Hayunom Behy UHcTHTyTa 32 dpusuxy beorpan
Beorpan, 07. mapt 2022.

Ilpenmer:

MoJ16a 3a mOKpeTame MOCTYNKA 32 U300p y 3Bame
HCTPAKUBAY CAPATHUK

Mommm Hayuno sehe MucturyTa 3a ¢pusuxy y beorpany 1a HOKpeHe HOCTYIIAK 3a MOj
u300p y 3BamkC HCTPAXKMBAY CapaTHUK.

Y npwiiory J0CTaBbaM:

1. MHIIUBERE PYKOBOAHOLA JTabopaTopHje ca MPeUIoroM WIaHOBa KOMHCH]jE 3a H300p
y 3BambE;

. cTpyuHy 6norpadujy;

nperje] HayyHe aKTHBHOCTH,

crnucak 00jaB/beHAX HAYIHUX PajoBa U BUXOBE KOMHJE;

MNOTBP/A O YIIHUCAHUM JOKTOPCKUM CTYyIHjaMa;

KOIIHjy JUIUIOMA Ca OCHOBHHX M MacTep CTyAHja;

yBepeme 0 npuxBahenoj TeMH JOKTOPCKE UCEpTallHje.
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Hay4ynom Behy UncTuTyTa 32 pusuky y beorpany

IIpeaMer: Mun/bemb€ PYKOBOANONA JadopaTopuje o u3dopy Muxajiaa
PagmuiioBuha y 3Bame HCTpaKuBa4 CapaJHUK

Muxajno Pagmunosuh je 3amocnen y Muctutyty 3a dusuky y beorpany on 2019. rogune. Y
moueTky je O6mo uman JlaGopartopuje 3a xomorpadwujy, onTmduke MmaTepujasie M (POTOHHUKE KpHCTaie
(pyxonunan ap Jlejan [lanTenuh), a on cenremOpa 2020. ronuHe je anraxoBaH y JlaGopaTtopuju 3a
ouodmuky u Ha npojektry HEMMAGINERO wu3 mporpama I[TPOMUC donpa 3a Hayky PenmyOnuke
Cpbuje (pyxoBmmmary np Anekcanmap Kpmmor). O6mact MmuxajnoBOr HCTPaXUBAdKOT pajaa je
Mpoy4yaBame HMHTEPaKIUje YITPAKPaTKUX JIACEPCKHX HMMITyJca ca MOJIEKyJMMa XeMOrioOWHa u
OCJIMKaBame epuTpoLuTa 0e3 obesexaBama CaBPeMEHUM ONTHYKUM TEXHUKaMa Kao IUTO je HelMHeapHa
macepcka ckeHupajyha mukpockonuja. [lopex Tora, kanauaar ce 0aBHO W MPOYYaBAHEM KEIATHHOZHUX
OMOKOMIIATHOMITHUX MaTepHjana 3a npumerne y Ouodortonunu. C 003upoM Ha MYITHIUCHILTHHAPHOCT
HCTpaKuBama KojuMa ce Mmuxajino 0aBu, pa3BHO je capajmby ca PEIeBaHTHUM MoMahuM M WHOCTpPaHUM
ouomenuuHckuM uHcTUTynHjamMa (buonomku ¢axkynrer YHuBepsutera y beorpagy, MemunuHckn
(dakynrer YuBepsutera y beorpamy, UucturyTr 3a Omonomka HcrtpaxuBama Cunuima CraHKOBHA,
WucTuTyT 32 METUITMHCKA HCTpaKuBama y beorpany, Kaponmacka UnctutyT y Crokxonmy, LlIBencka).

Muxajno Pammunosuh je TOKTOpaHT je Ha TOKTOPCKUM aKaJIeMCKHM CTynujama u3 0nodoToHnke
npu YHuBep3urery y beorpany u TpeHyTHO je y ¢asu omoOpaBama TeMe 3a HM3pany JAOKTPOCKE
JUcepTaryje.

C 003upoMm J1a ucnymhaBa cBe yciioBe npeasulieHe [IpaBUIIHUKOM O CTUIABKY UCTPAKUBAYKUX U
HAYYHUX 3Bamba MPOMHCAHOM OJ] CTpaHe MUHHCTApCTBa MPOCBETE, HAyKe M TEXHOJOMIIKOT pa3Boja,
cariacaH caM ca TOKpeTameM MOCTynmka 3a u300op Muxajnma PagmunoBuha y 3Bame HCTpaKuUBaY
capaJIHuK.

3a uwranoBe komuchje 3a m300op Muxajma PagmminoBuha y 3Bambe HCTpakmBad capajHUK
npeanaxeM cienehe komiere:

1. np Muxauno PabacoBuh, Hayunu capaanuk, UHcUTyT 3a pusuky y beorpany,
2. np Anekcanaap KpMmmoT, Buiu HayuyHu capajHuk, MHCUTYT 3a Gusuky y beorpany,
3. np Usana [lpBeHuna, BUIIM HAYYHH CapagHUK, VHCUTYT 3a MEIUIIMHCKA MCTPaXKHBamba Y

Bbeorpany.
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V Beorpaxny BUIIIY HAYYHH CapajiHHK,
pykoBoauiall Jlaboparopuje 3a Onopusuxy,
7.3.2022. ronuue pykosaunant HEMMAGINERO npojekTa u3 nporpama

[MPOMUC donpa 3a Hayky Pernyonuke CpOuje



buorpadguja Muxajna Paxmusnosuha

Muxajno Pagmunosuh pohen je 06. aBrycra 1993. ronune y beorpany, rae je crekao
OCHOBHO M CPEAH-OIIKOJCKO oOpa3zoBame. OCHOBHE M MacTep CTyAWj€ je€ 3aBpILIMO Ha
Buonomkom daxynrety YHuep3uteta y beorpamy 2018. rogune va Mmogymny MonekyiapHa
ouosornja u (Qusmnosoruja, macrep buodusuka, ca yKymHOM MPOCEYHOM OIleHOM 9,13,
oIOpaHMBIIM MacTep paj moj HacioBoM “AHanu3a ATP-3aBUCHUX cTpyja Kpo3 MojeJuHaYHE
KaHalle Ha MEMOpaHM NHTOIUIA3MAaTUYHUX Kamu w3 TJeuBe Phycomyces blakesleeanus®.
TokOM OCHOBHHX W MacTep CTyIHja BPIIHO je BOJOHTEpcKH pan y MHcTUTyTy 3a OHoomka
ncrpaxkupama ,,Cuanma CrankoBuh”, MHCTUTYTY O HamMOHAJTHOT 3Hadaja 3a PemyOmuky
Cpb6mujy. Jlokropcke akameMmcke cryauje m3 bumodoronmke mpu YHuBep3urery y beorpamy
ymucao je 2018. roguHe. 3Bamke HCTpakUBaY MPUITPABHUK je cTekao 16. ampmra 2019. ronune,
aox 01. maja 2019. 3anocnen je y MacTHTYTY 32 dusuky beorpan Yuusepsurera y beorpany.
On centem6pa 2020. ronuae Muxajino PagmunoBuh ydecTByje Ha TIpojeKTy Koju pUHAHCHUPA
®oHp 3a Hayky PemyOmmke CpOuje w3 mo3uBa 3a W3BPCHE MPOjEKTe MIAANX HCTPaKUBada
(ITPOMUC): ,,Hemoglobin-based spectroscopy and nonlinear imaging of erythrocytes and
their membranes as emerging diagnostic tool”, akpoaum HEMMAGINERO. Ilopen Tora, on
je Omo y4YecHHWK Ha IPOjeKTy M3 IMporpamMa Hay4dHe W TEXHOJIOIIKE OWilaTepaliHe capaimbe
CpbOuje ca Hemaukom 3a 2020-2021. romuHy, moa HacloBOM ,,OCiuxkasarbe u 6pPemMeHcKu
Pasnodicena CnekmpocKkonuja y mepaxepytoj, 01uckoj ungpaypeenoj u 6udmusoj ooiacmu 3a
byoyhe buomeduyuncke npumene’, a TPEHyTHO YYECTBYj€ Ha MPOJEKTy U3 Iporpama Hay4dHe
U TexHoJouKe OunarepanHe capanme Cpbuje ca Crnosenujom 3a 2021-2022. roauHy, mox
HACIIOBOM ,,Hano-cnexmpanio HenuneapHo (ryopecyeHmuo OCIuKagare xemo2ioouna Oes

Kopuutherba obenexicusaia 3a NOMEHYUjaIHy OUjacoHCMUYKY NpUMeny*.



