Hay4ynowm Behy UncTuTYyTa 32 husuky y beorpaay

N3BemTaj komucuje 3a uzdop Muxajina Pagmunosuha y 38ame HeTpakuBay capaJHHK
Ha cennunu Hayunor seha MuctutyTa 3a Qusuky y beorpany oap:xanoj 15.03.2022. ronuHe
MMEHOBAaHU CMO 3a 4aHORe KoMicHje 3a u3bop Muxajna Pangvunosuha y 3Bame HCTpaxkuBad
capagHuk. [IpernenoM mMatepujana Koju HaM je 10CTaB/bEH, KaoO M Ha OCHOBY JIMYHOT N03HABaba
KAHAW/IATA ¥ YBUA Y HeroB paj U myonukaiyje, Hayynom ehy MHcTHTYTA 32 BMBHKY ¥

Beorpany nogHocuMo oBaj M3BeLIaTaj, y UkjeM NMPUIOTY ce Hajla3H CIHcak myOnHkanuja

KaHaujaara.

1. Buorpadcku noganu 0 KAHINAATY

Muxajno Pagmunoeuh pohen je 06. aBrycra 1993. romuse y beorpany, rzie je cTekao OCHOBHO H
CpenOoLIKOoIcKo obpa3oBarme. OCHOBHE M MacTep CTyIuje je 3aBpliMo Ha buonowkoM dakynrery
VHuBepzutera y beorpany 2018. roguHe Ha mogyay MonekynapHa 6uonorija u GU3HOIOrHja, MacTep
Buoduzuka, ca ykynmHOM npocevyHoM oLieHoM 9,13, onOpaHHBLIM MacTep paj IOJ HACIOBOM “AHanu3za
ATP-3aBucHMX CTpyja Kpo3 TojequHayHe KaHale Ha MeMOpaHM LUTOIUIa3MaTHMYHUX Kamu W3 TJbHBE
Phycomyces blakesleeanus®. TokoM OCHOBHMX M MacTep CTYAMja BPIIMO j& BOJOHTEPCKH paa vy
HuctutyTy 3a Ouonoumka ucTpaxueamwa ,,CiHuia CtankoBuh”, MHCTHTYTY 0 HALIMOHAITHOT 3Ha4aja 3a
PenyGnuky Cpdujy. JokTopcke akageMcke cTyauje M3 buodoToHuke npu YHHuBep3uTeTy Y beorpanmy
ynucao je 2018. ronune. 3Bame HCTpakuBay NPHUIPABHHK je cTekao 16. anpuna 2019. roaune, a ox 01.
maja 2019. 3anocneH je y MHerutyty 3a ¢usuky beorpang Yuusepsutera y Beorpamy. On cenremOpa
2020. ronune Muxajno Panmunosuh yuecTByje Ha pojekty Koju prHaHcupa @oHn 3a Hayky Pemybmnuke
Cpbuje u3 mo3uBa 3a M3BpcHe mpojekTe Mnagux uctpaxupada ([IPOMUC): , Hemoglobin-based
spectroscopy and nonlinear imaging of erythrocytes and their membranes as emerging diagnostic tool”,
akpoHum HEMMAGINERO. Ilopen Tora, oH je OMO yYeCHMK HA MPOjeKTy M3 NpOrpama HaydyHe M
TexHonouike OwnarepanHe capagwme CpbOuje ca Hemauxom 3a 2020-2021. roauHy, moj HacjiOBOM
»Ocnurasaree U 6peMeHCKU pasnodcend CHeKMpOCKONuja y mepaxepyHoj, Onuckoj ungpaypeenoj u
eudbusoj obnacmu 3a 0yoyhe Ouomeduyuncke npumene™, a TPEHYTHO YYECTBYje Ha TPOJEKTy M3
nporpaMa Hay4yHe M TexHousolike OunatepanHe capaame CpOuje ca Cnoeenujom 3a 2021-2022. roguny,
MO/l HACIOBOM ,,HaHO-CNeKMpanio HenuHeapHo (QIyopecyeHmHo OCIuKasamwe Xemoznobuna 6e3

xopuuihersa obenexcusaya 30 NOMeHYUJaIHy OUjazoHCIMUYKY npumeHy™.



