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Hayunom Behy Hucruryra 3a ¢pusuxy y beorpany

beorpazn, 05.09.2024.

[Tpeamer:

Mouaba 3a NOoKpeTame NMOCTYNKA 3a CTHI AK€ 3Balhba HCTPa:KHBA1-CaPaJHHK

Ha ocHoBy ucnymeHocTH yciopa npeapuheHux [IpaBUAHMKOM O CTHLAmY HCTPaKMBAYKHX H
HayuyHHMX 3Bakba, MPOMMCAHOI Of CTpaHe pecopHor Munucrapera, monuMm Hayuno Behe
WucrutyTa 3a usuky y beorpaay na mokpeHe noctymak 3a Moj M300p y 3Bare UCTpaXKMBay
capajHuK.

VY npusory 10CTaB/baM:

1.

Mubere pykoBoauoLa 1aboparopuje ca npeasiorom KOMUcHje 3a u360p y 3Bame

2. CrpyuHy 6uorpadujy
3.
4
5

Hpemeﬂ, Hay4YHE aKTHBHOCTH

. Cnucak Hay4yHHMX paaoBa

. IlorBpay o crarycy CTyaeHTa DOKTOPCKHMX CTyAHja M MpPHjaB/bEHO] TEMM JOKTOPCKe

AUcepTaluje
Konuje auniaomMa OCHOBHHX M MacTep CTyaHja

Konuje HayuHUX pagosa

C nowtoBameM,
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Mapra bykymupa

HcTpaxuBay npurnpaBHUK
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HAYYHOM BERY HHCTUTVYTA 3A ®U3HKY V¥ BEOI'PAZLY

Ilpeamer: Munbeme pyxkoBoguouna Jabdoparopuje o uzdopy Mapre Bykymupe y 3Bame

HCTPAKHBAY CAPATHHK

Mapra bykymupa, mactep ¢usuuap, je 3anocnena y Jlabopatopuju 3a 6MODH3UKY Y OKBHUPY
[lenTtpa 3a doroHuky. CTyHET je AOKTOPCKMX cTyauja u3 buoduzuke npu YHupepsutety y beorpany.
JIOKTOpCKY aMceprauujy M3 00nacTH HelMHeapHe Jacepcke cCkeHHWpajyie MHKpOCKONHje paiu mnon
pykoBojacTBoMm jp Harame Tomopoeuh, BHLIer Hay4yHOr capafHuka 3amnocieHe y MHCTHTYTY 3a
ouonomka wcrpaxkupama ,,Cunuumia Crankosuh™ y Beorpamy m np Anekcanapa Kpmnora, HaydHOr
caBeTHHKa 3anocieHor y MHcTuTyTy 3a dhusuxy y beorpaay.

C o03upom ja ucnymwasa npeasuliene ycnose nponucane 3aKOHOM 0 HayLM W HCTPaKMBambHMa U
ITpaBUJIHHKOM O CTUL@KY HAyuYHHX W MCTPaXMBAaYKUX 3Bamka MUHHMCTapCTBa Hayke, TEXHOJIOLIKOr
pasBoja W MHOBalHja, Te cam carnacaH na Hayuno sehie MHctuTyTa 3a ¢uzuky y beorpany mokpene

noctynak 3a u3bop Maprte Bykymupe y 3Bame HCTPaXKHBay CapafHHK.
[Tpennaxem na komucHjy 3a u3bop Mapre bykymupe y 3Bame HeTpaxkMBay capajHHK YHHE:

1. np Anekcanjap Kpmnor, Hay4Hu caBeTHUK, MHCTUTYT 3a pusuky y Beorpany
2. ap Harama Togoposuh, BHIIH HaydHH capagHuk, MHCTHTYT 3a Omonouka ucTpaxupawa ,,CHHHIIA
CrankoBuh™ y Beorpany, n

3. np Muxauno PabGacosuh, Bun Hayunu capaauuk, MHCTHTYT 3a dusuky y beorpany.

Y Beorpany, PykoBonunau naGopatopuje,

12. 1X 2024. .
ap Anexcaﬂnap ﬁ(pM I'IOV

Hay4HH CaBETHHK

MucTuTyT 32 puzuky



Kparka 6uorpaduja

Mapta bykymupa pohena je 22. mapta 1996. ronune y KpasbeBy. 3aBpmmia je OCHOBHY IIKOTY
SAuamutpuje Tymosuh® 2011. rogmHe m HactaBmia oOpasoBame y I['mmuasuju Kpasbero,
MPUPOIHO-MAaTEMaTHIKH cMep, rae je 2015. nobuna numiomy ,,Byk Kapanuh* 3a uzyseran ycrex
W MPUMEpPHO Biadame. Ynucanga ce Ha Ousnuku dakynrer YHuBep3utera y beorpamy 2015.
ronune, cmep [lpumemena u xommjyrepcka (uszmka, MeTponomku Momyia. TOKOM OCHOBHHX
CTyIMja CTEKJIa je TMPaKTHYHO HCKYCTBO Kpo3 Ipakcy y JlaGoparopuju 3a METpPOJNOTH]Y H
eTajoHupame Ha ¢akynrery. Jumiomupana je 2019. ronune ca mpoceunom oreHoM 9.72/10.0.
Hcre roaune 3anounme Mactep cryauje Ha DuszuukoM Qakynrery, cmep Teopujcka u
ekcriepuMeHTainHa ¢usuka. Macrep numiomy je crekia 2021. roguHe, ca MPOCEYHOM OILICHOM
10.0/10.0. Toxom mactep cTynuja obaBuia je npakcy y Jlaboparopuju 3a 6uodpusuxky MuctutyTta
3a ¢pusuky y beorpany, riae je ypaauia ekcriepuMeHTaIHU €0 3a CBOjy Mactep Tesy ,,OnpehuBame
TpaHuIle MPOCTOPHE Pe30JyliHje HEIWHEeapHe Jiacepcke ckeHupajyhe Mmukpockormje. 2021.
TOJIMHE ymHcaja ce Ha JOKTOPCKE akaJeMCKe CTyAuja mpu YHuBep3uTery y beorpany, mporpam
buodusuka, u TpeHytHo je Ha Tpehoj rogunau. 3amnociena je y Jlabopatopuju 3a 6nOPHU3UKY
WNucturyra 3a ¢usuky y beorpamgy, y 3Bamy HCTpakwBad MPHUIPABHUK, TAC ce OaBH
HCTPAKUBAKBEM y 00JIaCTH ONTUYKE MUKPOCKOTH]je, Onodusnke u ouodoronuke. Crierujanusyje
Ce 3a TPOjEeKTOBAKE CHCHU(PUIHUX MHUKPOCKOIICKAX CHCTEMa W HbUXOBUX TOTCHIW]ATHHX
IpUMEHa Ha y30pHuruMa OHOJIOMIKOT TTOPEKIIa.



Hpernez[ Hay4YHC aKTHUBHOCTH

Y cBoMm pgocamamimeM paxy, Mapra Bykymmpa mnperexHO ce OaBuia JM3ajHOM, pa3BoOjeM,
MIOCTaBKOM W TIPUMEHOM CIICI[UjaJIN30BaHE MHUKPOCKOIICKE TEXHHMKE — HEJIHMHEapHE JIacepCKe
ckenupajyhe mukpockonuje (HJICM). [Ipennoctn HIICM y omHOCYy Ha Apyre TEXHUKE ONTHYKE
MHUKPOCKOIIH]j€ Cy MHOTOCTPYKE, a YKJbY4Yjy: CHUMame y30paka y HAaTHBHOM OOJIMKY, 0e3 moTpede
0ojema M IpUIIpeMama y30paka; Jjacepka nolyna y uHpampBeHoj 00IacTH, YUME CE€ TOCTHKE
ny0OJjba TIEHETpamuja y Yy30pak; 3HaTHa penayknuja edekara QorousdesbuBama; in  vivo
MUKpPOCKOIIHja, UT]. KapakTepucTuke oBe TEXHHUKE YHHE j€ BPJIO aTPaKTUBHOM 3a NMPHMEHY Ha
y30pIMa OHOJIONIKe TPUPOJIe, IITO je U puMapHa chepa uHTepecoBama Mapte Bykymupe, kao
KaH/IM/1aTa Ha IOKTOPCKUM aKaJeMCKUM ctynrjama bruodusuka. Heka ox ucTpakuBama Ha KOjuMa
j€ ydecTBOBajia: OCIMKaBamkhe CUTHAJA Tpeher XapMOHHKa JIMIUIHUX CTPYKTypa y henujama ribuBa
U BHUX0Ba MOpP(DOJIONIKA aHajIKM3a, aHAJIN3a all-KOHBEPTOPCKUX KapaKTEPHCTUKA TEMIIEPaTypHO
OCCTJPMBUX HAHOYECTHIIA JIOMUPAHUX PETKUM 3eMJbaMa y IUJby IHbUXOBE IMIPHUMEHE Y
OMOMEIUIIMHY, CHHMAame CHTHajga Jpyror W Tpeher XapMOHHWKAa MOHOCJIOjeBa JMXaJIKOTeHA
npenasHuX MeTaja, uTl.

