dried with nitrogen flow to re-
move residual water from the surface.

For placing 2DMs from PDMS on sapphire, PDMS with
2DM is positioned on top of the sapphire and gently pressed
with an Q-tip to ensure adequate adhesion over the whole sur-
face. PDMS with 2DM is fixed on a z-axis manipulator with
which the separation of PDMS and sapphire can be controlled.
To ensure that the 2DM has higher adhesion with sapphire,
PDMS is slowly separated in small steps with a z-axis manipu-
lator. The front of the adhesion is monitored with an optical
microscope to increase separation speed in areas of no interest
and reduce it in regions with 2DM flakes. After the controlled
and complete separation of PMDS, 2DM is left on the sap-
phire surface. For detailed information about this process,
see Castellanos-Gomez et al. (2013).

Sample Preparation

The MoS2 and WS2 substrate monolayers were placed on a
microscopic slide and fixed with a coverslip, leaving the layer
of air between the two glass surfaces. In addition, we intro-
duced various media with different refractive indices to the
monolayers. A small amount of glycerin, with a refractive in-
dex of 7 =1.47 was directly applied on top of the monolayers
and then fixed with a coverslip. Distilled water was also used
as an embedding medium, but without a coverslip as we em-
ployed a “water-dipping” objective lens for this type of sam-
ples. During the recording in different embedding media, no
degradation of monolayer flakes was observed, so samples
prepared in this way can be used several times. This approach
allowed us to systematically examine how different embed-
ding media influence resolution assessment.

Objective Lenses

We used a range of objective lenses (see Table 1) to investigate
how resolution assessment is affected by different measure-
ment conditions. A variety of different objective lenses was
used, taking into account their different NA’s, magnifications
and using different immersion media. For samples embedded
in distilled water, we employed the water-dipping objective
lens, specifically W Plan-APOCHROMAT. This type of ob-
jective lens is designed to be used without a coverslip, with
the tip submerged into the embedding medium.

Theoretical Limit Calculation

The theoretical limits for the lateral and axial resolutions
under the different measurement conditions given in this paper
were calculated using the following equations (Squier &

Numerical Working Chromatic aberration  Spherical aberration
Objective lens Magnification aperture Immersion distance (mm) correction correction
EC Plan-NEOFLUAR 40x 1.30 Qil 0.21 Red and blue; green Blue, green
close

W Plan-APOCHROMAT 40x 1.00 Water-dipping 2.50 Deep blue, blue, green  Deep blue and blue
and red

Plan-APOCHROMAT 20% 0.80 — 0.55 Deep blue, blue, green  Deep blue and blue
and red

GF Planachromat 40x 0.65 — 0.53 Red and blue Green
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Miiller, 2001; van den Bos & den Dekker, 2001; Masters &
So, 2009; Farahi, 2015):

. 1 0.51-4

FWHM,,, =N NA (1)
; 1 1.77-n-1
PVHIMe =0 a2 @)

with / representing excitation wavelength, 7 is the index of re-
fraction of respective embedding media, and N is the non-
linearity order (N =2 for TPEF and SHG, N =3 for THG).
We should emphasize that the magnitude for NAs used in all
calculation throughout the paper were from the specifications
of the objective lenses given by the manufacturer. This can be
considered as the best possible approximation as the exact
magnitude is only valid under certain conditions (refractive in-
dex of the sample/embedding medium and proximity to the
coverslip surface) and may vary with different settings/condi-
tions. In other words, if the embedding medium is changed, the
refractive index changes and so does the NA which depends on
the refractive index. This change cannot be measured or esti-
mated, so the value from the objective specification is used
in the calculations for all settings/conditions.

Results
Lateral Resolution in TPEF Modality

WS, and MoS, monolayers can generate photoluminescence
when excited in the 520-640 nm and 610-670 nm ranges
(Rigosietal., 2015). Therefore, they can be used for resolution
assessment of fluorescence microscopy modalities in general.
However, due to the spectral range of our lasers, it was not
possible to obtain a TPEF signal from these monolayers.
Therefore, we opted to use 0.2 um fluorescent spheres to ac-
cess lateral resolution. The inset in Figure 1 shows the fluores-
cent spheres recorded in the TPEF modality using the 40 x 1.3
objective lens. By fitting the extracted intensity profile using a
Gaussian function, we determined the lateral resolution to be
(320 + 20) nm. The data points for fitting were chosen to in-
clude the feature of interest (i.e., peak), while expanding the

0.9

——TPEF signal
Gaussian fit

s
)
1

13

= = & =
» o o ~
1 1 1 1
s
H

TPEF signal intensity [a.u.]

o
w
1

0.0 0.5 1.0 1.5 2.0 2.5
Lateral position [um]

Fig. 1. TPEF signal of a fluorescent bead with a nominal size of 0.2 um.
The individual intensity profile was extracted from the labeled position on
the inset. The profile was fitted using a Gaussian function with a quality
indicator for the fit of A2 = 97.5%. The sample was recorded using a 40 x
1.3 objective lens at the excitation wavelength of 730 nm.
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range did not affect the fitting parameters. The result corre-
sponds to the FWHM of the obtained intensity distribution,
with the error representing the fitting error. The lateral reso-
lution in the TPEF modality was only successfully determined
at an excitation wavelength of 730 nm. The theoretical limit
for lateral resolution in the TPEF modality, which was calcu-
lated under the same conditions according to the equation (1),
is 203 nm. Excitation at higher wavelengths resulted in insuf-
ficient SNR for the resolution measurement. It was not pos-
sible to record a stacked image of satisfactory quality for
axial resolution assessment due to pronounced photobleach-
ing. It is also important to note that the fluorescent spheres
used in this case cannot be considered as point-like sources
due to their size and expected resolution. In contrast, the use
of TMD monolayers does not lead to photobleaching and
eliminates the need for deconvolution due to their subnanom-
eter thickness. Consequently, the application of knife-edge
technique to TMD monolayers provides a reliable measure-
ment of both lateral and axial resolution.

5
o
1

—— SHG signal
=== Error function fit

N w -~
1 1 1

SHG signal intensity [a.u.]

-
L

Lateral position [um]

Fig. 2. (a) SHG image of a MoS; flake. The image was recorded at an
excitation wavelength of 800 nm using a 40 x 1.3 objective lens with
glycerin as the embedding medium. The marker (line) indicates the
position along the edge of the monolayer flake from which the intensity
profile was extracted. (b) Typical intensity profile extracted at the edge of
the MoS, monolayer flake. The profile was fitted using the error function,
with the parameter for the quality of fit A2 = 99.8 %.
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Fig. 3. Dependence of the lateral resolution on (a) the excitation
wavelength for various objective lenses and (b} the numerical aperture
for various excitation wavelengths. The results were obtained for a MoS;
monolayer in the SHG modality.

800
B Glycerin
® Air
7004 A Theoretical limit (NA = 1.3) i
E 600+
5
£ 500 - *
2 ]
(]
~ 400
[
2
S 3004  d i
200 4 e

T T T T T T T
700 750 800 850 900 950 1000 1050 1100
Wavelength [nm]

Fig. 4. Dependence of the lateral resolution on the excitation wave
length for two embedding media, air, and glycerin. The graph shows the
results obtained with a 40 x 1.3 objective lens and the theoretical limit
for the lateral resolution under the same measurement conditions. The
results were obtained for a MoS; monolayer in the SHG modality.
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Fig. 5. (a) Calibrated 3D model of the MoS; monolayer flake with
labeled surface from which the average intensity was calculated.
(b) Intensity profile obtained by averaging the intensity of a chosen
surface area of 100 x 100 pixels for each image of the flake in the
stack. The x-axis represents the axial position of the image plane.
The fitting was performed using Gaussian fit, with the quality
parameter A2 =99.7%. (¢) Dependence of the axial resolution on the
excitation wavelengths in the SHG modality for 40 x 1.3 and 20 x 0.8
objective lenses
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Resolution Assessment in SHG Modality

MoS; and WS, monolayers were used for resolution measure-
ment in the SHG modality. No significant differences in the
resolution assessment were found between these two materi-
als. The typical image of a monolayer flake is shown in
Figure 2a. These flakes exhibit distinct and well-defined edges,
suitable for lateral resolution assessment using the knife-edge
technique. To determine lateral resolution, we extracted inten-
sity profiles over the edge and performed fits using the error
function (which is the integral of the Gaussian function)
(Davis & Brown, 2002), as shown in Figure 2b. The data
points for the fit were chosen to include features of interest
(the slope), while further expansion of the range did not affect
the fit parameters. The intensity profiles of the monolayer-
substrate boundary were analyzed at typically ten different po-
sitions along the edge, resulting in a total of 800 processed
profiles. The lateral resolution was then calculated based on
the mean value of the parameter w (the half-width at 27 of
the corresponding Gaussian distribution) obtained for each
processed monolayer flake, with the error corresponding to
the standard error of the mean. The resolution is presented
as FWHM of the Gaussian distribution corresponding to the
data obtained, where FWHM is calculated as 1/0.85.