HayuHa aktuBHOCT Muxajna Pagmunosuha

Hayuna aktuBHocT Muxajna PagmuioBuha je ycMmepeHa Ha NpHMEHE HalpeIHUX MHKPOCKOICKHX
TEXHHUKA, Y IPOBOM Pey HeJIHEeHapHE JlacepcKe CKeHHpajyhie MUKPOCKOIHje Y OCIMKaBaky €pUTPOLUTA U
poy4aBama WHTEPAKLHjE YITPAKPATKUX JIACEPCKUX MMITyJica ca XEMOIVIONHOM Kao M Ppa3Bojy

MHUKPOOIPHUYKHX €JIeMEHaTa U CTPYKTYypa KOjH Ce 3aCHHBAjy Ha OMOMIOJTMMEPHHUM TEIOBHMA.

Y nmass0j aHanmM3W HaydyHE W CTPyYHE aKTHBHOCTH KaHIWIaTa NeTajb he OWTH pa3BpCTaHH TIO

ImpaBOMMa U TEMaMa UCTPaAXKUBambA:

1. MaTepakiija ynaTpakpaTKiAX JJACECPKUX UMITYJICA Y OJIMCKO] HHPPAPBEHO] 00JIACTH ca XeMOTJIOOMHOM

W HeJIMHeapHa MUKPOCKOIIHja ePUTPOIINTA U IbXOBUX JIepUBAaTa.

2. PaBBOj MUKPOONTHUYKUX €JIEMCHATA U CTPYKTypa 3aCHOBAHUX Ha 6I/IOHOJ'H/IMepHI/IM T¢JIOBUMA.

1. AHTepakumja yJTPAKpPATKHX JIACECPKHX HMMIYyJica y OJHucKOj HHQpPalpBeHoj 00JacTH ca

XeMOrJ100MHOM U HeJIMHEeApPHY MUKPOCKOMHUjy ePUTPOLMTA U HbUXOBHX JIepUBATA.

WuTepakiyja yaTpakpaTKUX JIaCECPKMX HMIylica y Oyimckoj wuH(parpBeHoj obimactu ca
XeMOTJI00MHOM oMoryhaBa ocCiMKaBame EpPHUTPONHMTA M FHHMXOBHX JeprBaTa 0e3 Oojema W (pukcaruje.
PasymeBame OBe HHTEpakilfje je OJi K/byYHOr 3Hauyaja 3a INPUMEHE OCIHKaBamba CPUTPOILIUTA Y
Pa3THIUTHM TATO(PHU3NOIIONIKAM CTalkbUMa. XEMOTJIOOWH, MPOTEHH KOJH je 3aTy’KeH 3a IPEHOIICHE
KHCEOHMKA/yTJbeHIMOKCHAA KO/l CBUX KHUMEHaKa U KOjH HCIyHhaBa YHYTPAIIHOCT EPUTPOLNTA, BPIIO j&
KOMIUTMKOBAH 3a OociHKaBame. CTaHIapIHe Mpoleaype Cy KOMIUIMKOBaHE U TO/pa3yMeBajy Oojeme, aa
OM ce HaKOH TOTa CTPYKTYpPE OJ XeMOIIOOMHA OC/IHMKaBaje Ha KOH()OKATHOM MIIH eMH-()ITyOpeCIICHTHOM
Mukpockorny. C npyre cTpaHe XEMOTJIOOWH jecTe alCOPNTHBAaH Yy IUIaBOj W OJMCKO] YNTPasbyOHUYacToj
oOiacTu, amu perlakcandja HUje pagdjaThBHA, Te HeMa (iyopecleHnrje Koja Ou Omia morogHa 3a
ocnukaBame. [lomTo ce epuxacHo modyhyje y mnaBom-YJb nemy criekrpa jeqHO(DOTOHCKH, XeMOTTIOOWH
no6po arcocpOyje nBopOTOHCKH y Oimckoj uH(paiBeHoj obnactu (650-750nm). HegaBHO je mokazaHO
Jla HaKOH NBO(OTOCHKE aricopIiydje, Aoia3u a0 (OTOXeMHUjCKe paklije HAKOH KOje ce O] XeMOTJOnHa
no6ja QoTonponykT Koju jecte ayopecueHTaH (poToakTuBanMja) M Uuja ce (QIyOpecUeHIHja MOKe
KOPUCTHTH Aajbe y ocnuKaBamy. DoToakTHBalyja XeMOrJI00MHA Ha OBaj HAUYMH CE MOXKE MIPUMEHHBATH
y PasIMYUTHM CTyIadjamMa oOnuKa W (yHKIHMje epuTpoLHuTa M TeMa je mpojekrta ,,Hemoglobin-based
spectroscopy and nonlinear imaging of erythrocytes and their membranes as emerging diagnostic tool” -

HEMMAGINERO wu3 nporpama [IPOMUC ®onna 3a nayky Pemybnuke CpOuje y umjoj peanuzanuju



kagmunat Pagmmtosuh yuectByje. [lpumapam nmeo mctpaxkuBama PagmumnoBnh Muxajma ycMepeH je Ha
KapakTepu3auujy T3B. (POTOHNpOAyKTa HacTajor MpPUIMKOM IIOMEHyTe uHTepakuuje. Kananmpar
PamvMunoBuh je yuecTBOBao y  JabOpaTOPHjCKMM MeEpemHMa  CICKTPATHUX  KapaKTEPHUCTHKA
¢dorompoayKTa INTO MOAPa3syMEBa YCIOCTaBJbAkE IMPOTOKOJA 32 MHUKPO-CIPEKTpaIHA MeEpema
nBOGOTOHCKHX eMucnoHuX , YB - BUC, Pamanckux crmekrapa (OTONPOAYKTa Kao M CIIEKTPAITHO
ocnkaBame ( ,, Spectral imaging *“) y capaamu ca konerama ca Mucturyra Kaponuacka, [1IBenacka. Ha
OCHOBY Mepema Koje je kojera PagmuioBuh uH3BpIIMO TOKa3aHe Cy jEJUHCTBEHBE CIEKTpallHE
KapaKTEpPUCTHKE IOMEHYTYyor (OTOmpoayKTa Koje ce MAajbeé MOry HCKOPHUCTH 3a (YHKIHOHAIHO
OCJIMKaBaKke EPUTPOLUTa M XeMoriaoomHa. OcHM CHEKTpalHUX OcoOuHa, KaHauzpaT Panmunosuh je
Moka3ao Aa (OTOMPOAYKT IMOceAyje BHCOKY (OTOCTaOMIHOCT, INTO yKadyje Ha Moryhy mnpumeHy
¢dorompoaykTa y pa3Bojy onTHukux wmemopuja. Komera Panmunosuh je Ttakohe yuectBoBao y
yCIIOCTaBJbalby MPOTOKOJA 33 TBOPOTOHCKO OCIHMKABAKE EPUTPOLUTA y (U3HOJIOIIKAM YCIOBUMA Kao U
y MHIYKOBaHUM IN VIitr0 cTpecHMM YyCIOBMMa, Kao M 3a IBO(OTOHCKO obejexaBame M mnpaheme
MojeIMHAYHUX epuTponunTa. Jlocamammy pe3ynTaTd Be3aHH 3a XeMOTJIO0HH U epUTPOLIUTE CYy Y TIPOLIECY
nucama W MyOJMKOBamka HAay4dyHOT pana. Hekw ox mocamammHx pesyntara cy Takohe o0jaBjbeHH Ha

nomahum n melyyHapogauM KoHDepeHjama:

e Radmilovi¢, D. M., Drvenica, 1., Krmpot, A. & Rabasovi¢, M. Photophysics and photochemistry of
hemoglobin interaction with ultrashortlaser pulses. Book of Abstractsof 14th Photonics Workshop
(Conference), pp. 27 - 27, Kopaonik, Serbia, 14 — 17March 2021, ISBN 978-86-82441-52-6

e Radmilovié, D. M., Drvenica, 1., Rabasovi¢, D. M., 1li¢, V., Pavlovi¢, D., Nikoli¢, S., Mati¢, M. &
Krmpot, A. Interaction of ultrashort laser pulses with hemoglobin as a tool for selective erythrocytes
photo-labeling. Book of Abstracts of VIII International School and Conference on
PhotonicsPHOTONICA2021& HEMMAGINERO workshop, pp. 107 - 107, 23 - 27 August 2021,
Belgrade, Serbia, ISBN 978-86-82441-53-3

e  Mati¢, M., Pavlovi¢, D., Radmilovié¢, D. M., Rabasovi¢, D. M., 1li¢, V., Krmpot, A. & Drvenica, 1.
Discovering abnormal erythrocyte membranes - optical approaches. Book of Abstracts VIII
International School and Conference on Photonics PHOTONICA2021& HEMMAGINERO
workshop,pp. 108 - 108, 23 - 27 August 2021, Belgrade, Serbia, ISBN 978-86-82441-53-3