Pan nHa oBakBoM cucremy, Mapra bykymupa je 3amouena Ha CBOjUM MacTep CTyaujama
oaOpaHuBILIM MacTep Te3y ,,OnpehuBame rpaHulle IPOCTOPHE PE30IIyLiMje HETMHEApHE JacepcKe
ckeHupajyhe mukpockonuje y okBupy Jlabopatopuje 3a 6uodpuszuxky MHctutyTa 3a QU3MKY y
beorpany, a HacTaBuIa Kpo3 ycaBplllaBame An3ajHa rmocrojehe ekcrepuMeHTallHe TOCTaBKe.

Kao unmanuna tuma npojexra BioPhysFUN, akTUBHO paJii Ha pa3Bojy HOBE HHTEIPUCAHE METOJIC
6asupane Ha HJICM, koja oOjenumyje HEIMHEApHO OCIUKaBamwe, NENMjCKy XUpYprujy u
eNeKTpO(U3NONIOMKY aHanu3y y3opaka. [lopex ocnukaBama, WHTEH3UBHHM HWMITYJICHAM
JacepruMa Koju ciryke kao noodyna 3a HJICM, moske ce BpiinTy U MoauduKalmja y3opaka, HomyT
HCLpTaBamka MPOU3BOJGHUX oOOpa3alla WM CEJIEKTUBHOT YyKJIamama Jena y3opka. OBo je
uckopuimheHo Kao TOYeTHAa Tadka 3a pas3Boj MpoTokosna henmuwjcke xupypruje, koju he ce
ycaBpIIaBaTH Ha TIOMEHYTO] araparypH.

Pa3Boj TakBOI MHCTPYMEHTA, Ka0 M HEroBa NpuMeHa Ha henuje KOHYacTUX IJbHBA, MpEICTaBba
¢dokanmHy Tauky JAOKTOpcke nucepranuje Mapre bykymupe, unja je nuzpana onodpena Ha Behy 3a
MHTEPANCIUILUTUHAPHE, MYITUIUCIUIUIMHAPHE U TPaHCAUCUUILUIMHApHE cTyauje, 24. jyna 2024.
TOJIUHE.



Crnucak Hay4yHUX pajioBa

Pan y BpxyHckoM mMelyHapoaHom daconucy (M21):

1.

Jeli¢ JZ, Bukumira M, Dendevski A, Senkié A, Zuzi¢ L, Radatovié¢ B, Vuji¢ié N, Paji¢ T,
Rabasovi¢ MD, Krmpot AJ. Application of the Knife-Edge Technique on Transition Metal

Dichalcogenide Monolayers for Resolution Assessment of Nonlinear Microscopy

Modalities. Microsc Microanal. 2024 Aug 21;30(4):671-680. doi: 10.1093/mam/ozae061.

Dini¢ I, Vukovi¢ M, Rabanal ME, Milosevi¢ M, Bukumira M, Tomi¢ N, Tomi¢ M, Manci¢
L, Ignjatovi¢ N. Temperature Sensing Properties of Biocompatible Yb/Er-Doped GdF; and
YF3 Mesocrystals. J. Funct. Biomater. 2024; 15(1):6. doi: 10.3390/jtb15010006

Caonmurema ca mel)yHapoqHuX cKymnoBa mrammnana y neiaunau (M33):

1.

Vitkovac A, Paji¢ T, Bukumira M, Stani¢ M, Todorovi¢ NV, Rabasovi¢ MD. Slight
cooling during growth induced changes in filamentous fungi hypha mitochondrial

morphology. 2nd International Conference on Chemo and Biolnformatics, ICCBIKG,
Kragujevac, Serbia. 2023. doi: 10.46793/1CCBI123.334V

Caonrema ca Mel)yHapoAHHUX CKyIOBa IITamnana y uzsony (M34):

1.

Bukumira M, Vitkovac A, Paji¢ T, Stani¢ M, Todorovi¢ NV, Rabasovi¢ MD. Insights from
live non-linear microscopy imaging: comparative analysis of temperature-induced
mitochondrial morphology shifts using standard versus machine-learning method. §7¢h

Annual Conference of the DPG and DPG Spring Meeting, Berlin, Germany. 2024.

Bukumira M, Jeli¢ J, Dencevski A, Rabasovi¢ MD, Vuji¢i¢ N, Senki¢ A, Supina A,
Krmpot A. Cutting edge technique for determination of spatial resolution limits of

nonlinear laser scanning microscopy. IX International School and Conference on Photonics

PHOTONICA2023. Belgrade, Serbia. 2023.

Tomi¢ N, Dini¢ 1, Vukovi¢ M, Bukumira M, Rabasovi¢ MD, Manci¢ L. One-Step
Synthesis of Biocompatible NaY0.65Gd0.15F4:Yb,Er Upconverting Nanoparticles for In


https://doi.org/10.46793%2FICCBI23.334V

Vitro Cell Imaging. Serbian Ceramic Society Conference Advanced Ceramics and
Application XI New Frontiers in Multifunctional Material Science and Processing,

Belgrade, Serbia. 2023.

. Bukumira M, Jeli¢ J, Dencevski A, Rabasovi¢ MD, Vuji¢i¢ N, Senki¢ A, Supina A,
Krmpot A. Determination of spatial resolution limits of nonlinear laser scanning

microscopy. BPUII CONGRESS, Belgrade, Serbia. 2022.



YHUBEP3WUTET Y BEOIrPALLY

Anpeca: CryaeHtcku Tpr 1, 11000 Beorpag, Peny6nuka Cp6uja
Ten.: 011 3207400; ®akc: 011 2638818; E-mail: kabinet@rect.bg.ac.rs

Beorpag, 28.08.2024. rop
06 Bpoj: 61203-47/ 495-24
JK/

Ha ocHosy 4nana 29 3akoHa o onwtem ynpasHom noctynky (“Cnyx6eHu rnacHuk PC”, bp. 18/2016 n
95/2018 - ayTeHTUYHO Tymadetbe u 2/2023-oanyka YC), a Ha 3axTes cTyAeHTKMHbe Mapta bykymupa,
uapaje ce cnepeha

NnoTBPOA

Aa je Mapta bykymupa, poheHa 22.03.1996. roauHe y Kpasbesy, Peny6nuka Cp6uja, ynucana Ha
AOKTOpCKE akapemcke ctyauje: ,buocbusuka” (180 ECIB) Ha YHuBepauTeTy y Beorpagy, y WKONCKO]
2021/2022. rop. CryneHTruiba je ynucana wkoncky 2023/2024. roguHy y cratycy: hUHaHCUPase na
Oyuera.

CBpxa nsfaeatba NOTBPLAE: HA NIUYHW 38XTeB CTyAeHTa.

Pykosoaunay Cnyxbe 3a 'Q'Tyz)nj.e 1 HayKy
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YHUBEP3UTET Y BEOI'PALY

Anpeca: Cryznentexu Tpr 1, 11000 Beorpaa, Peny6imka CpGuja
Ten.: 011 3207400; dakc: 011 2638818; E-mail: kabinet@rect.bg.ac.rs

Beorpapn, 10. jyna 2024. rongune
06 Bpoj: 06-51/111/1639/4-24
JKJ/

Ha ocnory unana 50. cT. 4. Tau. 3 Cratyta YHupep3autera y beorpany CratyTa
Vuupep3urera y Beorpagy (,.[nacuuk VYHuBepsurera y Beorpapy”, 6poj 201/2018,
207/2019, 213/2020, 214/2020, 217/2020, 230/21, 232/22,233/22, 236/22, 241/22, 243/22,
244/23 un 245/23), a na npepaor Behe 3a cryauje npu Yuusepsurery oa 10. jyna 2024.
roaune, Behe 3a unTepaucLUIUIMHAPHE, MYJTHAMCLMIUIMHADE ¥ TPAHCAMCLMILIMHApHE
cTyaMje Ha ceaHuiM oapxkanoj 10. jyna 2024. roauue, 10HENO0 je

OdJINVYKY

1. OJIOBPABA CE u3paza nokTopcke auceprauuje noj Hacnosom: Passoj anaparype
ca obfjenmmennuM (yHKHHjamMa 32 ocliHKaBambe, helHjeky Jacepcky XHPYpPrujy u
B.IIeKT])DE]JHBHOJIUI.I.lKa Mepem-a Ha JKHBHM he.lmjama KOHYACTHX TIJpHBA, H
MCMYEHOCTH ycloBa kanauaata Bykymupa Mapre (1oktopeke cryanje: buogusuka).

2. 3a MEHTOpE ce UMEeHY]Y:
1. np Anexcanpap Kpmnot, Hayyuu caetHuk, MHCTUTYT 3a (usuky (dusuxa)
2. ap Harawa Topoporuh, BuM Hay4yHu capagHuk, HWHcTuTyT 3a Ouonowmka
nceTpaxkupamwa ,,Cunuima CrankoBuh® (6uodusuka, Heypousnonoruja)

. TNPEJCEJHHK
. .BEhA 3A UMT CTYINJE
i /7 / —
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Penydnuxa Cpouja
YHusepsuinieinl y beoipagy

Ocnusay: Peiydnuxa Cpbuja
; r Hossony 3a pag &poj 612-00-02666/2010-04 og 12. oximodpa 2011.
YB iogune je usgano Munuciiapciiso Apocsedie u HayKke Peiyénuxe Cpduje
Qusuvku akynieit, beoipag
Ocnusay: Peiydnuxa Cpduja

Hossony 3a pag 6poj 612-00-02409/2014-04 og 8. cefimemdpa 2014, fogune je usgwm
Murucilapciioo Gpocseiie, HAyKe U WexHonoukoi passoja Peaydnuxe Cpduje

Mapina, Muogpai, bykymupa
pohena 22. mapinia 1996. iogune, Kpamweso, Peiydnuxa Cpduja, yaucana wikoncke 2015/2016.
fogune, a gana 19. ceditiemopa 2019. ioguHe 3aBpuiuna je OCHoOBHe akagemcke Cliyqguje,
ipBoi cliieileHa, Ha CHiygujckom upoipamy Ilpumeroena u Komijyimepcka fhusuka, oduma

240 (gBecia wempgecein) Sogosa ECIIE ca ifpoceuHom oyerom 9, 72 (geseiti u 72/100).