The axial resolution was determined based on the recorded
stack, a series of consecutive images taken in equidistant sam-
ple planes, of a thin monolayer. A homogeneous surface of ap-
proximately 100 x 100 pixels was selected within the
monolayer. The same surface was analyzed on all images of
the stack. The average value of the pixel intensity of the ob-
served surface was determined. The dependence of the average
intensity of the chosen surface area on the corresponding axial
position of the image plane was fitted by the Gaussian func-
tion. The FWHM parameter of the Gaussian fit was read dir-
ectly as the axial resolution of the microscope under the

Table 2. Comparison of Axial Resolutions in SHG Modality between
Different Embedding Media and Objective Lenses, along with the
Theoretical Limits Provided in Brackets.

SHG 740 nm

800 nm

Glycerin 1.4 ygm (0.81 um)
Air 5.9 um (0.55 um)

1.6 um (0.87 um)
6.7 um (0.59 um)

The theoretical limits were calculated using the equations (1) and (2) with the
refractive indices of glycerin and air: #=1.47 and n = 1, respectively.
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specified conditions, with the error corresponding to the fitting
error.

Both lateral and axial resolutions were presented as the
FWHM values, all in accordance with the Houston criterion
for resolution. An identical data analysis procedure was ap-
plied for resolution assessment in THG modality.

Lateral Resolution in SHG Modality
To investigate wavelength-dependent variation in lateral reso-
lution of the microscope, we recorded SHG signal of the
monolayer flake at four different excitation wavelengths:
740 nm, 800 nm, 840 nm, and 1,040 nm, using glycerin as
the embedding medium. The dependence of the resolution
on wavelength for different NA’s of objective lenses is shown
in Figure 3a. The graph illustrates the theoretical limit of lat-
eral resolution for the objective lens with a numerical aperture
of 1.3 at different wavelengths. The experimental results align
with expectations and show a deterioration of resolution with
increasing wavelength for the specific objective lens. A lower
value indicates better resolution and vice versa. An exception
was noted at 800 nm, where better resolution was achieved
with a lower NA objective lens (0.8 versus 0.65). A similar ap-
parent exception was also observed at 740 nm (1.0 versus 1.3),
which is within the experimental margin of error.
Additionally, the obtained values are above the theoretical
limit at all wavelengths. Figure 3b shows the dependence of
the lateral resolution on the NA of the corresponding objective
lenses for different wavelengths. The results are generally in
line with expectations, with two exceptions observed for ob-
jective lenses with NA values of 0.8 and 1.0, where better reso-
lution was achieved at 840 nm compared to 800 nm. The
aforementioned exceptions might be attributed to the fact
that the objective lenses used in this study are not designed
for infrared light but for visible light (see Table 1), resulting
in suboptimal focusing. This may vary from case to case (for
different objectives, at different wavelengths). The lateral
resolution for the 40 x 1.3 objective lens exhibits weak wave-
length dependence, which agrees well with the theoretical limit
shown in Figure 3a. As the monolayer flakes are significantly
thinner than the expected resolution, deconvolution is not re-
quired. Notably, no photobleaching of the samples was ob-
served at any wavelength during monolayer imaging.

In addition to the factors already mentioned, resolution is
further influenced by the order of interaction. While TPEF
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Fig. 6. (a) Typical intensity profile extracted at the edge of the WWS; monolayer flake in THG modality for a 40 x 1.3 objective lens. The profile was fitted
using the error function, with the quality of fit parameter A% = 99.6%. (b) Intensity distribution obtained by averaging the intensity of a chosen area of 0 x
60 pixels for each image in the stack. The x-axis represents the axial position of the image plane. Fitting was performed using the Gaussian function, with

the quality parameter of fit R = 99%.
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and SHG are conceptually distinct processes, both involve
two-photon interactions, suggesting that the resolutions ob-
tained for the corresponding imaging modalities should be
closely aligned. This implies that the theoretical limit will be
the same for both imaging modalities at a given wavelength.
Despite the slightly higher excitation wavelength of 740 nm
used for the resolution measurement in the SHG modality,
the measured resolution of (300+10) nm exceeds that of the
TPEF modality (320420) nm obtained at 730 nm. However,
this statement is not conclusive as the measurements are with-
in the margin of error. Both measurements were performed us-
ing a 40 x 1.3 objective lens. The fluorescent beads utilized in
our study do not serve as ideal point-like sources for resolution
measurement. In contrast, monolayer flakes due to their exten-
sive thinness, offer a better approximation when combined
with the knife-edge technique.

Using the same method, we also investigated the influence of
the embedding medium on the lateral resolution of the SHG
modality. We recorded images of monolayer flakes at various
excitation wavelengths using a 40 x 1.3 objective lens, with
one sample embedded in glycerin and the other in air.
Figure 4 illustrates the lateral resolution for the two specified
embedding media. It is shown that the resolution is closer to
the theoretical limit when glycerin is present at all excitation
wavelengths used, indicating a more appropriate utilization
of the objective lens.

Axial Resolution in SHG Modality

In addition to assessing lateral resolution, we also investigated
axial resolution using the same samples. The SHG signal of
glycerin-embedded monolayer flakes was recorded at various
excitation wavelengths. For each wavelength, a stack of typic-
ally 30 images was acquired, with a slice spacing of 0.25 ym.
To determine the axial resolution at a specific wavelength,
we selected a homogeneous surface area from each image of

Table 3. Comparison of Lateral and Axial Resolution in THG Modality
between Different Embedding Media and Objective Lenses, along with
the Theoretical Limits Provided in Brackets.

Lateral Resolution («m)

THG (1,040 nm) Axial Resolution (um)
20x0.8 40%x1.3 40x 1.3

Glycerin 0.44 (0.39) 0.27(0.24) 1.10 (0.92)

Air 0.75(0.39) 0.43 (0.24) 5.90 (0.63)

The theoretical limits were calculated using the equations (1) and (2) with the
refractive indices of glycerin and air: 7= 1.47 and n = 1, respectively.
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the stack. Figure 5a displays the calibrated 3D model of the
monolayer flake and provides an example of the surface
used to derive parameters for axial resolution assessment.
The resolution was determined based on the dependence of
average intensity of the chosen surface area on the correspond-
ing axial position of the image plane in the stack. This is shown
in Figure Sb. This dependence was fitted with a Gaussian func-
tion and the FWHM was determined as a measure of reso-
lution. The measurement involved two objective lenses with
distinct NA values with an aim to investigate how the reso-
lution varies with the NA for different wavelengths. The cor-
responding results are shown in Figure Sc together with the
theoretical resolution limit in the case of an objective lens
with an NA value of 1.3. Although the obtained resolution
is above the theoretical limit, the observed trend deviates
from expectations and indicates an improvement in resolution
with increasing wavelength, which is particularly evident for
the 20 x 0.8 objective lens. A similar trend can be seen for
the 40x 1.3 objective lens. As expected, superior results
were consistently obtained with the higher NA objective lens.

We also investigated how axial resolution is affected by the
embedding medium. The SHG signal of MoS; monolayer
flakes was recorded using a 40 x 1.3 objective lens at excita-
tion wavelengths of 740 nm and 800 nm, using glycerin and
air as embedding media. A comparison between the axial res-
olutions obtained for different embedding media is provided
in Table 2. Significantly poorer results were obtained when
air was used as the embedding medium.

Resolution Assessment in THG Modality

We measured both lateral and axial resolution of the micro-
scope in the THG modality using WS, monolayer flakes im-
mersed in glycerin with an excitation wavelength of 1,040
nmanda40 x 1.3 objective lens. Figure 6a shows a typical in-
tensity profile extracted from the edge of the monolayer flake.
This profile was fitted with the error function, resulting in a
lateral resolution of (270 + 10) nm. Figure 6b shows the distri-
bution of the average intensities of the selected surface area
from each image of the stack (slice separation of 0.25 um)
over the axial position of the image plane. Using this profile,
we were able to determine the axial resolution to be
(1.07 £ 0.06) um. We investigated how both the lateral and
axial resolution in THG modality vary between different em-
bedding media and objective lenses. An overview of the results
is displayed in Table 3, which quantifies the effect of embed-
ding media with different refractive indices on image

Fig. 7. (a) MoS; monolayer flake with glycerin as the embedding medium. (b) MoS; monolayer flake with air as embedding medium. The figure clearly

shows decreasing of the THG signal in air.
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Fig. 8. TPEF signal of Phycomyces blakesleeanus hyphae, stained with
the vital mitochondrial dye Rhodamine123, excitation wavelength 800
nm, laser power 2 mW, emission filters: VIS (400-700 nm) bandpass
filter (from EOS50D camera, Canon), and 530/43 bandpass filter
(MF530-43, Thorlabs, Inc.). (a) Original, unprocessed image. (b) Image
deconvoluted using the Richardson-Lucy algorithm in MATLAB
software. Deconvolution was performed using the Gaussian distribution
with a FWHM equivalent to the FWHM of the PSF measured under
identical experimental conditions. The insets show that smaller
mitochondria can be resolved when the image is deconvoluted.

resolution. Here, too, significantly poorer results were
achieved for the resolution in air.