2. Pa3B0j MHUKPOOINITUIKHUX €JIEMEHATA U CTPYKTYPaA 3aCHOBAaHUX Ha 6I/IOHOJ'[I/IMepHHM reJjijopuma.

Pa3Boj MUKpOONTHYKHX €leMeHaTa U CTPYKTypa HopazyMeBa Kopuilheme TEXHHUKE KOHTPOIUCAHOT
JIacepCKOT IpaBUpamba ONTUYKUX U HEONTHYKUX CTPYKTYpa MUKPOHCKHX AUMEH3HMja y MATPUKC 3aCHOBAH
Ha OHONOJIMMEpHUM renoBuMa. ONTHYKE CTPYKType MOApa3yMeBajy Mpe CBEra pa3iniuTe TUIIOBE
MHUKpoOcourBa (cabupHa, pacHIIHA) U MUKDPO - TUPPAKIHOHE PEIIETKE Kao W Pa3iuunuTe OMOMUMETCKE

cTpykType. HeonTuuke CTpykType MoAapa3yMmMeBajy MHUKPO - KaHale W IPOU3BOJbHE TE€OMETPHjCKe



ctpykrype. CTpyKType Cy MOIyJIaTOpHE B Moryhe WX je KOMOWHBATH y CIOXEHH]e eJIeMEHTe Kao IITO je
LOC (Lab on a chip). Tex"omoruja pa3Boja MUKPOOIITHIKHAX €JIEMEHATA YE€CTO 3aXTeBa KOMIUICKCHE
TEXHOJIOIIKE TIOCTYIIKE KOjH TOApa3yMeBajy KOpHIIherme €KOHOMCKH 3aXTEBHHUX TEXHOJIOTHja Kao H
MTOTCHITNjaJTHO IITETHUX XeMuKanuja. Komera PagmimnoBuh yuecTBoBao je y pa3Bojy cucTeMa 3a JIACEPCKO
UCIPTaBak€ MUKPOONTUYKHX W JPYTHX HEONTHUYKUX CTPYKTypa Yy CMHUCIY pa3Boja codrTBepa 3a
KOpPJIMHUCAHY KOHTPOJTY Jiacepa U KOPAHMHAIIMOHOT cToiia. [lopea TeXHUYKOT Jiefia KOjH je MoaApa3yMeBao
yCIOCTaB/bakhe (DYHKIIMOHATHOCTH TOMEHYTOr CHUCTeMa, Kojera PaaMuwioBuh je y4YecTBOBao Y
YCIOCTaBJbakhy MPOTOKONA 32 e(pHUKACHY W3paay ONTHYKUX M HEONTHYKUX CTpykTypa. Toxom 2020.
roaune Pagmunosuhi je Ouo geo ogodpeHor npojekra PoHIa 32 MHOBAIMOHY IENAaTHOCT JlOKa3 KOHIENTA,
mox HasuBOM: ,,Mukpoduiyuanuka ngabopaTopvja Ha 4YWITy 3a JUjarHOCTHKY HEYpPOJCTCHPATHBHUX

oboseema”’. Hekn pesynratu HaBeJCHUX UCTPaKUBamba Cy 00jaBJbHHU Y paay:

Radmilovié, M. D., Muri¢, B. D., Gruji¢, D., Zarkov, B., Nenadi¢, M. Z., & Pantelic, D. V. (2021).
Rapid Direct Laser Writing of Microoptical Components on A Meltable Biocompatible Gel.
DOI:10.21203/rs.3.1s-1077113/v1 IF (2020) 2.084; [l

Hexwu o pesynrara Takohe cy oOjaBipemu Ha momahuM u Mel)yHapomHUM KOoH(pepeHIjama:

e Radmilovié, D. M..Panteli¢, D., Lazovi¢, V. & Kolari¢, B. Cellular noise of butterfly wing scales as
a potential true random number generator. Book of abstracts of The Seventh International School and
Conference on Photonics PHOTONICA2019, 26 August — 30 August 2019, Belgrade, Serbia, ISBN
978-86-7306-153-5.

e Radmilovié, D. M., Rabasovi¢, M., Sevié, D., Panteli¢, D., Kolari¢, B. & R. Mouchet. Revealing the
optical response of Stegastes apicalis fin parts using fluorescence spectroscopy. Book of abstracts of
PHOTONICA2019 - The Seventh International School and Conference on Photonics, 26 August —
30 August 2019, Belgrade, Serbia, ISBN 978-86-7306-153-5

e Radmilovié, D. M., Muri¢, D. B. & Panteli¢, D. Micro-optical elements "a la carte". Book of
abstracts of 13th Photonics Workshop (Conference), pp. 30 -30, Kopaonik, Serbia, 8~ 12 March
2020, ISBN978-86-82441-50-2.

e Radmilovié, D. M., Muri¢, B. & Panteli¢, D. Real time fabrication of microlens arrays for security
applications, Book of Abstracts of 14th Photonics Workshop (Conference), pp. 36 - 36, Kopaonik,
Serbia, 14 — 17March 2021,ISBN 978-86-82441-52-6.

e Radmilovi¢, D. M., Muri¢, B., Gruji¢, D., Zarkov, B., Nenadi¢, M. & Panteli¢, D. Thermoresponsive,
biocompatible hydrogels for rapid prototyping of biomimetic microchannels. Book of Abstracts of
VIII International School and Conference on Photonics PHOTONICA2021& HEMMAGINERO
workshop, pp. 100 - 100, 23 - 27 August 2021, Belgrade, Serbia, ISBN 978-86-82441-53-3



e Muri¢, B., Panteli¢, D., Radmilovi¢ D. M., Gruji¢, D., Zarkov, B. Modified chitosan for rapid
fabrication odf microlenses. Book of Abstracts 15th International Conference on Fundamental and

Applied Aspects of Physical Chemistry, pp. 75-75, 2021, Belgrade, Serbia.
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Abstract: Microoptical components are coming of age in a wide range of applications: lab-on-a-

chip, imaging, detection... There are a large number of fabrication technologies
capable of producing high quality individual components and their arrays. However,
most of them require high-end and costly equipment, complex and time-consuming
fabrication, harmful chemicals, resulting in expensive final products. Here we present a
technology capable of producing high quality microoptical components, using low-end
direct laser writing on a biocompatible, environmentally friendly hydrogel, without any
waste substances. The gel is locally and controllably melted while surface tension
forces shape the optical component, following the laser beam profile. The process is so
quick that a single microlens is fabricated in less than a second, and can be used
instantly without any further processing. The technology is neither subtractive nor
additive, and the base material is simply displaced producing a smooth surface. We
have been able to fabricate individual microlenses and their arrays (positive, negative,
aspheric), gratings and diffractive components. The technology is tested by generating
unique, difficult to counterfeit QR-codes. Turnaround time is fast and makes the
technology suitable both for rapid prototyping and serial production.