Ha ocHosy tioia usgaje joj ce 08a guiliomMa 0 Clle4eHOM BUCOKOM 00pa308aryy u Clpy4HOM HA3UBY

GUUANOMUPAHU Puauuap

Bpoj: 12669000
Y Beoipagy, 6. okifiodpa 2021, iogune

exan Pexitiop
[lpodp. gp Mean Benya ITpogh. gp Bnglian Koy

Pl ¥ @i =

0Q12713

CkeHunpaHo nomohy LlamCuaHHep-a

BneE
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Penyonuxa Cpduja - \
Yrusepsuiteii y Beoipagy
Ocrusay: Peitydnuxa Cpduja

Hlossony 3a pag dpoj 612-00-02666/2010-04 og 12. oximiodpa 2011.
5 B iogune je usgano Munuciiapciiso dpocseitie u Hayke Peliydnuxe Cpduje

DQuauqxu paxkynitied, beoipag
f Ocnusav: Peitydnuxa Cpduja
|Jossony 3a pag dpoj 612-00-02409/2014-04 og 8. cedmembpa 2014, iogune je usgano
Munuciiapc@iso dpocseilie, Hayke u exnoroukoi paisoja Pedydnuxe Cpduje

Mapitia, Muogpai, Bykymupa
/
pohena 22. mapina 1996. iogune, Kpameso, Peaydnuka Cpduja, yiucara wikoncxe 2019/2020.
logune, a gana 27. ceﬁLﬁeMJpa 2021. ioguHe 3aBpuiuna je Maciiep akagemcke ciiyguje,
gpyiol citiefieHa, Ha CILYGUJCKOM Upoipamy TeOpujcm U ekcilepumeHimianta (usuxa,

oduma 60 (wesgecemr) dogosa ECIIE ca apoceurom oyerom 10,00 (geceiss u 0/100).

Ha ocHosy Woia usgaje joj ce oBa guiinoma o citie4eHOM BUCOKOM 00pa3 0B8ary U aKkagemMcKomM Hasusy
g

maciiep gpusauqap

Bpoj: 12838000
Y Beoipagy, 1. wosemdpa 2021. iogune \

Hexan Pexitiop
Ipogh. gp Usan Benva Mpos. gp Bragght Box
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00128599

CkeHupaHo nomohy LlamCuaHHep-a
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Application of the Knife-Edge Technique on Transition
Metal Dichalcogenide Monolayers for Resolution
Assessment of Nonlinear Microscopy Modalities

Jovana Z Jeli, Marta Bukumira, Aleksa Denevski, Ana Senki, Livio ZuZi, Borna
Radatovi, NataSa Vujii, Tanja Paji, Mihailo D Rabasovi, Aleksandar J Krmpot
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Application of the Knife-Edge Technique on Transition
Metal Dichalcogenide Monolayers for Resolution
Assessment of Nonlinear Microscopy Modalities
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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 technique provides a high signal-to-noise ratio, no photobleaching effect and shows good
agreement with standard resolution measurement techniques. 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. WWe 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 KTiOPOy4) 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
MoS,, 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 et al., 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 (Aratjo 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. 00, No. 0

Materials and Methods
NLSM Experimental Setup

Our custom-made NLSM system [detailed information can be
found in Paji¢ 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, 0.2 um, 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 um 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 Senki¢ et al.
(2023). Samples were grown on two substrates: c-cut sapphire
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and Si/SiO;, 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, Tg, equal to 875 C. The
thickness of monolayers was determined using atomic force
microscopy (AFM), and was determined to be 0.8 nm Senkic
et al. (2023).

Similar to the MoS, growth, DI water-based solutions were
used for WS;. As a growth promotor, a 5§ ppm concentration
of NaOH solution was used, whereas the tungsten source
was a 100 ppm concentration of ammonium metatungstate
hydrate (NH4)sH,W12049 HO (99.99% Sigma Aldrich).
These solutions were mixed in equal parts, and the 10 uL 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 sccm 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 ({ = 0sccm), the furnace
further cooled to 500 C, and the sample was completely re-
moved from the CVD furnace.

Transfer

MoS$S, and WS, were moved from the Si wafer by using poly-
dimethylsiloxane (PDMS) transfer (Niehues 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/SiO; 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)

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 n =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 Oil 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 20x 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):

1051 2
FWWM@m-“mﬁigf (1)
FWHM,, = 177 ’;J 2)
N NA

with 1 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
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3: 13
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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 R2 =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
(4]
1

—— SHG signal
== Error function fit

SHG signal intensity [a.u.]

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 RZ = 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.
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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 R2=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 e% 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 w/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 ym (0.81 um) 1.6 um (0.87 um)
Air 5.9 um (0.55 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: 7 =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

—8— fvarage Intenaity
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Fig. 6. (a) Typical intensity profile extracted at the edge of the WS, 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 R2 = 99.6 . (b) Intensity distribution obtained by averaging the intensity of a chosen area of 60 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 RZ = 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 (320+20) 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 um.
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 (um)

THG (1,040 nm) Axial Resolution (um)
20%0.8 40x1.3 40x%x1.3

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.

(o) R

the stack. Figure Sa 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 5b. 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 5S¢ 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
nmand a40 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
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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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(b)

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 MoS; 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. 00, No. 0

literature that the x® 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 Mo$; 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
at all 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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Abstract: Yy g_GdyxF3:Yb/Er mesocrystals with a biocompatible surface and diverse morphological
characteristics were successfully synthesized using chitosan-assisted solvothermal processing. Their
structural properties, studied using X-ray powder diffraction, Fourier transform infrared spectroscopy,
scanning and transmission electron microscopy and energy dispersive X-ray analysis, were further
correlated with the up-conversion emission (Aexc = 976 nm) recorded in function of temperature.
Based on the change in the visible green emissions originating from the thermally coupled *Hy /,
and S, levels of Er**, the corresponding LIR was acquired in the physiologically relevant range
of temperatures (25-50 °C). The detected absolute sensitivity of about 0.0042 °Cc1, along with the
low cytotoxicity toward both normal human lung fibroblasts (MRC-5) and cancerous lung epithelial
check for (A549) cells, indicate a potential for use in temperature sensing in biomedicine. Additionally, their
updates enhanced internalization in cells, without suppression of cell viability, enabled in vitro labeling of
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cancer and healthy cells upon 976 nm laser irradiation.
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Sensing Properties of Biocompatible
Yb/Er-Doped GdF3 and YF3
Mesocrystals. J. Funct. Biomater. 2024,
15, 6. https://doi.org/10.3390/
jb15010006 Lanthanide doped up-conversion nanoparticles (Ln-UCNPs) belong to the photolumi-
nescence materials whose optical activity, known as the anti-Stokes emission, is described
as a nonlinear optical process of the successive absorption of two or more photons, and
the emission of light with a shorter wavelength than the excitation one [1]. Their UC lumi-
nescence, superior to that of the transition metal ions doped counterparts, is based on the
unique electronic configuration of lanthanide ions, 4f"5s25p®6s? (1 = 0-14). All lanthanides,
with the exception of ytterbium and cerium, have abundant ladder-like 4f energy levels,
BY with electrons having a low electron-phonon coupling strength due to the shielding from
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Ln-UCNPs emission covers the whole visible spectrum. Accordingly, Ln-UCNPs have
potential application in biomedicine for cell labeling or as theranostic agents, in forensics
for latent fingerprint visualization, and in security applications for anti-counterfeiting [3-5].
Their innovative use in photovoltaic, agriculture and thermal sensing in medicine has
recently been in the focus of scientific research [6-8]. In particular, temperature sensing,
which relies on change in the luminescence intensity ratio (LIR) of thermally coupled
energy levels of lanthanide ions, is highly sensitive, self-referenced and does not require
additional calibration. LIR-based thermometers are negligibly dependent on the extrinsic
factors and could be used for non-contact temperature measurements in diverse areas
and environments. To date, many different Ln-UCNPs are explored for this purpose. In
addition to the most efficient hexagonal NaYF4:Yb/Er phase, Ln-doped NaGdFy, YF3, Y03,
Y¢OsFg, BazGd,Fip and Y3Al504; are reported to have excellent temperature sensing capa-
bility, even when embedded in glass [9-14]. In order to be useful for in vivo temperature
sensing and photothermal therapy, Ln-UCNPs need to have a hydrophilic, biocompatible
surface, and need to be sensitive in the physiologically relevant range of temperatures.
The required surface features are usually ensured through subsequent coating with SiO,
or a biocompatible polymeric shell [15]. Another effective approach is in situ capping of
UCNPs with amino or carboxylic functional groups during synthesis [16]. As we showed
in our previous work, chitosan and poly lactic-co-glycolic acid used in the hydrothermal
synthesis of NaYF,:Yb/Er provides sufficient hydrophilicity and biocompatibility of UC-
NPs without affecting their luminescence efficiency and cell labeling capacity [17,18]. A
similar synthesis approach is used in the present study for obtaining Y;_,GdyxF3:Yb/Er
UCNPs with a biocompatible surface. Er®* is the most commonly used lanthanide ion for
LIR-based thermometry in the physiologically relevant range of temperatures due to the
outstanding thermal coupling between >Hy; /» and #S;, energy levels, which is separated
by ca. 750 cm~!. While the maximal thermal sensitivity (S) of ~1%K~! is determined for
YF5:Yb/Er UCNPs at 293 K [19,20], there is no data evidencing the thermal sensing capacity
of GdF3:Yb/Er UCNPs. It is shown that along with NIR bio-imaging and enhanced photo-
dynamic therapy [21], gadolinium-based UCNPs additionally provide a positive contrast
effect in T1-weighted magnetic resonance imaging. Accordingly, they could be used as
dual modality imaging agent biolabels [22]. Hence, the LIR-based temperature sensitivity
and potential cytotoxicity of both, GdF3:Yb/Er and YF3:Yb/Er particles synthetized via
chitosan assisted solvothermal synthesis, were investigated in this study.