An interesting observation is that the THG signal of MoS,
monolayer flakes in glycerin differs from that in air. More spe-
cifically, the MoS; monolayer flake exhibits a dominant THG
signal in glycerin over the substrate-glycerin interface, where-
as the same monolayer flake in air suppresses the THG signal.
Figure 7a shows the THG signal of Mo$S, immersed in glycerin
is presented, whereas Figure 7b demonstrates how the THG
signal from the sapphire substrate dominates over the THG
signal of the MoS; monolayer flake. It is known from the

Microscopy and Microanalysis, 2024, Vol. 30, No. 4

literature that the %) values of 2DMs depend on the excitation
wavelengths (Autere et al., 2018, and references therein; Wang
etal., 2013) as well as other parameters such as strain, defects,
doping, substrates, and chemical treatment (Autere et al.,
2018, and references therein). Here, the only difference be-
tween these two systems is the interface, which causes the in-
crease in the nonlinear optical response through
phenomenological surface-enhanced THG discussed in
Tsang (1995). Although a detailed explanation of this effect
is beyond the scope of this discussion, it is worth noting that
even in this case, an inverted edge emerges that allows reso-
lution assessment using the knife-edge technique. There is no
difference in the assessment of SHG resolution when either
material is used.

Image Resolution Improvement by Deconvolution
The PSF full-width values presented in this paper can be used
as input data for deconvolution to improve the resolution of
images acquired with this NLSM setup. Deconvolution is par-
ticularly important for improving image quality when dealing
with samples containing structures whose dimensions are very
close to the resolution limit, as it enables them to be visualized
as distinct and separate objects. Figure 8 shows a representa-
tive image before (a) and after (b) deconvolution, highlighting
a significant improvement in the efficiency of discerning and
identifying small objects within the sample. In Figure 8, the im-
age was deconvoluted using the Richardson-Lucy algorithm
in MATLAB software. The deconvolution was performed us-
ing a Gaussian distribution with a FWHM equivalent to the
FWHM of PSF measured under identical experimental
conditions.

Conclusion

We have presented measurements of resolution for all imaging
modalities (TPEF, SHG, and THG) of our custom-built NLSM
using two distinct approaches. We performed a direct assess-
ment of both lateral (using fluorescent nanospheres in the
TPEF modality) and axial resolution (in the SHG and THG
modalities). The assessment of lateral resolution in the SHG
and THG modalities was performed using the knife-edge tech-
nique on WS; and MoS; monolayers. The lateral technique of-
fers a higher SNR, no photobleaching effect and shows good
agreement with the conventional resolution measurement
technique using fluorescent nanospheres. Assessing SHG and
THG imaging resolution by the knife-edge method overcomes
the coherence problem encountered when probing with small
(point-like) objects. The obtained results, namely the PSF
FWHM values, were employed in image processing by decon-
volution, for resolution enhancement.

In addition, we performed a comprehensive analysis of how
the resolution varies with numerical aperture of the objective
lens, excitation wavelength and refractive index of the embed-
ding medium. The results closest to the theoretical limit were
obtained when glycerin was used as the embedding medium
atall wavelengths, for both SHG and THG imaging modalities
and all objective lenses examined. The latter implies that vari-
ous embedding media can significantly influence resolution
and thus the quality of acquired images. The use of a suitable
medium might lead to significantly better imaging results, as
objective lenses are usually designed for biological samples
embedded in media with a refractive index above 1. As a
side note, the intensity of the THG signal from TMD
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monolayers strongly depends on the substrate- monolayer-
medium combination and can either be enhanced or sup-
pressed. For example, MoS; monolayer flakes show a pro-
nounced THG signal in glycerin over the substrate-glycerin
interface, while the same monolayer flakes in air suppress
the THG signal.

In conclusion, the proposed use of WS, and MoS; mono-
layers has emerged as a promising tool for the characterization
not only of nonlinear imaging systems in terms of lateral and
axial resolution, but also of various microscopic systems.
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Abstrack The gadolinium vanadate doped with samarium (CAVOy:5m) nanopowder was pre-
pared by the solution combustion synthesis (SC5) method. After synthesis, in order to achieve
full crystallinity, the material was annealed in air atosphere at 900 *C. Phase identification in the
post-annealed powder samples was performed by X-ray diffraction, and morphology was investi-
gated by high-resolution scanning electron microscope (SEM) and transmission electron microscope
(TEM). Photoluminescence characterization of emission spectriim and time resolved analysis was
petformed tsing tunable laser optical parametric oscillator excitation and streak camera. In addition
to samarium emission bands, a weak broad luminescence emission band of host VO4*~ was also
observed by the detection system. In our earlier work, we analyzed the possibility of using the host
luminescence for two-color temperatute sensing, improving the method by introducing the temporal
dependence in line intensity ratio measurements. Here, we showed that further improvements
are possible by using the machine learning approach. To facilitate the initial data assessment, we
incorporated Principal Component Analysis (PCA), t-Distributed Stochastic Neighbor Embedding
{+SNE} and Uniform Manifold Approximation and Projection (UMAP) dustering of GAVOM:Sm®*
spectra at various temperatumes. Good predictions of temperatiite were obtained using deep netiral
networks Performance of the deep learning network was enhanced by data augmentation technique,

Keywords: samarium-doped gadolinium vanadate nanopowder; structural and luminescent properties;
lifetimme; phosphor thermometry; machine learning

1. Introduction

In this paper, we present the results of experimental investigation of Smg'*—doped
GdVOy nanopowders. Nanopowder GdVOy:5m is an efficient orange-reddish light-
emitting material [1]; light emission occurs due to a strong absorption of ultraviclet light
by GdVOy and efficient energy transfer from vanadate groups (VO4*~) to dopants (Sm™*).
Itis a good candidate for phosphor thermometry [1,2] Here, it is prepared by the solution
combustion synthesis (SCS) method [1]. Simplicity and low cost are the main characteristics
of this process. Phase identification in the post-annealed powder samples is performed by
X-ray diffraction, and morphology is investigated by high-resolution scanning electron mi-
croscope (SEM) and by transmission electron microscopy (TEM). The main aim of this study
is time-resolved analysis of luminescence properties of GdVO,,,:SIn3+ nanopowders. The
possibility for GdVOg:5m** usage in phosphor thermometry was analyzed in ref. [2], where
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temperature determination of sensing calibration curves was based on luminescence inten-
sity ratios of samarium lines. Inref. [1], we used the intensity ratio of the host luminescence
emission and samarium line to obtain temperature-sensing calibration curves, as proposed
in refs. [3-6]. Calculation of temperature by intensity ratio of two luminescence peaks of
different colors is called bwo-color thermometry. In ref. [1], the method was improved by
introducing temporal dependence in the ratio measurements, as proposed in ref. [7]. Here,
we propose a different approach, based on machine learning (ML). ML techniques are more
and more used in the analy sis of humi , near-infrared, and other spectral data [#-18].
QOwr findings demonstrate that instead of the conventional approach of identifying spectral
peaks and calculating intensity ratios, it is feasible to train computer software to recog-
nize time-resolved spectra associated with different temperatures of the thermophosphor.
Traditionally, luminescence thermometric methods rely on analyzing a single spectral
characteristic parameter, selected based on the properties of the thermophosphor and the
researcher’s intuition or experience. This approach leads to a partial utilization of spectral
data, limiting measurement accuracy and thermal resolution. In contrast, the authors of [12]
trained a deep kamning artificial neural network to extract multiple tem perature-dependent
features for temperature estimation, fully utilizing temperature-dependent spectral data.
However, the spectral data in ref. [12] did not include temporal information. In our re-
search, we take a step further by incorporating time-resolved spectra into machine learning
(ML}-based temperature estimation using a deep learning artificial neural network. This
approach allows us incorporation of the thermophosphor’s lifetime dependence into our
analysis. In ref. [15], our measurements were aimed to be used by ML. We performed
50 measurements for each temperature of the sample. Upon inspecting the measured
spectra in ref, [18], we realized that they have very small intensity differences, as expected.
The main differences between the spectra acquired at the same temperabure were contents
of random noise introduced by the photon-counting operation of streak camera. On the
other hand, in this study, we analyze measurements which were not obtained specifically
for ML; in other words, there was not a large enough training set of training data for
ML. To overcome this difficulty. we used the data augmenting techniques; see [19] and
references themein.