Response to Reviewers: We have carefully read the reviewers’ comments on our manuscript:
Rapid direct laser writing of microoptical components on a meltable biocompatible gel

submitted to Optical and Quantum Electronics. We thank reviewers for useful
comments. We have acted accordingly to improve the quality of the paper. All changes
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were marked red in the text.
Our response to Reviewer #1
1. Reviewer requested to comment on surface quality of microlenses.

In response, we have rewritten the paragraph above the figure 1 and added the
following sentence:

“The surface of the dip is quite smooth (roughness is of the order of few nanometers)
and can be faithfully approximated with a cubic polynomial, as verified by atomic force
microscopy.”

2. Reviewer commented that Fig. 3a is not mentioned in the text. Also, Fig. 3b is not
mentioned in the title of Fig. 3.

We made a corresponding correction, both in a paragraph above the figure 3 and its
caption.

3. In reviewer’s opinion different photographs in Fig. 5 are not sharp.

The problem was due to reduction of picture size in previous submission. Photographs
are enlarged now and closely correspond to how they look under the microscope.

4. In the next comment we were asked to show the meaning of HaCaT cells.

In the first paragraph of section 2.5 we have added that: “...immortalized keratinocyte
cell line (commonly referred as HaCaT)”.

To further clarify the significance of this particular cell line, we have also added the
following sentence: “A high capacity to differentiate and proliferate in vitro makes
HaCaT cell lines extremely useful for the purpose (Schuerer (1993))”. A new reference
(Schuerer (1993))) was added to the list.

5. Reviewer noticed that in Fig. 7 caption the last phrase is repeated.

We have corrected the caption and believe that it is now completely clear and
understandable.

6. The final comment was in regard to misprints in the whole text.

We made every effort to correct the text. In the list of authors, the name of Dusan

Gruji¢ letter “j” was omitted, which is now corrected. Middle V. was added to Dejan
Panteli¢, which now reads correctly “Dejan V. Panteli¢”.

Our response to Reviewer #3

1. Reviewer wanted to know which specific modality of nonlinear microscopy (TPEF,
SHG and THG) was used in this research and why. Also, he asked what was the
advantage over linear fluorescence techniques e.g., confocal?

In response we have added the following sentences near the end of section 2.3:
“Here we used two-photon excited fluorescence (TPEF) modality of NLM, which was
particularly suitable due to large penetration depth of infrared excitation beam and
reduced laser damage.”

2. We were asked if we considered and corrected the apparent depth distortion during
the imaging with NLM, due to refractive index differences. To clarify the matter, we
have added the final sentence to the section 2.3:

” We were interested primarily in the surface shape of microoptical components when
refraction effects do not introduce significant distortion.”
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3. We were asked about the main difference of this study compared to previous
research work (Krmpot et al., 2013)?

In response we have added the following sentence to the beginning of the last
paragraph of Introduction (section 1):

Previously (Krmpot et al. 2013), we have analyzed optical properties of negative
microlenses using NLM.

We think that further text explains that the present study is much broader in its scope. It
presents a new material which is bio-compatible, environmentally friendly and capable
to generate microfluidic, micromechanic and microoptical components for a lab-on-a-
chip-device.

4. Additional question was if the maximum diffraction-limited resolution can be
achieved by the generated (positive) microlenses and if we investigated the presence
of optical aberrations that could limit the performance of the lenses?

This was completely beyond the scope of this paper, which is concentrated on
material’s versatility (capability to generate many micromechanical and microoptical
components) and biocompatibility. Further consideration of aberrations and resolution
will additionally expand the paper.

5. The final remark was that full stops were missing in the bullets of the "Conclusions"
part of the manuscript.

We have corrected that.
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Abstract

Microoptical components are coming of age in a wide range of applications: lab-on-a-chip, imaging, detection...
There are a large number of fabrication technologies capable of producing high quality individual components and
their arrays. However, most of them require high-end and costly equipment, complex and time-consuming
fabrication, harmful chemicals, resulting in expensive final products. Here we present a technology capable of
producing high quality microoptical components, using low-end direct laser writing on a biocompatible,
environmentally friendly hydrogel, without any waste substances. The gel is locally and controllably melted while
surface tension forces shape the optical component, following the laser beam profile. The process is so quick that a
single microlens is fabricated in less than a second, and can be used instantly without any further processing. The
technology is neither subtractive nor additive, and the base material is simply displaced producing a smooth surface.
We have been able to fabricate individual microlenses and their arrays (positive, negative, aspheric), gratings and
diffractive components. The technology is tested by generating unique, difficult to counterfeit QR-codes. Turnaround
time is fast and makes the technology suitable both for rapid prototyping and serial production.

Keywords Laser writing, microoptics, hydrogels, biocompatibility, security.
1 Introduction

There is a growing need for complex microoptical devices (Kemme 2009) and their use for micro-
optoelectromechanical (MOEMS) and lab-on-a-chip applications. However, their fabrication is usually a complex,
time consuming, multistep process, requiring several high-end technologies: microlithography (Grigalitinas et al.
2016), embossing (Moore et al. 2016), femtosecond direct laser writing (Deng et al. 2019), diamond turning (Zhou
et al. 2011;Zhang et al. 2020). These are the reasons why prevailing microfabrication methods are not suitable for
individualized production or rapid prototyping. Also, materials used for microfabrication are complex and usually
toxic. A huge volume of fabricated devices enhances the problem of safe and environmentally friendly disposal of
microfabricated devices.

Among other materials, gels have attracted attention as a candidate material for MOEMS. There is a wide variety
of gels with characteristic solid-liquid transition induced by coil to helix transformation (Taylor et al. 2017). The
transition can be induced by temperature, chemicals or electric field. Not so many of them have good optical
properties and only a few ef appropriate ones are easy to fabricate, nontoxic and environmentally friendly. Optical
gels (Duarte-Quiroga and Calixto. 2000; Li et al. 2019) have been used to manufacture dynamical and responsive
microlenses. However, their response is slow and chemistry complex (Guan and Zhang 2011).

Microlenses have found application niches for illumination (Lee et al. 2013), imaging (Zhang et al. 2020) and, in
particular, security (Walger et al. 2020). Applied technologies are advanced and complex favoring mass production
and precluding individualization of security features (Jiang et al. 2019).

Previously (Krmpot et al. 2013), we have analyzed optical properties of negative microlenses using NLM. Here
we present a technology based on nontoxic, environmentally friendly gels which are locally melted by direct laser
writing. Our aim was to develop a material that is optically transparent, easily and instantly meltable by localized
irradiation, durable and made from ordinary “kitchen” chemicals (by E number classification of food additives). We
describe material properties, its biocompatibility, analyze the process of local laser-induced melting, demonstrate its
capabilities for security purposes and envision their further use for microfluidic and lab-on-a-chip applications.
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2 Materials and methods
2.1Preparation of photo-meltable gel

Previously we have used gelatin plasticized with tot’hema (an oral solution for anemia treatment) and sensitized
with eosin Y (a red fluorescent dye with absorption maximum at 530 nm) to produce microoptical components (Muri¢
et al. 2007; Muri¢ et al. 2008). We were able to manufacture negative (concave) microlenses, but the problem was
gradual darkening of the material. That is why we replaced a commercial tot’hema with a water solution composed
of several in gredients acting as a plasticizers, humectants, and preservatives. This solution (designated PS for
brevity) consists of: 0.2 ml of glycerol, 0.3 g of sucrose, 8 mg of glucose, 2 pl of polysorbate 80, 6 mg of citric acid,
and 2 mg of sodium benzoate (everything is expressed per 1 ml of solution). The addition of PS improves mechanical
and optical properties of the gelatin layer (elasticity, durability and stability, optical transparency...).

After swelling of gelatin in deionized water for one hour, and heating at 50°C in the water bath (Vela™, Cole
Parmer), 5% aqueous gelatin solution was prepared. Following, 0.01 g of sodium chloride and 0.16 ml of PS were
further added (with stirring) to prevent gelatin layer crystallization and breaking. The preparation of photo-meltable
gel (PMG) is concluded by adding 20 ul of eosin (2% ag. sol.). Quantity of all added components is expressed per 1
ml of gelatin solution. Finally, the PMG solution was centrifuged (Cole Parmer 17250-10 at 3400 rpm/min) in-order
to remove all particulates and impurities.