2. Materials and Methods
2.1. Materials

All reagents were purchased from Sigma—Aldrich (St. Louis, MO United States) and
used as obtained. Rare earth (RE) nitrates [Y(NO3)3; x 6H,O, GA(NO3)3 x 6H,0, Yb(NO3)3
x 5Hy0O and Er(NOj3); x 5H,0], sodium fluoride (NaF, >99%), anhydrous ethylene glycol
(CoHgOs, 99.8%) and chitosan (CS, low molecular weight, 50,000-190,000 Da) were used for
Yo.8-xGdxF3:Ybg 18Erg gy particles synthesis (x = 0, 0.15 and 0.8). In addition to the variation
in the gadolinium content, two concentrations of the precursor solution were used for the
synthesis of Gdg gF3:Yb/Er, low (Crg®*: 2.5 mmol, CS: 50 mg) and high (Crg®*: 5 mmol,
CS: 100 mg), so samples are marked as shown in Table 1.

Table 1. Composition of samples and precursors.

Nominal Composition Sample Name Crg®* (mmol) CS (mg)
Yo.8F3:Ybg 18Ero 02 YF-L 2.5 50
Y0.65Gdo.15F3:Ybg 18Erg 02 YGF-L 2.5 50
Gdo sF3:Ybg 18Ero.02 GF-L 2.5 50

Gdo.gF3:Ybg.18Erg.02 GF-H 5 100
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2.2. Synthesis of Y1_GdyxF3:Yb,Er Particles

Up-converting particles with a nominal compositions Y( gF3:Ybg 18Ero 02, Y0.65Gdo.15F3:
Ybyg 18Erp 02 and GdggF3:Ybg 18Erg 0, were solvothermally synthetized in the presence of
chitosan using the following precursor: RE-nitrates were dissolved in 10 mL of deionized
water and mixed with 15mL of the chitosan solution; then, 10 mL of the NaF solution
(F*/RE3* = 7) and 35 mL of ethylene glycol were added; the obtained precursor was stirred
for 20 min. The synthesis was performed with constant stirring (100 rpm) in a sealed PTFE
linen autoclave at 200 °C for 2 h. After cooling, the product of the reaction was separated
through centrifugation (8000 rpm), rinsed with ethanol and water several times, and dried
at 90 °C (2 h).

2.3. Characterization

The phase composition of the samples was examined using X-ray powder diffraction
(XRPD) at room temperature, using a Rigaku SmartLab diffractometer (Rigaku Europe,
Neu-Isenburg, Germany) with CuK« radiation and the 20 scanning rate of 0.01°/s. The
structural data for the powders were acquired through LeBail and Rietveld refinement in
Topas 4.2 (Bruker AXS GmbH, Karlsruhe, Germany) [23]. The morphology, particle size,
and chemical composition were examined using a scanning electron microscope (SEM,
Philips XL 30/EDAX-Dx4, Philips, Amsterdam, Netherlands) equipped with an energy
dispersive X-ray detector (EDS). Transmission electron microscopy (TEM) combined with
the selected area electron diffraction (SAED) study was performed on a JEOL JEM 2100
instrument (JEOL, Akishima, Tokyo, Japan) operated at an accelerating voltage of 200 kV.
Prior to this, the samples had been ultrasonically dispersed in acetone and deposited on
a holey carbon copper grid. DigitalMicrograph™ (DM, Gatan Inc., 3.7.4, Pleasanton, CA,
USA) software was used for phase identification based on the fast Fourier transform (FFT)
calculation of an image. The SEM images were used to analyze the particle size distribution.
For every sample, the dimensions of at least 50 particles chosen randomly were measured.
Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet i5S10 FT-IR
Spectrometer (Thermo Scientific Instruments, San Diego, CA, USA) in the spectral range
from 400 to 4000 cm~!. Photoluminescence (PL) emission measurements were performed
at room temperature using a TE-cooled CCD fluorescence spectrometer (Glacier X, BWTEK,
Plainsboro, NJ, USA) and a 976 nm laser diode (single mode pigtailed BL976-SAG300 laser
diode of 976 nm, Thorlabs, Newton, NJ, USA). For temperature-dependent measurements
of PL intensity, a Peltier element (20 x 20 mm) was used along with the PID temperature
controller (Wavelength electronics WTC32ND-EV, Wavelength electronics Inc., Bozeman,
MT, USA) in the temperature range from 25 to 50 °C. The temperature of the upper surface
of the element, on which the sample was placed, was measured using a 10 k() thermistor,
bonded to the surface. The set temperature was maintained with the stability of 0.002 °C.
In order to avoid the local heating of the sample, the excitation was performed via laser
radiation in very short pulses of 10 ms, with frequency of 1 Hz, giving a fill factor of
1:100. The luminescent radiation was collected using a multimode optical fiber with a large
diameter (0.6 mm) and a large numerical aperture (0.22), and further introduced into the
spectrum analyzer. All spectrograms were recorded without pulse averaging and were
fitted with 5 separate Gaussian spectral lines, and appropriate integrals were used to find
the LIR.

2.4. Cell Lines

Human cells used for the testing of cytotoxic effects were ATCC cell lines MRC-5
(ECACC 84101801) and A549 (ATCC CCL-185). MRC-5 cells are normal human lung
fibroblasts, used as a general model in routine testing for cytotoxicity, even for testing
medical devices, as recommended by ISO 10993-5:2009(E) [24]. The A549 cell line is a line of
cancerous lung epithelial cells, chosen as a model for testing the influence on lung epithelial
cells, and also as a supplementary model for assessing the effect of materials on different
cell types. The cells of both lines were maintained in Dulbecco’s Modified Eagle Medium
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with L-glutamine, supplemented with 10% of fetal bovine serum and 100 U/mL of the
penicillin/streptomycin mix, in a humidified atmosphere at 37 °C and 5% CO,. The cell
medium was changed every 2 days. Cells were passaged before reaching 80% confluency,
using trypsinization with 0.1% trypsin/EDTA.

2.5. Cell Viability Assay

For assessing the cytotoxic effect of the samples, an MTT colorimetric assay was
performed. Cells (2 x 10* cells/well) were seeded in 96 well plates, followed by incubation
at 37 °C and 5% CO, for 24 h. The medium was then discarded, and cells were exposed to
three different concentrations (10, 25 and 50 pg/mL) of the samples. Prior to addition to
the wells, the test samples were dispersed in the cell media, followed by vortex (3 x 1 min)
and ultrasonic dispersion for 3 min, to obtain suspensions. After 24 h of incubation
under the same conditions, the treatment medium was removed, and cells were carefully
washed using 1x phosphate buffered saline. FA fresh medium with 0.5 mg/mL of MTT
dye (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was then added and
plates were incubated for another 3 h, allowing for the formation of formazan crystals.
After the removal of the medium containing MTT, crystals were dissolved using DMSO
and by shaking the plate. Absorbance was recorded at 570 nm using a Multiskan plate
reader (Thermo Scientific Instruments, San Diego, CA, USA) and average survival was
calculated comparing the absorbance levels in treated cells with absorbance of non-treated,
control groups.

2.6. Cell Imaging by Laser Scanning Microscopy

For the visualization of GF-L uptake by A549 cells 50 ug mL~! of sterile suspension
was filtered through 0.45 pm syringe filter to separate agglomerates that could provoke
saturation during imaging. Coverslips were cut into 8 X 8 mm square pieces and sterilized
by using ethanol and UV light. Then, they were placed at the bottom of 12 well plates.
Cells were trypsinized from flasks in which they were grown and seeded to the wells at the
density of 105 cells/mL. After seeding, cells were incubated for 24 h at 37 °C and 5% CO,
to allow attachment and proliferation. The medium was then replaced with the fresh
medium containing 50 ng/mL of GF-L nanoparticles, and plates incubated for another 24 h
with the treatment, at the same conditions. On the third day, cells were gently washed for
three times by using pre-warmed 1 x PBS, in order to wash out the remaining unbonded
mesocrystals. An amount of 4% paraformaldehyde was applied for 20 min to allow the
fixation of the cells. Then it was thoroughly washed with 1xPBS several times. Coverslips
containing fixated cells were removed from the wells and placed with the cell-covered
side facing down to the 20 uL drops of Mowiol on the microscopic slides. Samples were
then left to dry on the ambient temperature for 24 h before they were observed under laser
scanning microscopy.