2. Materials and Methods

GdVOy nanopowder doped with samarium ions was prepared by the solution com-
bustion method, as described in ref. [1]. Stoichiometric quantities of starting chemicals
Sm(NOa)s, GA{NO4a)a-6H:0, and NHVOs with the purity of 99.99% were chosen to obtain
the Sm?* concentration in GAVOy of 1 at.% (Gdy_ggSmyy; V). All the chemicals and
ammonium nitrate NHyNO3 were purchased from ABCR, and urea, (NH3)2CO, from
Sigma-Aldrich Merck KGaA, Darmstadt, Germany. The dry mixture of 0.134 g (0.4 mmol)
of Sm(NOs)3, 18.05 g (40 mmol) of GA{NOa )3 -6Hz 0, and 4.676 g (40 mmol) of NHyV O3 was
combined with the mixture of 4.8 g (60 mmol) of ammonium nitrate and 3.003 g (50 mmol}
of urea, which were used as organic fuels. The prepared starting reagents were combusted
with aflame bumer at approximately 500 °C, yielding a voluminous foamy powder in an
intensive exothermic reaction. After the solution combustion synthesis, the nanopowder
was annealed for 2 b, in air atmosphere, at 900 °C. Annealing has an effect on increasing the
grain size of the nanopowders and it is widely used to achieve higher emission intensity.

The structure of the nanopowder was verified by X-ray diffraction analysis using
a Diffractometer system: EMPYREAN, PANalytical. X-ray diffraction analysis (XED)
was performed using a X-ray Diffractometer PANaly tical Empyrean, Malvern Panalytical,
Malvern, United Kingdom with monochromatic CuK « radiation (v = 0.15405980) at 45 KV
and 40 mA. The diffraction data for the GAVO4-5m nanopow der were collected over a 20
range from 5 to 1107 at a scan rate of 0.4° per minute.

The morphology of nanopowders and the size of crystallites were determined by
a high-resolution scanning electron microscope (SEM) equipped with a high-brightness
Schottky Field Emission gun FEGSEM, TESCAN Bmo—Kohoutovice Czech Republic.
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The morphelogy of GAV(4-5m nanopowder was also evaluated by transmission electron
microscopy (TEM), FEI Tecnai Fa0 Hillsboro, Oregon, United States. Photoluminescence
(PL) studies reported in this work were performed using the Optical Parame tric Oscillator
Vibrant OPO Carlsbad, California USA, as described in ref. [1]. The output of the OPO
can be continuously tuned over a spectral range from 320 nm to 475 nm. Time-resolved
streak images of the emission spectrum excited by the OPO system were collected using a
spectrograph (SpectraPro 2300i), Teledyne Princeton Instruments, New Jersey USA and
recorded with a Hamamatsu streak camera (model C4334), Hamamatsu City, Japan. All
streak camera operations were controlled by HPD-TA 83.0 (High-Performance Digital
Temporal Analyzer) software. For measurements presented here, we used a homemade
temperature control system, similar to the one in ref. [20].

To perform the machine learning (ML) analysis of the data, we utilized the Selo + Mia
software package (Version 9.1, Eigenvector Research Inc, Manson, Washington USA). Solo
provides a user-friendly environment, making it usable to individuals without program-
ming expertise.

The measured spectra were initially analyzed using Principal Component Analysis
{PCA) and Uniform Manifold Approximation and Projection clustering (UMAFP). PCA was
originally introduced in ref. [21], and for further details, we refer the reader to [22] and the
referenced sources therein. Efficient imp lementation of t+-SNE is proposed in ref, [23].

UMAF, a novel clustering technique suitable for visnalizing extensive datasets, was
recently proposed in ref. [24]. Ultimately, after conducting preliminary visualization exper-
iments, we employed a deep learning artificial neural network to estimate the temperature
of the heated samples.

3. Results
3.1. TEM, XRD, and SEM Study

The morphology of GAVOy:5m nanopowder was evaluated by transmission electron
microscopy (TEM). TEM analysis shows the presence of slightly elongated particles formed
by much smaller monocrystals as presented in Figure 1a. High-resolution TEM (HRTEM)
shown in Figure 1b exposes their good crystallinity, clear lattice fringes, and the interplanar
spacing of 477 A, which might be associated with the (101) plane of the tetragonal GAVOy
phase. Selected area electron diffraction (SAED) and fast Fourier transform (FFT) analyses
revealed d values of 477 A, 3.61 A, 2.69 A, 255 A, and 1.86 A, which match well with the
(101}, (200}, (112), (220), and (312) crystal planes of the tetragonal GAVOy phase (JCPDS
00-017-0260). We confirmed the coexistence of a cubic Gd; O3 phase, specifically the (222)
and (400) planes, with the corresponding d values of3.11 A and 2.70 A (JCPDS 01-073-6280).
In addition, the monophase composition of particles was identified by the presence of
the above-mentioned crystal planes with d values corresponding well to those obtained
through the X-ray diffraction (XRD) analysis of the sample presented in Figure 2.

Figure 1. (a) TEM image of GdVOy-5m nanoparticles with the inset showing the SAED pattern
{b) HETEM image of a section of the nanoparticle highlighted in the red squarte in (a). The inset displays
an interplanar distance of 4.77 A, likely coresponding to the (101) lattice plane of tetragonal GAVIOY.
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Figure 2. The XRD pattern of the GdVO4Sm nanopowder with respective Miller indices.

The particle size and morphology of the GAVO4:5Sm nanopowders were characterized
by SEM (Figure 3). Some particles were agglomerated as clusters; however, individual
spherical shaped particles are also visible in Figure 3. The estimated average particle
size was about 50 nm. Looking at the SEM image (Figure 3), it is likely that the sizes of
individual particles of nanopowders were about from 30 nm and up to 100 nm.

200 nm
3 ' B

Figure 3. SEM image of GdVO4:Sm nanopowder.

3.2. Photoluminescence and Lifetime Analysis

The streak image of the time-resolved photoluminescence spectrum of GdVO,Sm3+
using the 330 nm excitation is presented in Figure 4. The horizontal scale of the streak
image corresponds to wavelength and the vertical scale shows the development of spectra
in time. Images are usually presented in pseudocolor, where different colors mean different
optical intensities. Using camera software, it was determined that the estimated lifetime
of the most prominent samarium optical emission from the 4G5/ level is 0.78 ms at room
temperature [1].
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Figure 4. Streak image of the photol umine scence spectrum of GdVO,:5m* nanophoesphor (OFO
excitation at 330 nm) at room tempera ture.

3.3. Photoluminescence and Lifetime Analysis Tenperature Dependence of Photoluminescence

The new concept based on using the host luminescence for the luminescence intensity
ratio method was introduced; for more details, see [4] and references therein. In our
previous study [1], the method was improved by introducing temporal dependence in the
intensity ratio measurements, as proposed in ref. [7]. Namely, it was possible to increase
the sensitivity of the curve of intensity ratio between the host and samarium luminescence
if the appropriately selected part of temporal eveolution is used in calculation. This was
our early attempt to improve the temperature estimation by introducing the temporal
characteristics of luminescence emission, recorded by the streak camera. In ref. [25], we
combined several methods for temperature measurements to obtain the best results.

The luminescence spectra of GAVOy:5m nanopow der were measured at various tem-
peratures using OPO excitation at 330 nm and streak camera. Figure 5 shows the lumines-
cence emission of GdVOy:5m nanopowder at bwo temperatures.

Figure 5 Streak images of the photoluminescence spectrum of GdV OgSm* nanophosphor at
two temperatiires.

Figure 6, which provides analysis of temperature dependence at eight different tem-
peratures, is used in other analyses in this manuscript. Figure fa shows changes in intensity
ratios of luminescence peaks. Figure tb shows and summarizes changes in lumines-
cence lifetimes,
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Figure 6. Temperatume dependence of intensity ratios of luminescence peaks (a). Temperatuire
dependence of luminescence lifetimes (b).

It can be seen in Figures 5 and & that intensity ratios between different peaks vary with
changing the temperature of the sample. Moreover, lifetimes of luminescence emission
decreases with the increase in emperature. So, it is intuitively clear that taking into account
the intensity ratio and the lifetime of the luminescence emission provides better temperature
estimation. The analysis will be further improved if the intensities of all prominent peaks
are included into temperature estimation. The natural answer to the question of how to
achieve all this is to use machine learning methods applied to streak images.

In this study, the spectra wemre measured at 640 wavelength points. The time axis of a
streak image has 480 points. To alleviate the computational burden of machine learning
computations, we selectively chose specific portions of the streak image that contained
the majority of the spectral and time-resolved information. After some experimenting,
for the ML analysis, we focused on 90 spectral points corresponding to bands between
558 nm and 568 nm, 592 nm and 612 nm, and 41 nm and 656 nm. The selected time frame
consisted of 120 points. A total of 80 points were from a sireak image with the time range of
100 ps, equivalent to approximately 80 x 100/480 = 16.66 ps, starting from 25 ps. Another
40 points dwere from a streak image (of the same sample at the same temperature) with the
time range of 5 ms, equivalent to approximately 40 x 5000/480 = 416.66 ps, starting from
826 ps. In this way, there was sufficient information to highlight the intensity ratios and
temporal decrease in luminescence. We see the omitted points as a computational burden,
because in our earlier attermpts, with larger ROIs, there were no increases in performance
of the deep leaning network, just longer computational time.