A PMG layer was prepared by the gravity settling method i.e., by pouring a constant volume of the prepared
solution onto precisely leveled and well cleaned microscope glass slide bounded by a Plexiglas frame. After gelation,
layers were left in the dark overnight, under ordinary environmental conditions (T=25°C, RH=50-60%). During that
time, a certain amount of water evaporated from the layer, as verified gravimetrically. After reaching the equilibrium
value, the water content remains constant. The thickness of the dried layer depends on the amount of poured solution
and can be chosen anywhere between several tens of microns up to several millimeters or even centimeters. In our
experiments, layer thickness was kept at 100 pm.

2.2 Direct laser writing system

We used a home-made laser writing device (Zarkov et al. 2012) operating at 488 nm laser (Toptica iBEAM
SMART with a maximum power of 100 mW). The laser beam is focused by the long working distance objective
(Mitutoyo, 20x0.42 NA). Compact, color scientific CMOS camera (Thorlabs CS505CU5 Megapixel), was used to
position the PMG layer at the desired position with respect to the focal point. A coordinate stage (Ludl BioPoint2,
resolution 50 nm, repeatability 2 um) with G-code enabled Arduino microcontroller was used to move the layer with
respect to the laser beam. G-code (a standard programming language for CNC machines (Walger et al. 2020) was
used to control movement with adjustable speed. Appropriate software was written to coordinate and synchronize
the layer movement with laser switching and intensity adjustment.

2.3 Nonlinear microscopy of microoptical surfaces

To characterize the structure of microoptical components, we used a home-made nonlinear microscope (NLM)
(Rabasovi¢ et al. 2015) equipped with a femtosecond T1: Sapphire laser (Coherent, Mira, 900F). The pulse duration
is 160 fs with a 76 MHz repetition rate and average power of 100 mW. A galvo-mirror scanning system was used for
raster-scanning of the samples in a commercial microscope (Leica). In order to fill the entrance pupil of microscopic
objective (Carl Zeiss, 20x0.8 air) the laser beam was expanded. A tube lens produces an image on the photomultiplier
tube (PMT). Images were acquired and processed using dedicated software. The spatial resolution of scanning system
was 0.6 — 0.9 um in lateral direction, while the axial resolution was 2.1 um. The device turned out to be particularly
suitable for analysis of generated microstructures due to its ability to “see” internal structure of the material. Here we
used two-photon excited fluorescence (TPEF) modality of NLM, which was particularly suitable due to the large
penetration depth of infrared excitation beam and reduced laser damage. We were interested primarily in the surface
shape of microoptical components when refraction effects do not introduce significant distortion.

2.4 Thermal analysis of micro-component manufacturing process

Throughout the research we used a thermal imaging to monitor thermal effects of the laser radiation during micro-
component manufacturing. A commercial thermal camera (FLIR A65) with 640x512 pixels spatial resolution, 30 fps
speed, thermal resolution/NETD 50 mK and 7.5-13um spectral range was utilized to record temperature and its
spatial distribution. We used an additional IR (ZnS) lens, placed in front of the germanium camera lens, to further
magnify the thermal image of a laser-melted zone.



2.5 In vitro biocompatibility testing

Cytotoxicity of tested PMG was determined on spontaneously immortalized keratinocyte cell line (commonly
referred as HaCaT) using crystal violet assay as described previously (Stojkovi¢ et al. 2020) with some modifications.
A high capacity to differentiate and proliferate in vitro makes HaCaT cell lines extremely useful for the purpose
(Schiirer et al. 1993)). HaCaT cells were grown in high-glucose Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% penicillin and streptomycin
(Invitrogen), at 37°C in a 5% CO; incubator. Forty-eight hours before treatment, cells were seeded in a 96-well
microtiter adhesive plate at a seeding density of 4 x 103 cells per well. PMG was dissolved in 0.01 mM PBS to a final
concentration of 8 mg mL. After 48 h, the medium was removed and the cells were treated for next 24 h with
various concentrations of the dissolved gel in triplicate wells. Subsequently, the medium was removed; the cells were
washed twice with PBS and stained with 0.4% crystal violet staining solution for 20 min at room temperature.
Afterwards, crystal violet staining solution was removed; the cells were washed in a stream of tap water and left to
air dry at room temperature. The absorbance of dye dissolved in methanol was measured in a plate reader at 570 nm
(ODs7). The results were expressed as relative growth inhibition (Glso) rate (%) indicating 50 % inhibition of
proliferation of HaCaT cells when compared with untreated control. Experiments were performed in triplicate for
each concentration of the samples and three independent experiments were performed. The criterion used to
categorize the antiproliferative activity of PMG to HaCaT cell line was as follows: ICso < 20 ug mL?= highly
cytotoxic, ICso ranged between 31 and 200 pg mL 1= moderately cytotoxic, ICs ranged between 201 and 400 pg mL-
1= weakly cytotoxic, and 1Cso> 401 pug mL™ = no cytotoxicity (Stojkovié et al. 2020).

3 Results
3.1 Material characterisation

PMG is designed to be sensitive to the wavelength of the laser used in this research (488 nm) in order to enable
photo-induced melting. The focused laser beam locally heated the PMG above its melting temperature and surface
tension produced a concave dip. The process was observed using a thermal camera. Temperature field is localized to
the vicinity of a laser beam. Within 1/5 s, the temperature reaches a maximum and decays in spite of the material
being still irradiated. This is due to the bleaching of eosin and the corresponding reduced absorption. This is
associated with the layer turning transparent instead of red.

As can be seen in Fig. 1(a) (recorded using TPEF), the laser-produced shape is a concave asphere, while its
diameter and optical characteristics depend on the laser power, irradiation time and the laser beam size (Fig. 1(b)).
The surface of the dip is quite smooth (roughness is of the order of few nanometers) and can be faithfully
approximated with a cubic polynomial, as verified by atomic force microscopy. As a result, the dip acts as a high-
quality negative-power microlens (Krmpot et al. 2013).

Fig. 1(a) 3D image of a microlens shape recorded by NLM, (b) Optical microscope image showing how the size of
a microlens strongly depends on the size of the laser beam.



The sensitivity threshold for a 100 um thick PMG layer is 10* W/cm?, which we achieved with only 7.5 mW of
laser power. This limit depends on the layer thickness, PS and dye concentrations, focus depth. It is important to
mention that layer is also sensitive below 7.5 mW, but the material is only bleached (without lens formation).

As can be seen, exposure and bleaching are intertwined. We have observed the process by measuring the decrease
of PMG fluorescence during irradiation i.e., energy absorbed by the material is dissipated through fluorescence (see
Fig. 2). As a consequence, after a certain irradiation time, the layer bleaches so much to drop the temperature below
the melting point. In that case, material cannot remain liquid and “freezes” its lens-like shape.
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Fig. 2 Bleaching of material observed as a decrease of fluorescence intensity under irradiation with 0.05 mW focused
laser beam. Fluorescence decay is represented on the linear scale. The same graph, presented on a logarithmic scale,
is shown in the inset.

We have developed a simplified thermal model which describes temperature T and its dependence on initial
temperature To:

A B B A
T=T,+ et exp(—At) — (a + ﬁ)exp(—Ct)(l)

The model includes constants A, B, C and D which depend on PMG layer properties: conductivity, specific heat
and thickness. Additional constant K describes bleaching speed, while m is mass of the irradiated gel and c is specific
heat (see Appendix).

Calculations have shown close correspondence with experimentally recorded temperature variation (compare
Figs. 3(a) and 3(b)) and correctly describe initial temperature rise with subsequent exponential temperature drop (Eq.
1).
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Fig. 3(a) A temperature profile during constant-power irradiation (5s, 15 mW laser power) of PMG layer, recorded
by a thermal camera. Temperature decreases due to bleaching of eosin. After turning the laser off, temperature quickly
drops to that of the environment. (b) Theoretically calculated temperature variation (using Eqg. (1)).



It is important to note that if the laser radiation is too intense it might occur that material can be bleached to fast
so that melting temperature cannot be reached. We have experimentally observed this particular behaviour, which
leaves material bleached without microlens being produced.