Two-photon excited (auto)fluorescence of A549 cells and the up-conversion of GF-L
mesocrystals were recorded using a custom made nonlinear laser scanning microscope
with the excitation wavelengths of 730 nm and 976 nm, respectively. Microscope set-up
description is given elsewhere [17,18]. The signal was collected in back reflection, using
an oil immersion objective lens with high a numerical aperture (EC Plan-NEOFLUAR,
NA =1.3; Carl Zeiss AG, Oberkochen, Baden-Wiirttemberg, Germany). A visible wide
range bandpass filter (400-700 nm) was used to filter out the laser and transmit only the
signal. Obtained raw data was processed and analyzed using Image] software (1.47v,
National Institutes of Health, Bethesda, MD, USA).

2.7. Assessment of the Cell Morphology Parameters and Fluorescence

Cell morphology in culture was inspected via bright field microscopy before and after
the addition of treatment and during the incubation time. From the images obtained using
the laser scanning microscope, cell morphology parameters were assessed as follows, cell
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size, in terms of cell diameter, surface and nucleus/cytoplasmic ratio. Nuclear circularity
index was also calculated, as described in [25], using the Equation (1):

4
Circularity = _fmxarea (1)
(perimeter)?

To roughly estimate the amount GF-L mesocrystals association with different cells,
average fluorescence per cell was assessed by measuring the pixel intensity from the laser
microscopy images of MRC-5 and A549 with filtered fluorescence originating by GF-L
mesocrystals. All measurements were performed by using Image] software.

2.8. Statistical Analysis

All cell viability tests were performed in triplicate, and in three independent exper-
iments. The results of the viability of the treated cells were compared to the average
absorbance of untreated control cells, and are presented in diagrams as the average values
of the percent of survival, +/— standard deviation. Experimental and control groups were
compared depending on the number of samples via Student’s t-test or one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test, with p value being set to p < 0.05.

3. Results

The XRPD patterns, presented at Figure 1a. indicate that all samples crystallize in the
[3-YF; type orthorhombic crystal structure (S.G. Pnma), JCPDS 01-074-0911. In this structure,
the Y3* ion is coordinated by nine F~ ions. Its substitution by Gd**, which has a larger
ionic radius (Gd3+:1.107 A, Y3+:1.075 A), led to an increase in crystal lattice parameters, due
to which, the shifting of the (020), (111), (210) and (121) reflections towards lower values of
20 is notable, Figure 1b. The XRPD structural refinement (Figure 1c,d, Table 2), reveals the
coexistence of two different particle populations in all samples (two phases of the same
composition were used to adjust the experimental pattern), both adopting the same Pnma
space group with similar unit cell parameters and a quite different crystallite size and strain.
The smallest difference in the crystallite sizes of two populations was detected in the GdF-L
sample, where both values were below 100 nm, Table 2.

Table 2. Refined microstructural parameters of Y1_,GdyxF3:Yb/Er samples.

Unit Cell Parameters (A)

Sample CS (nm) Strain RBragg
a b C

6.2926 (3) 6.8621 (3) 4.4984 (3) 207 (23) 0.323 (5) 1.1
YEL 6.3098 (5) 6.8605 (5) 4.4400 (5) 18 (1) 0.130 (1) 1.3
VGEL 6.3331 (5) 6.8749 (5) 4.4453 (5) 20 (1) 0.120 (1) 1.6
6.3239 (5) 6.8713 (5) 4.5050 (2) 183 (10) 0.280 (2) 22
6.4685 (4) 6.9586 (4) 4.4604 (4) 23 (1) 0.174 (6) 1.1
GFL 6.4590 (4) 6.9565 (4) 44011 (4) 64 (2) - 2.5
6.4751 (4) 6.9490 (3) 4.4256 (8) 120 (6) 0.195 (3) 1.4
GFH 6.4885 (2) 6.9602 (2) 4.4318 (1) 37 (1) - 1.7

The size and the morphology of the synthetized particles were revealed by (SEM
and TEM. The particles obtained from the precursors with a low concentration have an
elongated shape similar to unshelled peanuts, the length of which decreases from 1 pm
to 300 nm as the gadolinium content increases, Figure 2. The particles appear to be non-
agglomerated and quite uniform in size. As observed in Figure 2, they are composed
of smaller nanocrystals and are porous to a certain degree. Their high purity and the
uniform distribution of all constituting elements (yttrium: Kot at 14.931 and Lx at 1.92 keV;
ytterbium: L« at 7.414 and M« at 1.404 keV; erbium: L at 6.949 and M« at 1.521 keV;
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gadolinium; Kot at 6.053 and Mo at 1.181 keV; and fluorine: K« at 0.677), are confirmed by
EDS elemental mapping, Figure 3.
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Figure 1. XRPD patterns of Y(g_xGdyF5:Ybg 1gErg o, samples (a) reflection shifting due to Gd3*
content increase (b) and Rietveld refinement of samples YF-L and GF-L (c,d). In (b—d) the experimental
data are shown as the black solid line while the red dotted pattern corresponds to the calculated data.
The differences between the observed and calculated intensities are plotted in the blue line.
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Figure 2. SEM of the samples YF-L (a), YGF-L (b), and GF-L(c), with the corresponding particle
size distribution.

YhL
Er L gk LYD L

GiL oy
4L }F_I.LLY!a L
T

Figure 3. Cont.



J. Funct. Biomater. 2024, 15, 6

8 of 21

GiL
h
YL’ 1 GdL
J M h\‘b L
| AEg1LYP L
I. .(- 12 FI fT] 52 5 i) a1

Figure 3. EDS analyses of the samples YF-L (a), YGF-L (b), and GF-L (c).

The TEM analysis of the YF-L and Gd-L samples confirms that the unshelled peanuts
-shaped particles are mesocrystals formed by much smaller monocrystals, Figures 4 and 5.
The shape of these monocrystals is slightly elongated in the YF-L particles. As evident
in Figure 4b, they are self-assembled to form rice-shaped mesocrystals by attaching to
each other along the longer edge. The development of moiré fringes, visible in Figure 4c,
suggests the internal displacement of crystal planes in elongated nanocrystals due to the
lattice defects. The SAED pattern, Figure 4d, shows indexed diffraction rings of (111), (210),
(311) and (321) crystal planes with d values of 3.20 A,285A,1.80 A and 1.60 A, respectively.
All values align well with corresponding ones from the JCPDS 01-074-0911 card. The GdF-L
mesocrystals are composed of smaller quasi-spherical nanocrystals. Figure 5c, reveals
the presence of (111) crystallographic planes of gadolinium fluoride. In addition, the
monophase composition of particles is identified by the presence of the (111), (201), (112),
(122) and (240) planes with d values corresponding well to those obtained through the
XRPD analysis.

Figure 4. TEM images (a—c) and SAED pattern of YF-L mesocrystals (d).
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a)

Figure 5. TEM images (a—c) and SAED pattern of GF-L mesocrystals (d). Red lines in (c) indicate
crystal planes.

With the increased precursor concentration, a change in the particles’ morphology was
detected. The formation of rhombic mesocrystals with a layered structure, and the diagonal
length up to 0.4 um, were revealed by the SEM analysis, Figure 6a,b. They are built by
orientational ordering and layering of thin plates, Figure 6¢c. As it is notable from the TEM
image shown in Figure 6e, the formation of plates is effectively guided by the oriented
attachment of rod-like Gd gF3:Ybg 13Erg 0, monocrystals whose indexed diffraction spots
are given in Figure 6f.

The Fourier transform infrared (FTIR) spectra of the synthetized samples and pure
chitosan presented in Figure 7, indicate the preservation of chitosan ligands onto the surface
of mesocrystals. According to the literature data [26-28], the spectrum of pure chitosan can
be classified as follows: broad band at 3500-3000 cm ! (stretching vibration of hydroxyl
O-H which overlaps with amine N-H group); band at 2870 cm~! (C-H bond in —-CH3);
bands at 1651.7 cm ™! and 1587 cm ™! (C=O stretching (amide I) and NH stretching (amide
IT), respectively); bands at 1417.9 cm ! and 1374.1 cm ™~ }(CHj bending vibrations); band
at 1149.9 cm~! (asymmetric vibration of the CO group); a band near 1060.2 cm~! (CO
bending vibrations of the pyranose ring). The FTIR spectrum of the samples showed a
decrease in adsorption and a slight shifting of chitosan related bands at: 3399.9 cm~! (-OH
and amine -NH group stretching), 1651.7 cm~! (C=O stretching), 1557 cm~! (protonated
amine stretching), 1373.5 cm~! (CH, bending) and 1080.4 cm ! (CO bending), implying its
preservation at the particles surface.
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The viability of the MRC-5 and A549 cells exposed to the concentrations of 10, 25 and
50 ug/mL of YF-L and GF-L samples for 24 h, expressed as percentages of the control cells
viability, are shown in Figure 8. As observed from the graphs, all cells treated exhibited
more than 80% viability, at all concentrations of both samples. The cell viability was
highly preserved after a 24-h exposure, being above 80% for all examined concentrations of
both samples. There was a negligible difference between the groups treated with various
concentrations of GF-L, where no concentration dependency was observed. On the other
hand, the viability of A549 treated with YF-L at the concentration of 25 ug/mL, was found
to be slightly reduced compared to the viability of MRC-5 cells (at the same concentration).
These results confirm that both samples are outstandingly biocompatible with human cells.