To understand the following improvement of neural network performance, letus point
out that the rows of the streak image correspond to the spectra of the image at a certain time,
defined by the columns of the streak image. So, further improvement in performance was
achieved when we replaced five rows of selected ROITwith one row. In other words, each
pixel of the new row was calculated as a mean value of five points of the same wavelength
successive in time. Thus, we obtained an increased performance of the neural network (in
a sense of root standard errors) because of the mean filtering of columns; moreover, we
obtained calculations faster because of the reduced numbers of rows,

As a result, each sample used for ML analysis comprised 120/5 » 90 =24 »x 90= 2160
data points. To generate the input vector of 2160 data points, the pixel rows of each of
the selected spectral bands in the image were packed sequentially in time row by row. In
SOLO software, we used also two preprocessing techniques on neural network input data,
normalization, and data smoothing,

In order to construct the temperature calibration curve presented in ref. [1], we con-
ducted measurements on samples at regular intervals of about 50 degnees Celsius, ranging
from 27 °C to 350 °C. Measurements for temperature estimation were performed at bwo
time ranges, 100 ps and 5 ms. However, the number of measurements was obviously
insufficient for ML training. To obtain the larger training data set, we decided to use image
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data augmenting techniques. A nice survey on image data augmentation for deep learning
is presented in ref. [19].

Asa clue to augmentation of our measured spectra, we used the experience from our
earlier publication where measurements were carried out with the intention to be used
for ML analysis, taking 50 streak images for each temperature. The visualization of these
training data in ref. [18] by PCA and UMAP showed that the measured spectra at each
temperakure had similar characteristics. By looking at the spectral profiles, it could be seen
that they were almost the same, differing only by random noise.

Here, we use the same spectra, measured in ref. [1]. In order to obtain augmented
training set for ML analysis, we used the simple technique based on the properties of the
acquired streak images. Keeping in mind that the luminescence lifetime of this material
is about (.78 ms, it is easy to see that translating the region of interest of a streak image
by several rows results in almost negligible intensity change and a clear difference in
random noise added by the photon counting mode. After selecting the region of interest
for analysis, the shifting of the vertical offset of ROI was defined by a random number
generator, serving the purpose of augmenting the training data set. The procedure was
coded in the C language. We first used the training set consisting of 10 samples for each
temperature. The training data for each temperatume were added sequentially using batch
processing to obtain a training data file readable by SOLO software.

To check the usefulness of constructed training set and the actual diversity of data, we
used several visualization techniques.

Principal Component Analysis (PCA) score plots serve as a valuable tool for initial
data assessment and verification. In Figure 7, the scores on the first three principal com-
ponents of GdVO;:SmE"' spectra at different temperatures are displayed. It is noticeable
that spectra obtained at similar temperatures tend to cluster together, although not per-
fectly. Consequently, to facilitate the initial data assessment, we incorporated tDistributed
Stochastic Meighbor Embedding (t-SNE) and Uniform Manifold Approximation and Pro-
jection (UMAP) clustering of GAVOy5m™ spectra at various temperatures.

PCA

L™

Scares on PC 2 (1.54%)
n a
L.

.5;""'.‘-5 ;:llel} 195, 1?%I-.
Figure 7. Scores on first two principal components of GdVO,:Sm™ spectra at different temperatures
The t-5NE and UMAP clustering results of GdVD,;:SmS*' spectra at various temper-

atures are depicted in Figures 8 and 9. It is obvious that the good groupings of classes
are distinguishable.
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The deep learning artificial neural network (ANNDL) implementation in SOLO can uti-
lize either the SciKit or TensorFlow Py thon packages. In our case, we chose the TensorFlow
Python package, which utilizes GPU acceleration for highly efficient computations.

The primary concept behind temperature estimation of thermophosphors using AN-
NDL involves training the network with sample spectra that have corresponding tempera-
ture measurements. During the training phase, the network iteratively minimizes errors
between the calculated and predicted temperatures. Since the region of interest in the
streak image of GdVOy:5m consists of 2160 points, the input layer of the deep learning
network has 2160 nodes Considering that this nefwork aims to approximate two types of
exponential functions—one for intensity ratios and another for uminescence lifetime—we
initially considered using bwo hidden layers. The initial default size of a hidden layer
in SOLO software is 100. However, we experimented with different numbers and sizes
of hidden layers. Based on our experience, we decided that 100 nodes do not provide
optimal predictions, in a sense of root mean standard errors. We gradually increased the
sizes of hidden layers until the increase in neural network performance became saturated.
Ultimately, we determined that a neural network with two hidden layers, each containing
540 nodes, was the optimal solution. The optimal number of epochs was 600, the batch size
was 50. The output layer consisted of a single node representing the predicted temperature.




Phofomics 2024, 11, 642

Sof13

A schematic diagram illustrating the deep learning nebwork used in this study is shown in
Figure 10.

20 nodes

30 nodes

RO of Streak
Image24 x 90

Output node
Predicted
temperatune

H
.
.

W rades B Hidden layers 540 nodes

Input layer 24 x 90 = 2160 nodes

Figure 10. A schematic diagram illustrating the deep learning network used in this study. It is not
possible to draw all arrows, and the shown arrows are merely symbolic, The pixel rows of the region
of interest in the image are fed into the input layer as shown in the diagram.

After conducting several experiments, we determined that the Adam optimizer out-
performed other optimizers, and that the Relu activation function is optimal for our case.
Adam optimizer utilizes a default learning rate of 0.001, but it can adaptively adjust the
learning rate based on the characteristics of the data. For cross-validation, we employed
the Venetian blind method with a data split of 10, meaning that in each sub-validation
experiment, 90% of the data was used for training and 10% for validation.

In other words, this 10% of data was used as test data, not seen by the computer
in sub-validation experiment where 90% of data was used for training. To be precise,
such sub-validation experiments were repeated 10 times, making test data unnecessary.
Moreover, it should be noted that validation computational time is much longer than the
initial construction of the neural network.

Following further experimentation, we selected a batch size of 50. After some trial and
error, we decided to set the number of epochs to 600, Before processing the data, we used
normalization procedure 1-Norm (area = 1) on the dataset. Then, the data were smoothed
using the Savilzky—Golay filter. The width of the filker was five, with a polynomial order of
six and weighted tails. These preprocessing options are built in the SOLO software.

Figure 11 shows the results of deep learning predictions of the measured temperahures
when the neural network is presented with part of the spectra not seen by the computer
in that validation cycle. Notably, the errors for the samples within the training set are
relatively small. Validation errors are comparably larger. In comparison to the results
presented in ref. [18], we observed larger maximum errors.

Based on the idea that a larger training set reduces problems in neural nebworks, we
augmented the training set to 50 samples. Figure 12 shows the results of deep learning
predictions of measured temperatures when the augmented training set was used. More-
over, optimizing the structure of the neural network resulted in decreasing of the optimal
number of epochs from 600 to 100, and the balch size decreased from 50 to 12. Errors wene
comparable to the results presented in ref. [15].
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Figure 12, Plot of predicted temperatures using the training set of 530 samples for each temperature.
RMSEC refers to the root mean standard error of calibration; EMSECV refers to the root mean
standard error of cross-validation.

4. Discussion

In this study, the data not criginally intended for ML were visualized using PCA,
+5NE, and UMAE, showing the good grouping of the data cormesponding to the same
temperature. Thus, in this paper, visualization techniques proved the possibility of using
the original experimental data after appropriate augmentation.

In [18], for each temperature, a set of 50 spectra was measured, resulting in a total
of 650 training spectra (13 temperatures multiplied by 50 spectra per temperature). Here,
we analyzed the spectra corresponding to eight femperatures, and the training set initially
comprised 80 (8 multiplied by 10) spectra. Using visualization techniques, we proved
that the technique used for data augmentation was appropriate. However, subsequently
using ANNDL to obtain temperature predictions with similar values of RMS as in ref. [18],
we had to expand the training set up to 50 for each temperature. After that, the struc-
ture of ANNDL and computational times were similar to those in ref. [18]. It should be
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pointed out that structure (number of hidden layers and number of their nodes), number of
epochs, and batch size decreased when ANNDL was trained with the training set of 50 for
each sample.

In the previous section, we presented the best results achieved through a trial-and-
error process. Now, we validate this educated guess using the learning curves of the neural
network. The lkarning curves illustrating the training progress of the ANNDL model are
shown in Figure 13. The curves were generated by repeatedly running the deep neural
network model with an increasing number of epochs. Based on the shapes of these curves,
we decided to set the number of epochs for future experiments with these data to 100 as
a precaution.

.

& roof-mean-standard error for calibration
| +— root-mean-standard error for cross-validation

Less

o

T T T T T T T T T T T T T T
0 20 40 B0 BD 100 120 140 150 180 200 220 240 280 280 300

MNumber of epochs
Figure 13. The learning curves depicting the training progtess of the ANNDL model.