That is why we were forced to closely control the exposure in order to preclude this kind of memory effect. The
effect is important if optical micro-components are too close, because the first one bleaches a certain space in its
vicinity. If we try to write the next micro-component, exposure must be increased to compensate for a significant
drop of absorption due to bleaching.

However, in the following we describe how more complex surface shapes can be manufactured by carefully
controlling the laser focal position, beam pattern and exposure. We have manufactured good quality positive
microlenses by making an arrangement six polygonally positioned spots. The material left in the center of a polygon
acqures spherical surface which acts as a positive (convex) microlens. This can be seen in a NLM image of a material

(Fig. 4).

Fig. 4 A NLM image of a positive microlens produced by irradiating the PMG layer at the vertices of an octagon.
3D view together with its orthogonal cross section (inset) is shown.

We were able to efficiently manufacture arrays of microlenses (Fig. 5(a)) with rather good imaging properties
(Figs. 5(b) and 5(c)).

. . 50 pm
(a) 100 pm (b) 100 pm (c)

Fig. 5 (a) Reflection image of an array of 3 x 3 positive power microlenses produced by irradiating PMG layer at the
vertices of an octagon, (b) Transmission images produced by the array, (c) A resolution chart as seen through the
microlens.

The best results were obtained with the octagonal arrangement of dots. Their radius of curvature and the
corresponding focal length can be controlled by the diameter of a polygon (Fig. 6). We have measured the spatial
resolution of the PMG layer by writing a series of gratings and found that we can manufacture up to 120 Ip/mm.
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Fig. 6 A linear relation between the microlens radius of curvature and the diameter of a polygonal arrangement of
dots.

3.2 Positive and negative microlenses for security

Microlenses have significant security applications for document protection (Walger et al. 2019; Seidler et al. 2014;
Walger et al. 2020). In standard implementation, their effectiveness is based on Moiré effect between a microlens
array and a, suitably designed, micro-pattern or another microlens array. Superposition of two overlaid arrays
produces dynamic effects similar to holograms — i.e., the resulting image varies with respect to observation direction.

Difficulty of counterfeiting such a pair of arrays stems from tight tolerances of microlens parameters and the
necessity of their strict alignment. While this seems to be an attractive security feature it is technologically complex
to achieve in practice. That is why the corresponding technologies are economically viable only through mass
production (usually by printing or embossing). Production of individualized, unique, hard-to-copy security elements
is thus difficult and impractical.

Here we show that the technology presented here offers another way to produce unique security elements quickly
and easily (on the fly) by changing microlens parameters (position, sag, diameter, focal length, mutual position). We
demonstrate the principle by producing a microlens-based QR-code (see Fig 6).

Each dot of a standard 21 x 21 QR-code is a negative microlens, except for one or several selected, which are a
positive. Security features are focal lengths of individual microlenses (either positive or negative) of a QR-code.

Fig. 7(a), (b) A microlens-based QR-code in two focal positions. (c) An image of butterfly wing scale observed
through one of a QR-code lenses. (d) Multiple images of butterfly wing scale from Fig. (c) produced by QR code
microlenses.

Focal length of each microlens is revealed by placing a closely positioned micro-sized object while detecting the
size of its image. Here we used a butterfly wing scale as such object, positioned on the other side of a microlens
substrate. Due to the wide view field of negative microlenses, image of an object is seen across several microlenses
in shifted positions — yet another, difficult to copy, feature.



3.3 In vitro cytotoxicity of hydrogel samples towards HaCaT cells

Cytotoxic effects of PMG were investigated using HaCaT cell culture. To evaluate the cytotoxic effect of the
PMG dissolved in 0.01 mM PBS on HaCaT cells, the crystal violet assay was performed. Relative growth rate of
HaCaT cells in the presence of different concentrations of tested sample compared to untreated control is presented
in Figure 8. Tested sample was evaluated as non-toxic to the HaCaT cell line with respective 1Cs values of > 400
mg/mL, a concentration which is considered as the limit of toxicity (Stojkovic¢ et al. 2020).
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Fig. 8 Relative growth rate of HaCaT cells in the presence of different concentrations of PMG
4. Discussion

Microlens fabrication enables efficient control of each individual microlens by controlling a number of process
parameters: laser beam size, shape, power, angle, speed and exposure, as well as physical/chemical properties of the
PMG layer. There are certain limitations, drawbacks and possibilities which will be discussed in this section

Manufacturing speed of microlenses is limited by the laser energy density (determined by the laser power and
focal point size), absorbance, viscosity and surface tension of melted gel. This is a complex process difficult to model
in a simple way. However, we were able to find appropriate conditions experimentally. Laser powers above 7.5 mW
and exposure times longer than 100 ms gave us complete control of the process and production of predictable lens
size and profile.

The material is soft and elastic due to the presence of a plasticizer. Its stress-strain behavior depends on the PS
concentration, as shown earlier in the case of commercial tot’hema, when the corresponding Young’s moduli were
between 1 and 10 MPa (Muri¢ et al. 2013). Also, for high-concentration (30%) of tot’hema, more than 200%
elongation was achieved. In the case of PMG, the above properties are retained. Elasticity and stretchability can be
utilized to manufacture tunable optical components.

On the other hand, the softness makes material sensitive to mechanical scratching and damaging. That is why it
must be protected by an additional mechanically resistant layer. Alternatively, the material can be hardened by simply
placing in water to let plasticizer diffuse out.

We observed the layer’s surface under the polarizing microscope and noticed that there were no internal, residual
stresses (material is homogeneous).

The material remains photosensitive for a long time even if exposed to normal laboratory conditions. Its shelf life
is mainly determined by slow evaporation of water and photo-bleaching of sensitizer. If the atmosphere is too dry,
concentration of water diminishes and constituent chemicals start crystallizing and the layer attains a milky
appearance. In that sense, it is preferable to keep material in a humid and light-tight container. From the practical
experience, material processing can be performed under normal lighting without special precautions or dimmed light.
However, we have a few years old gelatine layers, stored under normal laboratory conditions, which are still
photosensitive and we were able to produce good quality microlenses. They are very stable, too, and the image quality
remains constant during many months and even years under normal conditions. Of course, material has to be
protected from scratches and dust as in the case of all the other optical surfaces.

The material presented here is not unique. Instead of eosin, we have tried gelatin sensitization with several natural
fluorophores: anthocyanin, betanin and several other food dyes with excellent results. Additionally, we have tried
other gels based on chitosan and pectin with very promising results. That is why we can claim that many other gels,
humectants and sensitizers can further enhance microlens production speed and surface quality.



Depending on how material is prepared, buckling induced by evaporation of solvent produces unpredictable
surface pattern. Even then, re-melting of material by the laser beam flattens the surface and produces good optical
component. As a result, a combination of random buckling surface structure and regular optical components produce
uniquely and nonreproducibly complex security features.

Yet another possibility stems from photo damage of the material, which occurs above certain power density
threshold. In that case, material carbonizes, producing strongly localized damage zone in a center of the laser spot.
Interestingly, this does not preclude microlens imaging, but adds a new feature to a security component.

Here we emphasize that the technology described here is neither additive nor subtractive because no material is
added or removed. It is important to note that all the substances used are not volatile and the melting temperature of
the material is below 50°C, so that water evaporation is negligible. However, do to the melting, surface tension
compresses and densifies the material. This is witnessed by the increased intensity of fluorescence at the
circumference of the cavity. That is why the volume of the laser-induced dip is larger than the volume on the edge
(Muri¢ et al. 2009).

The material is complex mixture of nontoxic chemical aiming to fulfill several requirements: preventing
crystallization, retention of constant amount of water, reducing the melting point of the gel, to enable efficient flow
during laser melting, retaining plastic and elastic properties of the material, increasing the laser energy absorption.
Proper composition was found experimentally and found to be stable before and after microlens fabrication.

Material has certain drawbacks too. It is soft, and can be easily damaged if unprotected. On the other hand, this
property can be used to detect tampering and produce tamper sensitive tags. Material surface is sticky and dust
particles easily adhere to its surface. Therefore, cleanliness is important factor in practical usage of the material.