MRC-5 cell line A549 cell line

12

Cell viability (%)
& 8 8

L
o

0 0
0 - 100 ——1 . :
50 25 10 50 25 10

Concentration (pg/ml) Concentration (pg/ml)

W vr-L [l GFL vt lGFL
Figure 8. Cytotoxicity assay of YF-L and GF-L samples in MRC-5 and A549 after a 24-h exposure.

Figure 9a shows the UC emission spectra of all samples under 976 nm excitation.
The visible emissions from 2H9/2 — 4115/2, 4F7/2 —)4115/2, 2H11/2,4S3/2 — 4115/2, and
4F, /2 —45 /2, transitions of Er3* jons were detected at 409, 488, 520/550, and 659 nm,
respectively. As shown in Figure 9b, the population of the excited states in Er>* ions are
due to energy transfer from the Yb®* sensitizer. Initially, Yb%* ions were excited from the
2F; , ground state to the 2F5, excited state through the absorption of the incident photons.
This energy is transferred further to the 417/, state of the Er** ion. The population of the
i P /2 state also occurs through the direct excitation of Er®* ions from their ground 5 /2
state. The population of the higher *F;,, and *Fg /, Er®* levels occurs either through energy
transfer from another excited Er** ion which is in close proximity, or through a two-step
energy transfer from Yb%* to the neighboring Er>* ions. The populated *F;, state of Er®*
ions relax radiatively to the ground %5, state or non-radiatively decay to the 2Hyy,
and %S, /2 states, from which radiative de-excitations to the ground s /2 state generate
green emission at 520 nm (2H11/2—> 4115/2) and 550 nm (453/2 — 4115/2). Red emission
appears due to the 4F, /2 — 45 /2 de-excitation which could be additionally intensified
by the non-radiative 4F, /2 = 4F, /2 relaxation. The strengthening of the red emission in
YGF-L and Gd-H samples could be a consequence of the appearance of an additional
mechanism which involves a successive energy transfer by three photons excitation, as it is
corroborated in our previous work [29] and also in [30], but further studies are needed to
confirm it. Weak blue emission at 409 nm is due to radiative relaxation of the highest 2Hg
state, which is populated by successive energy transfer [29,31-33]. Since the intensity of
each emission is determined by the probability of radiative and non-radiative transitions in
particles, as well as their crystallinity, the calculated CIE color coordinates differ, as it is
shown in Figure 9c.
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Figure 9. Up-conversion spectrum of the samples excited at 976 nm (a), energy level diagram of
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CIE diagram in which 1: YF-L; 2: YGF-L; 3: GF-L; and 4: GF-H (c).

Evidently, the luminescence of YF-L and GF-L samples is much stronger than that
of the YGF-L and GF-H ones. For these samples, temperature sensing capability was
determined in the physiologically relevant range of temperatures from 25 °C to 50 °C,
using the LIR method. The LIR method for temperature measurement utilizes the intensity
ratio of emissions from a pair of closely spaced upper levels, that can be considered as
thermally coupled (TCL) [34]. TCL means that these levels have such a small energy
difference that the higher level is thermally populated from the lower, so that their relative
population follows a Boltzmann distribution. The LIR of spectral lines arising from the
transitions from the TCLs level to a common terminal level is [35]:

IH (T) _ OBy
= B-e kT
I (T)

where Iy, are the luminescence intensities from the upper (H) and lower (L) TCLs to
the terminal level radiative transition; AEy; —the energy difference between these two
levels; k—the Boltzmann constant; and T—the absolute temperature. B is the temperature
invariant parameter depending on the host material.

The potential of a material for temperature measurement applications is quantified
through the absolute and relative change in the LIR with temperature. The absolute
sensitivity of LIR to temperature is given by the partial derivative:

LIR(T) = )

o JLIR o AEHL _ ABgp
Sa—’aT‘— w2 e ©
The relative sensitivity is given by:
~Sa AEHL L0
PSR T gz 100% (4)

The accuracy and precision of an LIR-based temperature measurement system depend
on the sensitivities given above, and also on many characteristics of the measurement
system, among which the signal/noise ratio in the captured spectrogram is the most im-
portant. However, all characteristics that cause measurement uncertainty can be jointly
quantified by the standard deviation of the measured LIRs, obtained over many measure-
ments, taken at a certain fixed temperature. If we denote this quantity by o, the precision
of the temperature measurement AT can be calculated by the expression:

Oa

A= (5)
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The accuracy of the measurement is, to the great extent, equal to the precision AT
defined above, but it also includes additional non-measurable parameters, such as the
accuracy of setting the real sample temperature and a possible error due to local heating,
which both we considered negligible.

The green parts of spectrograms recorded for YF-L and GF-L in the physiologically
interesting temperature range of 25 °C to 50 °C, are shown in Figure 10a,b. A clear decrease
in the intensity of individual lines with increasing temperature is clearly notable. The
difference in the change rate in the intensity of individual lines is not visible to the naked
eye because of the relatively narrow temperature range. In the Yb-Er** type systems, TCL
levels which are of interest are usually Sz, and 2Hyy , levels of Er®*, and their transitions
to the level ;5 /2, are taken to calculate the LIR. These transitions are traditionally labeled as
550 nm and 520 nm in Figure 9b, although they have slightly different values, as can be seen
in Figure 10. Also, it is evident that there are more than these two lines in the luminescence
spectra shown in Figure 10, and that line intensities cannot simply be read as the local
maxima of the spectrograms. Therefore, more realistic values of the centers and widths of
these lines were obtained by deconvoluting of the recorded spectrograms, using the fitting
that assumes a Gaussian shape of the lines. The initial values for the deconvolution process,
performed using MATLAB, were determined from the spectrograms as the positions and
widths of the obvious peaks. The resulting LIRs for different temperatures are shown in
Figure 11a,b.
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The obtained experimental data can be fitted using Equation (2), although in such a
narrow temperature range, the linear approximation is quite correct. The slope of both lin-
ear curves is equal to Sa = 0.0042 °C~! which can be considered as the absolute sensitivity
for temperature measurement in the temperature interval of interest. The relative sensitivity
has, according to Equation (4), strong temperature dependance, but it can also be approxi-
mated with a constant value in the interval of interest, which is equal to S, ~ Sa/LIR3;,
where LIR3qg is the LIR in the middle of the interval, see Figure 11. The relative sensitivities
are therefore 0.38%/°C and 0.53%/°C, for YF-L and GF-L samples, respectively. These
values are smaller than those obtained using (4) when the energy differences AEyy, of the
levels whose centers are read as local maxima of the spectrogram in Figure 10 are used.
This phenomenon is described in [36], while later in [37] is shown that it occurs, to a greater
or lesser extent, in most of the investigated materials. It is mainly caused by non-radiative
energy transitions, overlapping the TCL spectra, and luminescence originating from other
energy levels.

The measurement uncertainty in this work was determined as the standard deviation
of LIR measurement, taken separately for both samples on the set of results obtained in
32 consecutive measurements at the temperature of 37 °C. These quantities in principle
depend on temperature, but in our measurements, we consider the value obtained at 37 °C
as a valid one over the relatively narrow temperature range. The calculated values of the
uncertainty for the YF-L and GF-L samples are oy = 0.0036 and ogr = 0.0028, respectively.

The precisions of measurement ATyp of 0.84 °C and ATgr of 0.67 °C for the YF-
L and GF-L samples, respectively, are calculated using Equation (5). These values are
slightly higher than those reported in other studies of similar systems [8], which is due
to the lower relative sensitivity, discussed in the text above, and the higher noise in the
spectrogram originating from the recording method, based on a single laser pulse of 10 ms,
without averaging.

To monitor the intracellular uptake and non-specific cell labelling in vitro, GF-L un-
shelled peanuts-shaped particles were incubated with MRC-5 and A549 cells. Laser scan-
ning microscopy images are shown in Figures 12 and 13. The bright field images of the
cells shown in Figures 12a and 13a, reveal that a characteristic fibroblast-like shape was
preserved in all cells incubated with GF-L, so they maintained same growth pattern as
non-treated control cells. A pseudo color images of the cells auto-fluorescence upon femto-
second excitation at 730 nm are shown in Figures 12b and 13b, whilst the pseudo color
images of GF-L mesocrystals upon excitation at 976 nm are given in Figures 12c and 13c.
Overlapping the images marked with “b” and “c” in Figures 12 and 13 implies that GF-L
mesocrystals (visible as green fluorescence spots) are positioned in the cells cytoplasmic
area adjacent to the plasma membrane, in both cell lines. Such positioning, without disturb-
ing cells nuclei confirms successful cell labeling and enables the sensing of the temperature
in cells. Laser scanning microscopy images were used further to assess the cell morphology
parameters and “occupation degree” of cells by mesocrystals (based on the fluorescence).
Obtained results are presented in Figure 14. In both cell types, none of the tested morpho-
logical parameters exhibited statistically significant change following the treatment with
the GF-L mesocrystals. Cell diameter, surface and nucleus/cytoplasmic ratio remained of
the approximately the same values as in non-treated cells. Nucleus circularity index was
also unchanged. As regarding fluorescence levels in MRC-5 and A549, normal cells had
around 26% lower pixel intensity (fluorescence) per cell as compared to cancer cells. How-
ever, despite this statistically noteworthy result, the difference is not compelling enough to
provide selectivity towards cancer cells labeling.
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Figure 12. Laser scanning microscopy images of MRC-5 cells incubated with 50 pg mL~! of GF-L
mesocrystals; bright field image of cells (a), cells auto-fluorescence upon femto-second excitation
at 730 nm (b), image of GF-L mesocrystals upon continuous wave excitation at 976 nm (c), and
their positioning in cells, revealed through co-localization of the cell auto-fluorescence and the GF-L

photoluminescence (d).
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Figure 13. Laser scanning microscopy images of A549 cells incubated with 50 ug mL~! of GF-L
mesocrystals; bright field image of cells (a), cells auto-fluorescence upon femto-second excitation
at 730 nm (b), image of GF-L mesocrystals upon continuous wave excitation at 976 nm (c), and
their positioning in cells, revealed through co-localization of the cell auto-fluorescence and the GF-L
photoluminescence (d).
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Figure 14. Comparison of cell morphology parameters in terms of average surface, diameter and (in
inserts) nucleus/cytoplasmic ratio in control and GF-L-treated group of MRC-5 (a) and A549 cells (b);
nuclear circularity indexes of control and treated cells (c); average fluorescence per cell, as calculated
from the pixel intensity in filtered images. Measurements were performed by using laser microscopy
images and Image] software. Statistical significance threshold was p < 0.05 and is represented by *(d).