2. HayuHa aktuBHoct Muxajna Paamunosuha

Hayuna axtuBHOCT Muxajna Pagmunosuha je ycMepena Ha NpHMeHe HAIpemHuX MHKPOCKOIICKHX
TEXHUKa, Y IPOBOM pe/ly HETMEHapHE JIaCePCKe CKeHUpajyhe MUKPOCKOTIHjE Y OCIMKABAMY ePUTPOLIUTA U
Npoy4aparba HMHTCPAKLMjE YNTPAKPATKMX JIACEPCKMX MMITY/ICAa €4 XEMOIVIOMHOM Kao M pasBojy

MHKPOOTIPHYKHX €JIEMEHATa H CTPYKTYPA KOjU Ce 3aCHMBAjy Ha GHOTIONIMMEPHUM reIOBHMA.

Y Najboj aHalu3M HAaydyHe M CTPyYHE AKTUBHOCTH KaHIMIaTa AeTa’bu he OwrH pasBpcTaHu Mo

npaBlHMMa 1 TEMaMa HCTPaKUBarba.

1. MiHTepakumja ynTpakpaTkux JIaceCPKUX UMITyica Y GIIHCKO] HH(ppaLPBEHOj 06IaCTH ca XeMOTTIOGHHOM

U HEJTMHEapHa MUKPOCKOIHja €PUTPOLIUTA U HHXOBHX JEPHBATA.
2. Pa3B0j MUKPOONTHYKHX elEMEHATA U CTPYKTYPa 3aCHOBAHUX Ha OHONONMMEePHHUM TeJIoBUMA.

1. AnTepakumja yaTpaKpaTkHx JacecpKHX HMIy.JIca y Oanckoj muppanpsenoj obaactu ca

XeMOIJIOOMHOM M HeJIHHEeAPHY MHKDOCKONH]Y ePHTPONHTA U HHXOBHX AePHBATA.

MuTepakiyja ynTpakpaTKUX JacecpKuX HMIYICA Y GIIHCKO] uH(ppaupseHoj obnacth ca
XeMOrio6uHOM omoryhaBa OC/IHKaBarme €PUTPOILIMTA U HHXOBHX AepuBara 6e3 Gojera U (uKcaluje.
PasymeBaie OBe wuHTepakumje je O KJbYYHOr 3Hauaja 32 TpHMEHE OC/THKABAKHA €pUTPOLIUTA Y
PasIMYMTHM NATOGUIHONOMIKHM CTamHMa. XeMOIIOGHH, NMpOTeMH KOjH j€ 3amy)KeH 3a NpPeHOIIEHe
KHCEOHHKa/yT/bCH/IMOKCHAA KO CBUX KMUMCHHaKa M KOjU MCITYHhaBa YHYTPAIUHOCT €PHMTPOLIUTA, BPJIO je
KOMIUTMKOBAH 32 oc/nkaBame. CTaHJapiHe NpoLeaype ¢y KOMIUTMKOBAHE U nozapasymeBajy Oojeme, na
Gy ce HAKOH TOTa CTPYKTYpE OJ1 XeMOITIOOHHA OC/HKABAIE Ha KOH(OKATHOM MM enu-uyopecreHTHOM
MHKpockory. C npyre CTpaHe XeMOIIOGMH jecTe anCOPHTHBAH Y IUIABOj U GIIMCKO] yaTpabybHyacToj
obnacTu, ajqu penakcalija HHMje paaMjaTHBHA, Te HeMa yopecuenumje xoja 6u Guna norogHa 3a
ocnukasame. [lomro ce edukacHo nodyhyje y niasom-VJb neny CNEKTpa jeJHOYOTOHCKH, XeMOrIO0UH
nobpo ancocpbyje nBodoTOHCKH y Gicko] HH(paLBEHO] 06nacTH (650-750nm). HepaBHo je mokazaHo
/id HaKOH NBO(OTOCHKE arcopruuje, K01a3H 10 HOTOXeMHjcke pakije HAKOH KOje ce o XeMOTIGHHA
AoGja (oTONpOaYKT KOjH jecte (uIyopeciieHTaH ((oroakTiBalja) 1 yuja ce (uyopecleHLMja Moxe
KOPUCTHTH Ja/be y Ocivkapary. DOTOAKTHBALMjA XeMOTIOOHHA HA OBAj HAYMH CE MOXKE NpUMEHUBATH
Y PasiMuMTHM CTy[ujamMa ob6nuka M (yHKUMje epuTpoLMTa M Tema je npojexra ,,Hemoglobin-based
spectroscopy and nonlinear imaging of erythrocytes and their membranes as emerging diagnostic tool” -
HEMMAGINERO wu3 nporpama [IPOMHC @ouna 3a Hayky Peny6nuke CpGuje y umjoj peanuzauuiju
KaHnuaat Pagvunosuh yuectsyje. Ilpumaphu 1eo ucTpakiBama Paamunosuh Muxajna yemepeH je Ha