We used gelatin as a base material, but the working principle is universal and can be applied to any material which
can be locally melted, without damage on a sufficiently low temperature (preferably below 100 °C). In that respect
we tested chitosan, too with quite good results which will be presented in the future publications.

Applications are not limited to microlenses and arbitrary structures can be manufactured such as microchannels,
diffraction gratings, holograms (see Fig. 9).

Fig. 9 A range of microoptical structures which can be fabricated on the PMG layer — retinal vessel model
(center), QR-code (top left), negative microlens array (top right), positive microlens (bottom right) array, grating
(bottom left).

5 Conclusions

We have presented a new, gel-based, material suitable for fast and efficient generation of a wide range of
microoptical and micromechanical components.

There are several advantages of the proposed method:

- Cheap lasers can be used as long as they have a circular laser beam profile and 2% power stability within the
millisecond time interval.

- Chemicals used to produce the PMG are non-poisonous at the stated concentrations, as verified by biocompatibility
tests.

- Fabrication time is fast enough to enable rapid prototyping of on-demand components.

- A variety of optical and micromechanical components can be fabricated within a single manufacturing operation.

- Components require no further processing and can be used immediately following fabrication.
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In this papet, we study possibilities to exploit biological variability on a cellular level (cellular
noise) [1] as a potential source of true random numbers.

Here we show that the Butterfly wing scales are an excellent model system for studying cellular
noise due to their durability and availability in nature [2]. They are nano-patterned, biophotonic,
particles (NBP), producing randomly distributed interference and diffraction effects.

We petformed structural characterization of Butterfly wing scales using SEM. Optical
mictoscopy is used to determine their randomized local spectra, diffraction pattern, and
nonlinear optical response.

Colotimettic image processing techniques are used for to analyze optical pattern. Variation in
color intensities is a consequence of cellular noise and interaction of light with NBPs. The
pattern is randomly distributed along a growth axis of a wing scale.

Images obtained by optical microscopy are analyzed pixel distance intensity values are binarized
and represented in a form of binary arrays.

Binary arrays are tested as a random number generator using the NIST suite [2]. The first
estimate shows that it is most likely a random process, which has the potential to be used as a
true random number generator.
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Many biological species exhibit fluorescence, during the interaction with external light, and
different radiation processes such as fluotescence and phosphorescence play a significant role in
intra and interspecies communication [1]. The different tissues generally emit lower-energy light
(usually in the visible range of the electromagnetic spectrum) upon illumination by higher-energy
light (typically, in the blue, violet or ultraviolet). In this work, we reveal at the first time the
optical response of the Stegastes apicalis fin part combining fluorescence steady-state and time-
resolved measutements.

Stegastes apicalis (Australian Gregory) settles the Great Barrier Reef off Australia's east coast, a
unique ecosystem with many different and highly colorful organisms [1] at a depth of 1-5m. Up
to now, many UV-A absorption pigments were found in different fish species that live in the
Great Batrier Reef [2], and they are essential for various biological phenomena such as predatot-
ptey interaction or species recognition.

The presented time-resolved fluorescent measurements additionally unveil the existence of
complex excited state dynamics of the nano-probe (dye) embedded within the fish fin of Sregases
apicalis. Complex optical response is caused by a structural characteristic of fin patts associated
with photo-physical properties of pigments [3].

Bleaching the fin parts with H,O, also reveals the effect of chemical environment on the stability
of the excited state visible through the changes of the spectra maxima and values of the decay
time.

Besides the importance to reveal the photo-physical response of Stgastes apicalis fin tips,
the interaction between incident UV-A and fluorescent tissues, probably also influences
evolution strategies in diverse ecosystems such as the Great Barrier Reef in Australia.
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Abstract. Micro-optical elements (MOEs) have a wide range of application in different
areas, including today leading industries such as: biomedical sensing and engineering,
material processing, optical telecommunications... Numerous methods are used for micro
optical elements fabrications, that include: grayscale photolithography, wafer based
manufacturing, thermal reflow... Most of these manufacturing techniques are time, energy
and financially consuming [1].

Our fabrication process is based on the usage of low cost homemade material tothema
tartrazine sensitized gelatin layer (TTSG) [2-3]. The characteristic of the layer is facile
preparation process, biocompatibility, elasticity and thermal stability [1-2]. The main parts of
fabrication system include laser (operating at 488nm) and coordinate table. Both are
controlled by software, that is developed in our lab. MOEs are produced by laser writing,
with high spatial-temporal efficiency. We are able to produce different kinds of MOEs in a
one step process, for example: concave micro lens arrays, reflective diffraction gratings,
micro- channels for lab on chip applications [4]. In addition, the MOEs parameters include :
diameter, depth, size and repetition range, which are controlled by changing the laser power,
coordinate table step size in 2D and laser exposure time. The sensitivity of material is tuned
by changing the concentration of doped dye (betanine).

These results have showed that MOEs have excelent optical and imaging (microlenses)
capabilities, with relatively low production time. The potential applications of MOEs are
Shack-Hartmann wavefront sensor, waveguides, optofluidic system for biosensing etc.
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Detection of fluorescence emission during the interaction of hemoglobin (Hb) with ultrashort laser
pulses was observed in both in vivo and in vitro experiments[1,2], however, (Hb) is a non-
fluorescent molecule at single-photon excitation. The mechanism of the two-photon fluorescence
emission of specimens that contain (Hb) is unclear and still speculative. The latest results suggest
that the interaction of ultrashort laser pulses with (Hb) is associated with the formation of (Hb)
photoproduct [3]. Thus, two-photon fluorescence emission is probably related to the formed
photoproduct, which chemical and photophysical properties are not completely understood so far.
Here we present some revealed photophysical and photochemical properties of (Hb) photoproduct
formation upon two-photon excitation. After irradiation at 730nm, using Ti: Sapphire laser
(Coherent, Mira 900-F) with a pulse duration of 160fs, a fluorescent (Hb) photoproduct was
formed. Square shape pattern of fluorescent (Hb) photoproduct (Figure 1.), created by raster-
scanning using galvoscanning mirrors has been shown high stability and durability (for two-weeks).
Moreover, it was possible to analyze formed (Hb) photoproducts by single-photon excitation
microscopy, Uv-Vis, and Two-photon emission spectroscopy.

Figure 1. Scanning region of treated (Hb) thin layer with ultrashort laser pulses

There is a potential application of formed (Hb) photoproduct in studying Hemoglobin-related
physiology and patophysiology [4, 5], as well as application out of biomedical field scope e.g.,
security and optical data storage.
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Microlenses and microlens arrays have found significant applications in integral imaging,
illumination and, in particular, security [1-3]. Variability under different illumination and
observation conditions with associated 3D effects make microlenses excellent security alternative to
holograms. A new 100 $ US bill with 3D ribbon, filled with thousands of microlenses, is a newest
example of practical application of microlenses for document security.

Here we present a method for fabrication of micron-sized security QR-codes (see Fig. 1)
entirely made of positive and negative microlenses. Their focal lengths, size and focal images
present a new security features, which can be intertwined with the QR code contents.

Figure 1. QR-code with positive and negative lenses

Security QR code is fabricated on a sensitized hydrogel using direct laser writing. Writing
is based on local melting of hydrogel with consequtive formation of a lens like structure due to
surface tension forces. Material is environmentally safe with low toxicity and microlens fabrication
is fast - individual microlenses are produced in a fraction of a second - and requires no further
processing. That is why security features can be fabricated in an individualized manner enabling
uniquenes and complexity of security features.

By changing the laser beam profile, writing speed and pattern, complex aspherical lenses
can be fabricated, thus adding to complexity of security features. Simplicity of the base material and
associated laser processing technology opens way to many security applications.
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Single-step prototyping of biophotonic structures that effectively mimic tissue microchannels is a
complex task. A wide range of techniques is used for microchannel fabrication such as
photolithography, silicon molding, etc. [1] However these techniques possess a high degree of
manufacturing complexity and cost [1, 2].

We present technology that is based on locally melted nontoxic, environmentally friendly gels,
and a homemade laser writing system. Microchannels are fabricated by local laser irradiation and spatial
control is obtained using coordinate stage. The physical properties of microchannels are determined by:
gels absorbance, surface tension and laser energy density.