4. Discussion

According to the phase diagram of NaF-YF3; and YF3-GdF3 systems [38], the crystalliza-
tion of the following fluorides could be achieved in function of temperature, NaYF, in two
forms (cubic o« phase, Fm-3m; and hexagonal 3 phase, P63/m), and three crystal structures
of the Y;_GdyF; phases (orthorhombic (3 phase, Pnma; hexagonal, P63cm; and trigonal,
P-3c1 phase). Contrary to our previous work, where we obtained the 3-NaYF,:Yb,Er phase
under identical processing conditions [39], since the YF3 and GdF; phases show complete
miscibility, all samples synthesized in this study, independent of stoichiometry, have the
same orthorhombic crystal structure. The XRPD analysis revealed a change in the unit
cell parameters due to the substitution of ytterbium by gadolinium and the coexistence of
two different particle populations in all samples, which is associated with the formation
of monocrystals.

Considerable progress has so far been made in the synthesis of YF3 particles with dif-
ferent morphologies, such as truncated octahedral-, quadrilateral-, hexagonal-, spherical-,
octahedral-, and bundle-like nanocrystals [40]. We also reported the change in the morphol-
ogy of the YF; monocrystal during EDTA-assisted hydrothermal synthesis—provoked by
the modification of the processing parameters [29], as well as the compositional change
which occurred in the course of sonication [41]. In this study, the change in the particle
morphology was detected with the rise of the Gd concentration. In the GF-L sample, a
decreased size of particles (compared to the YF-L and YGF-L samples) could be associated
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with the higher charge density on their crystal surface, which slows the diffusion of nega-
tively charged fluoride ions leading to a reduction in the crystal growth rate [42]. With the
rise of the gadolinium precursor concentration, a change in the morphology is detected. A
high tendency towards self-organization of elongated Gd gF5:Ybg 18Er( 02 monocrystals
into two-dimensional rthomboidal layers is probably due to the anchoring of branched
chitosan ligands, which are present in a higher content in the GF-H sample.

The existence of chitosan ligands at the particle surface ensures that mesocrystals have
a low cytotoxicity. A low cytotoxicity of chitosan-capped YF3:Yb,Er nanoparticles toward
human breast cancer MCF-7 cells and GdF3:Yb** /Er®* /Li* hollow spheres, reported in
the literature [43,44], is in agreement with the results obtained in this study. The viability
of both, MRC-5 and A549 cells was highly preserved after a 24-h exposure, being above
80% for all examined concentrations of YF-L and GF-L particles. As demonstrated in our
previous study [17], the presence of chitosan amino functional groups at the «NaYF,:Yb,Er
UCNPs surface enhances their use for in vitro cell labelling. The same feature is confirmed
here for GF-L unshelled peanuts-shaped particles. Their successful incubation in the
cytoplasmic region of MRC-5 and A549 cells enables the visualization of cells, and also
creates condition for in situ measuring of cell temperature. Morphological parameters of
the cell, and especially nucleus, are considered to be indicators of the change in cellular
physiological condition. As it is shown here, GF-L mesocrystals did not induce significant
change in cell size parameters, excluding large-scale processes such as early-stage necrosis
(necrotic volume increase) [45]. Homeostasis of nucleus/cytoplasmic ratio, indicative for
many cellular physiologic activities, changes in growth and also pathological processes,
was also unchanged [46]. Furthermore, the nucleus circularity index showed that there
was also no change in the nucleus morphology. Nuclear circularity index values close to
1 indicate a normal, circular nucleus [25]. All of these parameters in the range of normal cell
values did not exclude possibility of mesocrystals affecting the structures and physiology
of the cells, but they did show that no morphology- and physiology-changing effects took
place. This, together with the results from viability testing using MTT, is overall a good
indication of biocompatibility of tested samples at this stage of research. This is of crucial
importance, because mesocrystals obtained in this study have potential for application in
temperature sensing in the physiologically relevant range of temperatures.

The absolute sensitivity of 0.0042 °C~ 1 and the accuracy of 0.84 °C (YF-L) and 0.67 °C
(GF-L) is somewhat lower than the previously published ones related to strongly agglom-
erated and irregularly shaped Y73Ybg,ErgopF3 particles obtained through solid-state
reactions [19] and from glass ceramics embedded with YF3:Yb,Tm,Er nanocrystals syn-
thesized using a melt-quenching method [20]. Both were determined for the much wider
temperature range, in which the population of Er** 2Hy; ;, and #Ss, thermally coupled
levels is governed by the Boltzmann distribution, and is not comparable with the thermal
sensitivity of the GF3:Yb,Er phase due to the absence of published data.

5. Conclusions

Biocompatible Y g_xGdxF3:Yb/Er mesocrystals with an unshelled peanuts-like, and
rhombic-layered structure were obtained using chitosan-assisted solvothermal processing.
These structures are built from much smaller monocrystals, whose tendency towards self-
organization is governed by the quantity of preserved chitosan ligands at their surface. The
difference in charge density inside the crystals, induced by the increase in the gadolinium
content in the YF; host matrix, resulted in a minor change in local symmetry of dopant
ions, due to which the shape and intensity of Er** emission lines varied. The change in the
visible green emission intensity with temperature, originating from the thermalization of the
2Hy /> and #S3,5.4 levels of Er?*, is used for testing their capacity for temperature sensing.
The detected absolute sensitivity of 0.0042 °C~ 1 the accuracies of 0.84 °C (Y. Ybo.18Er.02F3)
and 0.67 °C (Gdg g Ybyg 18Erg 02F3), in vitro cell labeling capacity, and the low cytotoxicity to
both, MRC-5 and A549 cells, make them suitable for further optimization towards more
specific application in biomedicine.
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Abstract: Adaptive changes in mitochondrial morphology are associated with changes in the
mitochondrial function and metabolic fitness of eukaryotic cells. We previously described in
young hyphae of the filamentous fungus Phycomyces blakesleeanus a dramatic effect of an increase
in ambient temperature during growth: a 3°C warmer environment compared with a control
temperature of 22°C resulted in the appearance of long elongated (“tubular”) mitochondria
accompanied by an increase in lipid droplet density. Here, we examined how cooler ambient
temperature (18°C) during growth affects mitochondrial morphology in P. blakesleeanus
compared with the control grown at 22°C. We used two-photon fluorescence imaging (TPEF) of
live hyphae stained with the vital mitochondrial dye rhodamine 123. Extraction of relevant
parameters (number, size, and shape of mitochondria) from TPEF images was performed using
the Ilastik machine learning-based software. The suitability of the Ilastik analysis was compared
with the Particle Analysis (Image]). Cold treatment resulted in the appearance of tubular
mitochondrial morphology that was absent in the control group. Tubular mitochondrial
morphology appears to be an adaptive feature that occurs in both warmer and colder conditions
and is likely part of the stress response.

Keywords: Phycomyces, Imaging, TPEF, Machine-learning, Ilastik

1. Introduction

Mitochondria are very plastic organelles capable of morphologically adapting in
order to meet cellular needs. The conditions that require more efficient quality control or
greater respiratory capacity lead to fragmentation or fusion of mitochondria,
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respectively [1]. We have previously shown that a 3°C warmer environment induces the
appearance of tubular mitochondria in the filamentous fungus Phycomyces blakesleeanus
[2]. Here we investigate the effects of a 3°C cooler environment on mitochondrial
morphology.

2. Methods

Hyphal cells of the unicellular filamentous fungus Phycomyces blakesleeanus (Burgeff), wt
(NRRL 1555(-)), were grown in illuminated stationary plates at 22°C for 16-21 h, as
described previously [3], or at 18°C for cold treatment. Mitochondria stained with 5 uM
rhodaminel23 (Rhd123) were imaged in vivo by two-photon fluorescence microscopy
(TPEF) of hyphae. Images were obtained from five separate cultures. For two-photon
excitation of Rhd123, we used a Ti:Sa laser tuned to 800 nm (160 fs pulse duration, 76
MHz repetition rate) focused with the Zeiss Plan Neofluar 40x1.3 objective. The signal
was detected through a MF530/43 bandpass interference filter (ThorLabs, USA). Details
of the experimental setup for TPEF were described in [4]. Raw images were analyzed in
both Ilastik and Image] Particle Analysis software packages using individually
thresholded images to achieve high-quality segmentation of the bright structures
representing mitochondria. Only images with a sufficiently high signal-to-noise ratio (to
clearly distinguish the structures from the background) were analyzed. Statistics:
ANOVA with multiple comparisons and Holm-Sidac correction, and an unpaired two-
tailed t test with Welch’s correction for unequal variances. Confidence levels for
statistical significance were: 0.05 (*), 0.01 (**), 0.005 (***).