KapakTepusauujy T3. (JOTONPOAYKTA HACTANION TMPHIMKOM TOMEHYTe unTepakuuje. Kanmunar



Pagmunopsh  je ydecTBoBao y JiabOpaTOPHjCKMM —MeEpemMMa  CHEKTPalHMX — KapakTepUCTHKA
doTOmpoayKTa IITO MOJpasyMeBa YCNIOCTABJbale MPOTOKONA 33 MHMKPO-CIPEKTpAIHA MEper:a
nBodoToHCKHX emHCHOHMX , YB - BHUC, PamaHckux cnekrapa (oTONpoOAyKTa Kao M CIIEKTPAIHO
ocnukaeame ( ,, Spectral imaging ©) y capamu ca konerama ca MuctutyTa Kaponuncka, [1Isesicka. Ha
OCHOBY Mepema Koje je Kojera PaammnoBuh H3BPIIMO MOKa3aHe Cy JENMHCTBEHBE CIIEKTPAJIHE
KapaKTepUCTHKe MOMEHyTyor (OTOMpOAYKTa KOje C€ Jabe MOry HCKOPHCTH 33 (GYHKIMOHAIHO
OC/HKABAILE EPUTPOLHTA M XemornobuHa. OCHM CrEKTpalHMX OCOOMHA, KaHaMaar Panmunosuh je
noxasao ja (OTOMPOAYKT MOCEayje BHCOKY (DOTOCTAOMIHOCT, IITO ykazyje Ha Moryhy NpHMeEHY
doTonpoaykta y pa3sBOjy ONTHYKMX MEMOpH]a. Konera Pagmunoeuh je Takohe ydecTBOBao Yy
YCIOCTaB/batby MPOTOKONA 38 JBO(POTOHCKO OCHKABaHe ePUTPOLIUTA Y (U3HOTIOMKUM YCIIOBHMA KA0 1
y HHIYKOBAHWM [n Vifro CTPECHMM YCIOBHMMa, Kao W 3a NBO(GOTOHCKO Obenekapame M npahese
MojeAMHAYHHX epuTpoLTa. Jlocajauimby PE3yNTaTh BE3aHH 3a XEeMOTTIOOHH 1 ePUTPOLHTE CY Y TpoLecy
mucama ¥ nybJuKOBama HaydyHOr paja. Heku on jocajalibux pesyirara Cy Takohe oGjaBJbe-M Ha

nomahuM 1 MehyHapoIHHM KOH(epeHLujama:

e Radmilovié, D. M., Drvenica, I., 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, L., Rabasovi¢, D. M., Ili¢, V., Pavlovi¢, D., Nikolié, 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., Ili¢, 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. Pa3Boj MEKPOONTHYKHX eJeMEHATA H CTPYKTYPa 3aCHOBAHHUX HA GHONOJIMMEPHHM reI0BUMA.