When comparing our results to those reported in ref. [26], our method yields slightly
superior prediction errors. Notably, our deep neural network model achieves optimal
performance after approximately 100 epochs, whereas the study inref. [26] requires training
the nebwork for 68000 epochs.

In mference [13], the authors explore the use of linear transformations (Principal
Component Analysis) and non-linear transformations (+Distributed Stochastic Neighbor
Embedding) on thermophosphor calibration datasets. Their findings show a clear adwvan-
tage compared to our results when using PCA or UMAF. However, this was exactly why
we chose toemploy a deep learning neural network in our approach.

Compared to the mesults presented in ref. [12], we observed slightly larger maxi-
mum errors. We anticipated that incorporating the time development of luminescence
spectra into our prediction model would enhance performance relative to the network
described in ref. [12]. However, it is important to note that our temperature controller
lacks manufacturer-specified resolution and accuracy. We estimate that its sporadic errors
can reach up to two degrees Celsius, regardless of the temperature value. As a result,
the relative error can be significant at lower temperatures. In contrast, the temperature
controller used in ref. [12] has a specified temperature resclution of 0.01 degrees Celsius
and a stability of £0.05 degrees Celsius. Cur main objective was to validate the concept of
using the time evelution of luminescence spectra for remote temperature estimation, and
the results presented here support this concept.

5. Conclusions

After aphase identification and morphology of postannealed powder samples
GAVOy:5m* using X-ray difiraction, the ime-resolved analy sis of this nanoposphor hami-
nescence was conducted. The estimated lifetime of the most prominent samarium optical
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emission from the dGsl,rz level is 0.726 ms at room temperature. We employed machine
leamning techniques to analyze the optical spectra of Gd‘\.’l:!id,:Smg’+ thermophosphor in
order to improve remote temperature measurements. Our approach deviates from the
conventional method of identifying spectral peaks and calculating their intensity ratio.
Instead, we trained a computer model to recognize the time-resclved spectra associated
with different temperatures of the thermophosphors. This allowed us incorporation of not
only the intensity ratios of all peaks but also the luminescence lifetime as an additional
parameter. We showed that, for the analyzed GdVDi:SmE* material, the temperature
sensing is useful up to 350 ®C. We used the streak camera to prove the concept. The real
application of this method will be based on using the gated CCD cameras and appropriate
bandwidth filters for selecting the emission region of interest. To improve the performance
of the deep learning network, we used the augmenting of the training data set. In summary,
our analy ses proved that it is gossi’ble to use a deep learning neural network for improved
temperature sensing with Sm**-doped GdV'(Oy nanopowder.
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retains its degree of dispersion for one week. Therefore, this model is a suitable
candidate for further research and development of a lipid-based dosage form for
Alendronate sodium.
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Microscope resolution is the shortest distance between two points on a sample that
can be distinguished as separate entities. Due to the wave nature of light and
the phenomenon of diffraction, it is fundamentally limited: even under theoreti-
cally ideal conditions and optical components, the microscope has a finite resolu-
tion.

In this paper, we determined lateral and axial resolution of a nonlinear laser scan-
ning microscope by measuring its point spread function (PSF) in two ways: by imag-
ing fluorescent beads using two-photon excited fluorescence (standard method),
and by using monolayers of molybdenum disulfide - M 0S5 (non-standard method),
obtained by chemical vapor deposition [1], which, due to the lack of central sym-
metry, efficiently generate second harmonic signal.

Parameters such as the numerical aperture of the objective and the excitation wave-
length contribute to the resolution, so it changes depending on the current set-
ting of the microscopic system. Measurements were performed for two different
objectives and several standard excitation wavelengths, depending on the type of
sample. As expected, the best resolution was obtained for the objective with the
largest numerical aperture (40x 1.3) and the shortest excitation wavelength (730nm):
Rige = 260nm, Ry, = 1648nm. In addition, the values obtained by the non-
standard method are closer to the theoretical values of the resolution, because the
contributions of the out-of-focus signal are significantly smaller due to the two-
dimensional nature of the layers. This implies that it is better to use this type of
sample to determine the resolution of the microscope. The measured PSF can be
further used to deconvolve the images obtained on this microscope.

Due to its properties such as large penetration depth of incident radiation and label-
free imaging, as well as the possibility of obtaining 3D models, our microscope is
widely used in examination of the samples of biological origin, such as: erythrocytes
[2], chitinous structures [3], human colon tissue [4], collagen and dentin.
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Leukemia is the most common type of cancer found in children. It accounts for
around 33% of all malignant diseases in pediatrics.

Differential scanning calorimetry DSC is a highly sensitive technique that measures
temperature-induced conformation changes in proteins. As such, it is useful in mea-
suring the exact values of concentration, conformation and interaction between pro-
teins and other molecules and allows for observing specific insignificant changes
in blood plasma and CSF (cerebrospinal fluid), related to various pathological pro-
cesses. This way, plasma and CSF proteins could serve as biomarkers for the diag-
nosis and monitoring of the disease.

In this study we have used DSC to compare alterations in the protein thermal de-
naturation profiles of blood plasma and CSF, taken from children with acute lym-
phoblastic leukemia (ALL), with the corresponding fluids from other children in
continuous remission with healthy clinical and hematological statuses, used as con-
trols.

Here we present DSC measurements of blood plasma in children in cases with
leukemic infiltration present in the bone marrow. In some cases they are about
newly developed disease or relapsed one, and in other cases about Non-Hodgkin’s
lymphoma with secondary spread to the bone marrow and also lymphoid blast crisis
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Exploring the nano-scale world using a custom-made Fluorescence
Correlation Spectroscopy (FCS) instrument

J.Z. Jeli¢', M.D. Rabasovié', S. Nikoli¢', V. Vukojevi¢? and A.J. Krmpot’
Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia
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Fluorescence Correlation Spectroscopy (FCS) is a powerful and non-invasive technique for
quantitative  characterization of the concentration, mobility, and interactions of
fluorescent/fluorescently labeled molecules in vitro and in vivo [1]. By exploiting the capabilities of a
confocal microscope and time-correlated single photon counting (TCSPC), FCS offers high temporal
resolution (sub-microsecond in commercially available systems, and down to picosecond time scale in
custom-made instruments dedicated to the study of fast processes such as rotational diffusion of
molecules and photon antibunching), diffraction-limited spatial resolution (= 200 nm) [2], as well as
single-molecule sensitivity. Conventional FCS utilizes temporal autocorrelation analysis of fluctuations
in recorded fluorescence signal caused by molecular motion through the small sample volume, often
referred to as the focal volume (typically 0.2 — 1 fL) [3]. FCS enables the quantitative measurement of
the concentration, translational diffusion coefficient, and interactions. Furthermore, FCS can provide
insights into local microenvironments, such as viscosity or pH, or about any other molecular process
related to alterations in the fluorescence signal [4]. By implementing two detection channels,
conventional FCS is extended to Fluorescence Cross-Correlation Spectroscopy (FCCS) [5]. In FCCS,
dual-color excitation and detection enable the monitoring of interactions and dynamics of molecules
that are labeled with spectrally distinct fluorophores [5].

Here, we present our custom-made FCS system and characterize its performance using Rhodamine 110
in aqueous solutions. We show that the sensitivity and effective volume size in our home-built FCS
instrument are comparable to those in commercial instruments.
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nonlinear laser scanning microscopy

M. Bukumira', J. Jeli¢', A. Dencevski', M.D. Rabasovié¢', N. Vuji¢iés, A. Senkié>, A. Supina’ and A.
Krmpot!
!Institute of Physics Belgrade, University of Belgrade, Laboratory for Biophysics, Belgrade, Serbia
Institute of Physics, Center of Exellence for advanced Materials and Sensing devices, Zagreb, Croatia
e-mail: marta@ipb.ac.rs

Microscope resolution is the shortest distance between two points on a sample that can be distinguished
as separate entities. Due to the wave nature of light and the phenomenon of diffraction, it is
fundamentally limited: even under theoretically ideal conditions and optical components, the
microscope has a finite resolution.

In this paper, we determined the lateral and axial resolution of a nonlinear laser scanning microscope
by measuring its Point Spread Function (PSF). The measurement was preformed in two ways: by
imaging fluorescent beads using two-photon excited fluorescence (standard method), and by using
transition metal dichalcogenide monolayers of molybdenum disulfide and tungsten disulfide (cutting
edge method). The monolayers - obtained by chemical vapor deposition [1], efficiently generate second
harmonic (SHG) signal due to the lack of central symmetry. The monolayers were also used for
determination of the lateral resolution of third harmonic generation (THG) microscopy.

Measurements were performed for different objectives and several standard excitation wavelengths,
depending on the type of sample. As expected, the best resolution was obtained for the objective with
the largest numerical aperture and the shortest excitation wavelength. In addition, the values obtained
by the non-standard cutting edge method are closer to the theoretical values of the resolution, because
the contributions of the out-of-focus signal are significantly reduced due to the two-dimensional nature
of the layers. The measured PSF can be further used to deconvolve the images obtained on this
microscope.