Several in vitro assays were performed to establish biocompatibility of the gel materials. In
vitro studies on the spontaneously immortalized human keratinocytes (HaCaT) cell line showed that the
tested material had no toxic effect. Likewise, different ATCC (American Type Culture Collection) and
resistant strains of pathogenic bacteria and micromycetes were cultivated. After application of the tested
materials no inhibition of bacterial colonies and micromycetes growth was observed.

As a proof of concept, applicability of biomimetic microchannels (BM) was tested using a
digital image of a human retinal blood vessels. Digital model is then translated to the set of G-code
coordinates and imprinted in gel material by laser writing.

BM has significant potential for a wide range of applications such as noninvasive medical
diagnostic, biomedical testing, security, etc. Here we suggest a retinal vascular model to study blood
flow in different pathophysiological conditions. Moreover, our gel based material can be used for fast
and efficient fabrication of BM and also for micro-optical components generation [3].

Figure 1. Biomimetic model of human retina blood vessels.
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Interaction of hemoglobin (Hb) with ultrashort laser pulses is followed by fluorescence detection [1, 2].
The photophysical nature of fluorescence from Hb-containing specimens is not completely understood
so far. There is some evidence of photoproduct formation in the process of Hb interaction with
ultrashort laser pulses [3].

We measured Uv-Vis and Two-photon emission spectra of formed photoproduct in the way that Hb
thin film was previously treated with a femtosecond Ti: Sapphire laser operating on 730nm. A relative
relation and position of Uv-Vis Hb characteristic peaks such as Soret peak (410 nm) , a and  peaks
(577 nm and 541 nm respectively) served as a marker of structural changes in the laser treated Hb
films[4].

Results suggest that the interaction of Hb with ultrashort laser pulses probably leads to the
photodegradation of Hb, due to changes in a, B peaks relative relation and red shift of Soret peak in
photoproduct Fig. 1 a).

Moreover, we emphasize that the photoproduct formed on thin Hb films has long durability, since we
were able to detect its fluorescence after several months. This opens a possibility to apply the formed
photoproduct as optical data storage and security tag.

We have also induced photoproduct formation in the human healthy erythrocytes Fig. 1 b) in order to
selectively “label” and make them fluorescent in a whole blood. Two-photon selective labeling of
erythrocytes can be used as a tool for studying red blood cells with different fluorescence detection
methods, due to photoproduct fluorescence. This can be potentially applied in studying hemoglobin and
erythrocytes in various physiological and pathophysiological states.
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Figure 1. a) Uv-Vis absorption spectra of hemoglobin (red) and formed photoproduct (blue), b) Two-photon
fluorescence image of selectively chosen erythrocytes with induced photoproduct formation.
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Due to their complex physiological role, erythrocytes have naturally very elastic membranes, however,
extremely susceptible to various endogenous and exogenous factors. Therefore, it has been speculated
that abnormalities in erythrocyte membrane deformability and shape can be seen as an early sign of
some acute and chronic pathological states/diseases [1,2]. In the project HEMMAGINERO [3], we are
exploring whether optical methods, ektacytometry, and Two-Photon Excitation Fluorescence (TPEF)
microscopy, can be used as potential diagnostics tools in identifying any changes in the
shape/deformability of erythrocytes.Using ektacytometry (RheoScan D-300, RheoMeditech Inc., South
Korea) we calculate the cell deformability from the intensity pattern of the laser light which is scattered
by a suspension of red blood cells exposed to shear stress [4].Our previous researchalready
demonstrated that in-house TPEF microscopy set-up is an effective tool for label- and fixation -free
imaging of erythrocytes and their membranes [5], based on a peculiar feature of hemoglobin to produce
a fluorescent molecule upon interaction with ultrashort laser pulses [6,7].

In the first phase of the project, we have used blood from healthy volunteer donors and in vitro
made environments that simulate different conditions to which erythrocytes can be exposed in
pathological processes (hyper- and hypo-osmolarity; acidosis, alkalosis). The obtained data on
erythrocyte morphology by TPEF and erythrocytes deformability by ektacytometry are correlated with
the results of routinely used biochemical tests for oxidative stress assessment,and mechanical and
osmotic fragility indices.

Our results show that both ektacytometry and TPEF microscopy are sensitive and reliable in
determining that membranes of erythrocytes have suffered under non-ideal (meaning non-
physiological) conditions of the in vitroenvironment.Further investigation is needed to conclude
theprecision of these optics methods in discovering abnormal erythrocyte membranes in actual patients’
blood.
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SAINCHHUK

[TporpamMcki caBeTa 3a JOKTOpPCKe akaaeMcke cTyauje Ha cMmepy bruodoronuka na Beorpanckom
YHHUBEP3UTETY pazMaTpa0 je Ha enekrpoHckoj cequunu 21.11.2021. IIpujaBy qoKTOpCKE TEMe ca
crenehuM mpeIoKeHnM HacllOBOM:

HAHTepaKkumja yJTpaKpaTKUX JACEPCKUX UMITYJICA €A MOJIEKYJIOM XeMOIJI00MHA U
NpUMeHa caBPeMEeHNX TeXHHKA HeJIMHeapHe MUKPOCKOINje Y 0CJTHKABAIY
epUTpOIUTA® KOjy je mogHeo cTyneHT Muxajno PanmuioBuh, ynucan Ha JOKTOpCKE
crymuje 16.04.2019. rogune.

UnanoBu [IporpaMckor caBera Cy jeTHOTIIACHO MOApXkKaBajy mpemior [IpujaBe Tema JOKTOpCKe
JUcepTalyje, ca HAcJIOBOM Kako je HaBeneHo y IlpuwjaBu, mpemiore 3a MEHTOpPE U CacTaB
Kommucwuje 3a orieHy Hay4HE 3aCHOBAHOCTH TEME.

[IpennoxxeHu MEHTOPH JOKTOPCKE AUCEPTALIH]jE Cy

Auexkcangap Kpmnor, Bumm Hayynu capaaauk UHcTtuTyTa 3a ¢pusuky beorpag m UBana
JpBeHuna, BUIIM HAYYHU capaJHUK MHCTUTYTA 32 MEAMIMHCKA HCTPAKMBAKHA.
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[Ipennaxxenn unanoBu Kommucuje 3a onmeHy HaydyHe 3aCHOBAHOCTH TeMe JIOKTOPCKE

JcepTanyje, Kao U paloBH KOJU UX KBATU(PHUKY]Y 3a KOMUCH]Y:



1) Jp Becna WMnuh, mayunu caBeTHuk, YHuBep3uteT y beorpamy, MHCTUTYT 3a MeTUIIMHCKA
UCTpaXKMBama, VHCTUTYT O HalMOHaIHOr 3Hayaja 3a PemyOnuky CpoOujy (henmujcka u
MOJICKYJICKA UMYHOJIOTH]a)

2) Ilpod. np Bmnamana BykojeBuh, Banpenuu npodecop, Kapomuncka MuctuTyT, CTOKXONM,
[lIBencka, roctyjyhu mpodecop dakynrera 3a ¢u3muky xemujy YHuBep3utTera y beorpamy
((ryopecrieHTHa KOpellalioHa CIeKTPOCKONHja, (GYHKIUOHATHO OMOMEIUIIMHCKO OCITUKABAME,
MOJICTIOBAE JMHAMUYKUX CHCTEMA)

3) Hp Hejan Ilantenuh, nayuynu caBeTHUK, MHCTHTYT 3a Qu3MKy, YHuBep3uTeT y beorpamy
(buodoronuka, xonorpaduja, pa3Boj HaPEITHUX MUKPOCKOTICKUX TEXHHKA)

4) Ip Muxauno Pabacouh, Hayunu capaanuk, MHcTuTyT 32 Pusuky, YHuBepsurer y beorpany
(6nodoronmka, pa3zBoj HaNPEIHUX MUKPOCKOTICKUX TEXHHUKA)

5) IIpod. ap Iasie Anlyc, penosuu npodecop, buonomku dakynrer Yuusepsutera y beorpamy
(6bnodusuka, OMOMEAUITUHCKO OCIIMKABAME)

I[MPEACEIHUK ITPOI'PAMCKOI' CABETA
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