3. Results and Discussion

TPEF images showed that Rhd123-stained mitochondria of different shapes and sizes
were distributed throughout the control hyphae (n = 6) and that there was no
conspicuous region of high density in the growing hyphal tip (Fig. 1a, left). In cold-
treated hyphae (n = 12), there was a similar range of mitochondrial shapes and sizes as
in the control group, except for some longer mitochondria (Fig. 1a, right). To quantify
mitochondrial morphology in an efficient and accurate manner, we trained a machine
learning-based software routine in Ilastik to sort them into groups: round, ellipsoid, and
elongated. The classifications obtained, such as the example shown in Fig. 1b (a colored
mask superimposed on the image), matched well with the initial images. The same
images were subjected to Image] Particle Analysis (Fig. 1c), and the obtained
morphological measures were compared with the Ilastik-derived data for each hypha
(Fig. 1d,e). The number of mitochondria determined by Image] was significantly lower
than the number counted by Ilastik (p < 0.0001) (Fig. 1d left), while the total area
occupied by mitochondria was similar in Image] and Ilastik (p=0.46) (Fig. 1d right).
Visual inspection of the ImageJ-generated masks confirmed that many individual
mitochondria were not well separated. Therefore, we analyzed the Ilastik ~ -generated
dataset in more detail. The results are shown in Fig. 2.
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Figure 1. Mitochondrial morphology analysis from P. blakesleeanus hypha TPEF images. a.)
Representative TPEF images of Rhd123-stained hypha grown in control (22°C) and cool (18°C)
conditions. The color bar on the right, blue indicates lowest signal values. b-c.) Results of
segmentation during image analysis using Ilastik (b) and Particle Analysis in Image]J (c). d.)
Comparison of values obtained by Ilastik and Image] analysis: Mitochondrial density (left) and
percent of hyphal area occupied by mitochondria (right). All points are shown, with obtained
linear fit coefficients: for mitochondrial density, k = 0.44 + 0.04 (18°C) and k = 0.36 + 0.05 (22°C);
for % area under mitochondria, k = 0.76 + 0.3 (18°C) and k=1.2+0.4 (22°C). e.) Representative
examples of shapes of mitochondria for each of the main morphology groups: round, ellipsoid
and elongated. Scales are shown in the bottom of images: a.)10 um (left) and 20 um (right); b.) 10
pm; c.) 10 pm.

We found that the number of mitochondria per unit area of hyphae (Fig. 2a) was lower
in the 18°C group, which is consistent with the expected changes in mitochondrial
morphology toward greater connectivity during adaptation to stress. On the other hand,
the finding that the total area under the mitochondria (Fig. 2b) decreased with cooling
suggests an increase in mitophagy, or alternatively, that increased fragmentation of
mitochondria resulted in a portion of very small structures below the detection limit
(submicron size). Overall, these results suggest that the dynamic restructuring of the
mitochondrial network occurs in cooled hyphae. We examined a subset of representative
hyphae from both groups in more detail. The density of each morphological type was
similar in both groups, so the data were pooled (Fig. 2c). The length of the mitochondria
in each morphological group is shown in Fig. 2d for the 22°C group and in Fig. 2e for the
18°C group. Significantly longer elongated (tubular) mitochondria were found in the
18°C group compared with the 22°C group (Fig. 2f).

3. Conclusions

The tubular morphology of mitochondria is an adaptive feature that occurs under colder
conditions, similar to the changes previously observed in warmer environments, and is
likely part of the stress response. Slight changes in ambient temperature can elicit a
mitochondrial response, that is, dynamic changes in morphology.

www.iccbikg2023.kg.ac.rs|

1336



A. Vitkovac et al., Slight cooling during growth induced changes in filamentous fungi hypha mitochondrial

morphology

a Total mitochondrial density b % area under mitochaondria .

- o

2 400 x =g . 2 2004 =

‘g'\E p=0.0268 | 8 E % | p=00423 _} 1 Filien

= o

2 Zaod =l S0 £ 1504 p=0 uzz?l

8= N o & . 2

£ fom 3 Ti™ g 100

L 1 - - =

22 s i 3 = ¥

g =" 58 2ol 4
= il E] E - E ol -1—. o d v i

18°C 22°C T 5 18°C 220 i round  elipsoid elongated

d e f Elongated mitochondria

8 Mitocheodria morphology group

Mitochodria morphal rou
8- bty gro bieid

E- |

! p=00024 |

6 6 3
3 E 23
=44 =4 bl
= - § 2
1 - 2
2 &= == = 2 +
= =~
0 — 2 i 0 . - T ]
round elipsoid elongated round elipsoid elongated 18°C 22°C

Figure 2. Parameters of mitochondrial morphology obtained from Ilastik image  analysis,
shown as box and whiskers plots enclosing the 25th and 75th percentile range with the line
representing the median and the whiskers extending to the minimal and maximal value, all
points shown. (a.b.,f.) Comparison of hypha grown at 18°C (n=12) and at 22°C (n=6). T-test with
Welch's correction: a.) Mitochondrial density (defined as the number of mitochondria per 1000
um? of hypha area). b.) Mitochondrial area in a hypha normalized to the area of that hypha (%
area under mitochondria). c.) The density of mitochondria belonging to each morphological type
(round, ellipsoid, elongated) from pooled subsets of Control (n =3) and Cold-treated (n=4) hypha
images. Anova with Holm-Sidac correction. d-e.) The length (d) of mitochondria belonging to
each morphological type in hypha grown at 22°C (graph in 2d.) and 18°C (graph in 2e.) shown as
average value and SD in each hypha (18°C group, n=4 and 22°C group, n=3). {.) Average length of
elongated mitochondria. T-test with Welch’s correction.
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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 0.S; (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):
Ryt = 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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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.

L é monolayer

"
-
-

monolayer

Figure 1. Left: WS, (mono)layers; right: fluorescent beads of different diameters (4um and 1um).
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Using two-photon excited fluorescence (TPEF) modality of our home
built nonlinear laser scanning microscope, we investigated, as a proof of
principle, mitochondrial morphology adaptations in an eukaryotic cell
in vivo, as a response to cooler ambient temperature during growth.
The cells were stained with the vital mitochondrial dye Rhodamine
123 in order for mitochondria to exhibit TPEF. We compared cultures
grown at two cooler and one control temperature. Acquired images
show superior level of clarity and an optimal signal-to-noise ratio, al-
lowing for the morphology differentiations of intricate subcellular struc-
tures influenced by subtle temperature variations. Two approaches for
extracting parameters from TPEF images were juxtaposed: standard
method of particle analysis in ImageJ and nonstandard method in
[lastik, a machine learning-based software. The latter demonstrated
greater suitability for this type of analysis, showing increased efficiency
in terms of time and reduced susceptibility to errors.
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There is a great technological interest in synthesis of lanthanide doped upconverting
nanoparticles (UCNPs) with controlled crystal phase, morphology and intense luminescence
properties suitable for biomedical use. A conventional approach for synthesis of such
particles comprises decomposition of organometallic compounds in an oxygen-free
environment, followed either with a ligand exchange, or biocompatible layer coating.
Biocompatible NaYesGdo1sF4:Yb,Er nanoparticles used in this study were synthesized
through chitosan assisted one-pot hydrothermal synthesis and were characterized by X-ray
powder diffraction (XRPD), Fourier-transform infrared (FTIR) spectroscopy, scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM/EDS) and
photoluminescence measurement (PL). Due to the presence of the amino groups at their
surface, excellent biocompatibility and notably low cytotoxicity against MRC-5 cells (line of
normal human fibroblasts) and A549 cells (human lung cancer cells) were detected using
MTT assay. Furthermore, upon 980 nm laser irradiation, particles were successfully used in
vitro for labeling of both, MRC-5 and A549 cells.

P17
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1Faculty of Technical Sciences, Cacak, Svetog Save 65, Cacak 32000, University of
Kragujevac, Serbia

?Institute of Technical Sciences, SASA, Kneza Mihaila 35, Belgrade 11000, Serbia
%Information Technology School-ITS, Cara Dugana 34, Zemun 11080, Serbia

A powder of Cug2NipsZnio Mn; 304 composition for custom thermistor was prepared by
using a certain mixture of metal oxides and solid state reaction at 1000 °C/4h in air. The
obtained thermistor powder was milled in the planetary ball mill and agate mill for a
prolonged time to achieve submicron powder. The prepared thermistor powder was further
characterized by using XRD and SEM techniques. After that, the thermistor powder was
pressed into small disc-shaped samples and sintered at 1150 °C/2h. The sintered samples were
also characterized by using XRD and SEM. The main electrical properties such as nominal
resistance R and thermistor exponential factor B were measured in the climatic test chamber.
After that, the thick film paste was prepared using the same powder, an organic vehicle and a
glass frit. The paste was printed on alumina substrate, dried at 150 °C / 30 min and sintered in
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