Due to its properties such as great depth of penetration of incident radiation and label-free imaging, as
well as the possibility of making 3D models, our microscope is widely used in examining samples of
biological origin, such as: erythrocytes [2], chitin structures [3], human colon [4], collagen, dentin, etc.

4 monblayer

-
-

monolayer

Figure 1. Left: WS; (mono)layers; right: fluorescent beads of different diameters (4um and lpm).

REFERENCES
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Fluorescence Correlation and Cross-Correlation Spectroscopy (FCS/FCCS)
- versatile tool for quantitative characterization of molecular interactions in
vitro and in vivo

Mihajlo D. Radmilovi¢!, Sho Oasa?, Aleksandar J. KI‘II]pOtl, Mihailo D. Rabasovié', Jovana
Jeli¢!, Stanko Nikoli¢!, Vladana Vukojevié(1) Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

(2) Department of Clinical Neuroscience, Karolinska Institutet, Nobels viig 6, 171 77 Stockholm,
Sweden

Contact: M.Radmilovi¢ (mihajlor @ipb.ac.rs)

Abstract. Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Cross-
Correlation Spectroscopy (FCCS) are quantitative, confocal laser scanning microscopy-based
techniques with single-molecule sensitivity and high spatiotemporal resolution (= 250 nm, =
200 ns) that are widely used in molecular biophysics to quantitatively characterize molecular
interactions without having to separate the free and bound fraction of molecules [1, 2]. Both
techniques record fluorescence intensity fluctuations in a small volume (typically (0.2 —
1.0)x10™ 1) that arise as fluorescent/fluorescently labeled molecules pass through it by free
diffusion [3]. As the molecules diffuse through this volume (referred as effective volume), all
additional processes that give rise to fluorescence intensity fluctuations at a shorter time scale
than diffusion, such as fluorophore blinking due to single/triplet state transition, or alter the time
course of fluorescence intensity fluctuations, such as binding to other molecules that slows
down diffusion, can also be characterized. Quantitative information about these processes can
be extracted from fluorescence intensity fluctuation time series by temporal autocorrelation
analysis, and in FCCS also by temporal cross-correlation analysis, to yield information about
the: concentration, diffusion (size), fraction and diffusion (size) of free/bound molecules,
fraction of molecules in the triplet state and triplet-state depopulation rates [4]. Both techniques
are applicable for measurements in solution and in live cells, tissue ex vivo, and whole
organisms (e.g. zebrafish embryo) [5, 6].

I will introduce conventional, single-point FCS and FCCS, give examples of their
applications, and discuss about their limitations. In particular, I will present recent development
of our home-built FCS instrument and show using ATTO488 in solution how the sensitivity
and effective volume size in our home-built FCS instrument are comparable to those in a
commercial instrument. I will also discuss about future perspectives of home-built FCS
instrument, giving examples of eGFP (enhanced Green Fluorescent Protein) diffusion
measurements in live cells.

REFERENCES
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[2] K. Bacia, S.A. Kim, et al., (2006). Nat. methods 3 (2006), 83-89.
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Business Media, Berlin (2012).
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[5]S. Oasa, S. Mikuni, et al., Sci Rep. 8 (2018), 7488.
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Quantitative measurement of concentration and diffusion
properties of molecules using fluorescence correlation spectroscopy

J. Z. leli¢, A. Denéevski, M. D. Rabasovi¢, A. J. Krmpot
Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia

Fluorescence Correlation Spectroscopy (FCS) is a powerful and non-invasive technique for
quantitative characterization of the concentration, mobility, and interactions of
fluorescent/fluorescently labeled molecules in vitro and in vivo [1]. By exploiting the
capabilities of a confocal microscope and time-correlated single photon counting (TCSPC),
FCS offers extremely high temporal resolution (down to picosecond time scale), diffraction-
limited spatial resolution (= 200 nm), as well as single-molecule sensitivity. Conventional
Fluorescence Correlation Spectroscopy (FCS) utilizes temporal autocorrelation analysis of
fluctuations in the recorded fluorescence signal caused by the motion of molecules
(concentrations in nM range) through the small sample volume, often referred to as the
focal volume (typically 0.2 — 1 fL) [2]. Furthermore, FCS can provide insights into local
microenvironments, such as viscosity or pH, or about any other molecular process related
to alterations in the fluorescence signal. By labeling the drug or the target molecule with a
fluorophore, FCS can quantify the binding affinity, association/dissociation kinetics of drug-
target interactions [3].

Here, we present our custom-made Fluorescence Correlation Spectroscopy (FCS) system,
which utilizes a laser diode operating at 488 nm to effectively excite fluorescent dyes such
as Alexa 488, FITC, Atto 488, and Rhodamine 110. We conducted a comprehensive
characterization of the system's performance by studying Rhodamine 110 in both aqueous
solutions and sucrose solutions with varying mass percentages. In the case of a 2 nM
aqueous solution of Rhodamine 110, we obtained a diffusion time of 30 ps. Further analysis
of the obtained results clearly demonstrates that our home-built FCS system achieves
single-molecule sensitivity and possesses a focal volume that is comparable to that of
commercial instruments.

Acknowledgements: This work was supported by the Science Fund of the Republic of Serbia through
program PROMIS [project HEMMAGINERO, grant number 6066079] and Green Program of
Cooperation between Science and Industry [project BioPhysFUN, grant number 4545]. The authors
would like to thank prof. Vladana Vukojevi¢ from Karolinska Insitute in Stockholm, Sweden for
providing fluorescent probes.
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Tpehu konepec 6uonoza Cpéuje * Buogpusuxa * IOCTEP [TPE3EHTALIHJE

OxapehuBame rpanuiue NMPOCTOPHE pe30JIylHje HeJMHeAPHe JiacepckKe
ckeHHpajyhe MuKpockonuje
Mapra Bykymupa', Cranko Hukonuh?, Josana Jenuh', Anexca ﬂeﬂqescxul, Muxaumno

PaGacosuh', Harama Byjuunh’, Ama Cenxuh’, Antomnmo Cymmua’, Anekcanuap
KpMHOT]

"Hnemumym 3a dusuxy — Hucmumym 00 nayuonainoz suavaja 3a Penyénuxy Cpbujy, Viusepsumem y
beoepaoy, Jlabopamopuja 3a buogusuxy, Beoepad, Cpbuja, marta@ipb.ac.rs

“Hucmumym 3a usuxy — Hucmumym 00 nayuonanroz swavaja 3a Penyfnury Cpoujy, Yiueepsument y
beozpaoy, Jlabopamopuja 3a keanmmuy duogpomonuxy, beozpao, Cpbuja

*Uncmumym sa dusuxy, 3nancmeenu yewmap usePCHOCIMU 3G HARpeOHe Mamepujate u censope, 3azped,
Xpeamcka

Pezonynuja Mukpockona je Hajkpalie pactojame u3Mel)y JBe Tauke Ha y30pKy Koje je
Moryhe paznyuyurn kao 3aceOHe eHtuTere. 300 TajlacHe IMPHPOAE CBETIOCTH H
(denomena audpakuMje, oHa je (GpyHIAMEHTAIHO OrpaHHYeHa: 4ak H MPH TEOPHJCKH
HICATHHM YCIOBHMAa H ONTHYKHM KOMIIOHEHTaMa, MHKPOCKOI HMa KOHAYHY
pesomyuujy. Y OBOM paay, OJIpCAWIM CMO JaTepajHy U aKCHjallHy pe3oIyIHjy
HEJIMHEapHOT JIACEPCKOr CKeHupajyher MmHMKpockoma MepemeM Herope (yHKIHje
mupema y Tauku (Point Spread Function — PSF) Ha nBa HaumHa: CHHUMAameM
thyopecumpajyhux nepiuia TeXHUKOM TBO(GOTOHCKH €KCIIMTOBaHE (hIIyOpecleHIInje U
KopumthemeM CHTHala JAPYror XapMOHHMKAa KOJH TOTHYE OJ MOHOCJOjeBa MOJIHOIEH
mucynpuma (MoS»).! YV onpehusamy pesomymuje (urypmury mapamerpH HOIyT
HyMepUuKe aneprype o0jeKTHBa M TallacHE Jy)KUHE Io0yle, Ha ce OHa Mema Yy
3aBUCHOCTH OJ] TPEHYTHE MOCTaBKe MHKpOCKOTCKOT cucTema. QueKuBaHO, HajOosba
pesonyurja qodujeHa je 3a o0jekTuB Hajeehe Hymepuuke aneptype (40x 1,3) u Hajkpahy
TajnacHy ayxuny nodoyae (730 nm): Py = 260 nm, P, = 1648 nm. [loxarho,
BpeIHOCTH 00MjeHe HECTAHAAPAHOM METOJOM CY ONHCKHje TEOPHjCKHM BpPEIHOCTHMA
pesonmynmje, MTO MMIUTMIMpA Na je 3a oipehuBame pesomylMje MHKpockoma 0osbe
KOPHUCTHTH OBaj THI Yy30pKa. 300T CBOjuUX OcoOWHAa Kao IMITO Cy BeldKa ayOwWHa
IpoAMpamba YIAAHOT 3paderba H OCIHKaBame Oe3 0ojerma y3opaka, kao W MoryhHoctu
npaBbema 3D Mojenma, HAII MHKPOCKON HANAa3W BEJIMKY TPHMEHY Y HCTIHUTHBAKY
y30paKa OHOJIONIKOT TOPEKIa IOMyT: EPHTPOIATA’, XHTHHCKHX CTPYKTYpa', TKHBa
XYMaHOI' KOJIOHa, KOJIareHa, IeHTHHa.

1. Senkic, A., et al., CVD growth parameters on global and local optical properties of MoS, monolayer, in

preparation.

2. Bukara, K., Jovanic, S., Drvenica, I.T., et al., 2017, J. Biomed. Opt. 22:26003.
3. Rabasovi¢, M.D., Panteli¢, D.V., Jelenkovi¢, B.M., ef al., 2015, J. Biomed. Opt. 20:016010.

3axpanauna: Osaj pao je uuancupar 00 cmpane @Ponda 3a nayky Penyonuxe Cpbuje, npozpam
IIPOMHC, npojexam HEMMAGINERO. 3axsamwyjemo ce npog. Op Baadanu Byrojesuh uz Kapoauncka
Huemumyma y Cmorxoamy, Lleedcka 3a obezbehene gayopecyenmue chepe.
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5. [loTBpAa 0 YNIMCAaHUM JOKTOPCKUM CTyJIhjama

YHUBEP3WUTET ¥ BEOIPALY

Appeca: Crynewtcrkd Tpr 1, 11000 Beorpan, PenyBnuea Cpbwja
Ten.: 011 3207400, darc: 011 2638818; E-mail: kabinet@rect.bg.ac.rs

Beorpag, 26.08.2024. rog
DB Bpoj: 6120347/ A92-24
JHES

Ha ccHosy 4nada 29 3axoqa o onwres ynpagioM noctyniy CCnywdesn rackue PC", Gp. 182016 »
95/2018 - ayTeHTWYHD Tymavetse W 2/2023-oanyxa YC), a Ha saxTes cTyQeHTEMke JosaHa Jenuh,
Wapaje ce cnepeha

NOTEPOA

na je Josana Jenuh, pofieqa 03.01,1998, roguae v Yawky, PenyGnuea Cphuja, ynucaqa Ha qorTopoks
akanemcse cTyguje: Guodmanka” (180 ECNE) va YHueepawteTy vy Beorpagy, v weonckoj 20212022,
rog. CryaesHTEdba j ynucana wroncky 202302024, roguHy v cTatycy: (huHancupame wa Byyera,

CHRXE MIABAHA NOTEPASE: HA NKYHK 3AXTEE CTYOEHTA.

Pyrosogunad Cnywxbe 3a cTyavje W Hayry

e,

Bpavka Bykenwr

Crpannua 1o 1



6. Kornuja aumnioMa OCHOBHUX M MacTep CTy/uja

Penyénuka Cpduja
Yuusepsuitieit y Beoipagy

Ocunsay: Pedydnuxa Cpduja
Hossoxy sa pag Spoj 612-00-02666/2010-04 og 12 okiodpa 201 1.
YB toguse je usgane Munuciapeiino ipocoesie u Hayxe Peliydruxe Cpduje
Qusuyuku gpakynineins, beoipag
Ocuusay: Peiydauxa Cpduja
Mosvony 2a pag Spoj 612-00-02409/2014-04 og 8. cetiiaendpa 2014, iogune je usgamo
Munuci@apeiine ipoceiiie, nayre  dexnonowxoi pazeoja Peaydnuxe Cpduje

Josara, 3opaH, Jenuh

polera 3. janyapa 1998. iogune, Yavax, Peaydnuxa Cpduja, yiucana wkoncke 2016/2017.
iogure, a garia 10. cetimiemdpa 2020. logure 3aspuuna je 0cHoBHe axagemcke ciiiyguje,
#pBoI ciuediena, Ha cllygujckom dpoipamy lNpumersera u xomitjyiiepcka diusuxa, oduma

240 (gsecimia welipgecei) dogosa ECTIB ca aipocesrom oyerom 9,41 (geseid u 41/100).

Ha ocrosy @Woia usgaje joj ce oBa guinoma o CilieHeHOM BUCOKOM 05PA30BawY U CERPYHHOM HA3UBY

guiinomuparu dusu4ap

Bpoj: 11642500
V Beoipagy, 2. dedpyapa 2021. inguse

Hexau Pexitap
Tpop. gp Msan ffm«a Ipodh. gp Heanxa fosvaw
éé ( lenyp o W

00116816



PeitySnuxa Cpduja

Ynusepsuiuein y beoipagy
Ocrunay: Peitydmuxa Cpduja
Hosnoxy aa pag dpoj 61 2-00-02666/2010-04 og 12, ok@odpa 201 1.
YB logune fe usgano Munuciapeimn dpocaciee u Haywe Peaydrure Cpduje
Qusuyku paxyminiens, beoipag
Ocrusay: Peybnuxa Cpduja
Husgony sa pag Spoj 612-00-02408/2014-04 og & cendiembpa 2014. logune fe usgaso
Munucicapeiase apocsedie, Rayxe u Mexwoaowxol passoaja Petiydauxe Cpdufe

Josawna, 3opaH, Jenuh

poliera 3. jariyapa 1998, iogune, Yauax, PeiiySauxa Cpduja, yiucana wxancke 2020/2021,
iogune, a gana 27, cefifemdpa 2021. iogure 3aspuiuna je macinep axagemcke ciliyguje,
Gpyioi ciueniesa, Ha clgygujckos tpoipamy Ilpuserseda u komajyimepcka usuxa,

odusa 60 (wesgecetir) dogosa ECITE ca fipoceunonm oyerom 10,00 (geceiti u 0/100).

Ha ocrosy fola usgaje joj ce 08a guiitioma o cllieyeHoM BUCOKOM 00pasosary 1 aKagemMeKom Hasusy

maciiep gusuqap

Bpoj: 13224300
Y Beaipagy, 1. dedpyapa 2022 iaguse

Hexan Pexiiop
IMpod. gp Hean Benya Hpodh. gp ax Hox
Vet i
/_-"' '.',. /

- e . (H:

00132587 /



7. Omityka o 0JJo00OpeHO0] TeMHU JOKTOPCKE AUCepTaIluje

YHHUBEP3HTET ¥ BEOI'PAJLY

Axpeca: Cryaenrekn vpr 1, 11000 Beorpan, PenyGanka Cpuja
Tean.: 011 3207400; Maxc: 011 2638818; E-mail: kabinet@rect.bg.ac.rs

Beorpaa, 10. jyna 2024. roaune
06 Bpoj: 06-51/111/1633/4-24
JKI/

Ha ocnosy unana 50. c1. 4. Tau. 3 Craryra Yuusepaurera y beorpany Cratyra
VYuusepaurera y beorpany (,Inacumk Yumsepsurera y Beorpapy™, Gpoj 201/2018,
207/2019, 213/2020, 214/2020, 217/2020, 230/21, 232/22, 233/22, 236/22, 241/22, 243/22,
244/23 w 245/23), a na npeanor Behe 3a ctyauje npu Yuusepzutery on 10. jyna 2024,
roaune, Behe 3a METCpAHCUMNANMHAPHE, MYJITHIHCUHIIHHAPE H TPAHCAMCUMIVINHAPHE
cryanje na ceaunun onpxanoj 10. jyna 2024, roaune, JoHeNo je

ONJYKY

1. OIOBPABA CE wuspaza noxktopcke aucepraumje mnoa Haciaosom: Passoj
MIKPOCKOTICKOT CHCTEMA 33 NPOYMABALE MOAEKYJICKE AWHAMAKE DHOJOmIKNX
cHeTeMa npHMenom GAYOPECUCHTHE KOPEIALNOHE CHEKTPOCKONMje, H HCNYILEHOCTH
ycnosa kanauaara Jopaue Jennh (noxropeke cryanje: buoguinka).

2. 3a MeHTOpE CE HMEHY]Y:
1. np Anexcanzgap Kpmnor, nayuns caseTHuk, MHCTHTYT 2a prauky ((pu3uka)
2. np Upana JIpsennua, MK HaysHu capaniuk, MHCTHTYT 38 MCAMUMHCKA HCTPAKHBAILA
(mMeanumHa, GuoTexHoNnoOrKja)

NPEACEAHHK
BERA 3A UMT CTYIMIE

¢ _9)725‘&((4(/
Mpod. ap Hejan dnumnonn'{é‘))
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