Pa3B0j MMKPOONTUYKHX €JIEMeHaTa ¥ CTPYKTypa Moiapasymesa Kopuiheme TEXHHKE KOHTPOIHCAHOT
NIACEPCKOT rpaBUparba ONTHYKUX W HEONTHYKHX CTPYKTYpa MHKPOHCKHX JHMEH3Hja y MaTPHKC 3aCHOBaH
Ha OuononuMepHuM renosuma. OnTHYKE CTPYKTYpE nofpasyMeBajy Tpe CBera pasiuyuuTe THUIIOBE
MHKpoocouuBa (cabupHa, pacWnHa) H MHMKpO - nudpakuoHe penieTke. HeonmTuuke CTPYKType
MoJIpasyMeBajy MHKPO - KaHaje 1 POH3BOJbHE reomeTpujcke cTpykType. CTpyKType Cy MOJynaTOpHE U
Moryhe uX je KOMOMHBATH Y CII0KEHH]E CIIEMEHTE Kao LITO j& LOC (Lab on a chip). TexHonoruja paseoja

MMKDOOTITHYKHX EEMEHATA YeCTO 3aXTeBa KOMIUIEKCHE TEXHOJOLIKE MOCTYIKE KOjU MOJpasyMeBajy



kopuufierse eKOHOMCKM 3aXTEBHHMX TEXHONOTHja Kao M MOTEHUMjaHO LUTETHAX xemukanuja. Konera
PagmunoBuh ydecTBOBao je y pasBojy cHCTeMa 3a JacepeKo HCLPTaBarbe MUKDOONTHYKHX U APYrux
HEONTHUKHX CTPYKTypa y CMHCIY — pasBoja coQTBepa 3a KOPAMHUCAHY KOHTpONly Jlacepa M
KOpAMHALMOHOT cTosia. [Tope/ TEXHHUKOT [eNa KOjH je MO/IpasyMeBao yCrocTae/bambe (YHKLUOHAITHOCTH
MOMEHYTOT cHcTeMa, Kosiera Pazmuniopuh je y4ecTBOBAO y YCHOCTaB/baimby MPOTOKONMA 32 eukacHy
u3pajly ONTHYKMX M HEONTHYKUX cTpykTypa. Tokom 2020. romune Papmunosuh je 610 neo opobpeHor
npojekta POHAA 3a MHOBALMOHY MEJaTHOCT JlOKa3 KOHLENTa, O] Ha3HBOM: »MHKpO(IyHANYKa
naGopaToprja Ha UMITY 3 [MjarHOCTHKY HeypoJereHpaTMBHHX o0osberha”. Heku pesynTaTn HaBeASHHX

UCTpaXKMBaba Cy 00jaBJbHM Y pajty:

Radmilovi¢, 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; NIBEM (Accept)

Heku o1 pe3yarara Takohe cy objaesberbi Ha foMahuM 1 MehyHapoaHHM KoH(pepeHIjama:

e Radmilovi¢, D. M., Murié, 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. & Pantelic, 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¢é, 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.

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, [SBN
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
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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 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.


https://www.editorialmanager.com/oqel/download.aspx?id=234710&guid=a7b85bd9-4048-4408-8609-fd06decf3beb&scheme=1
https://www.editorialmanager.com/oqel/download.aspx?id=234710&guid=a7b85bd9-4048-4408-8609-fd06decf3beb&scheme=1
https://www.editorialmanager.com/oqel/viewRCResults.aspx?pdf=1&docID=14127&rev=1&fileID=234710&msid=084cdd76-1632-4b7b-8efb-048f749e9157

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 (Murié¢
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 —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) 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 pm 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 mLt. 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 pug mL 1= moderately cytotoxic, ICso ranged between 201 and 400 pg mL-
1= weakly cytotoxic, and 1Csp> 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).

(a)

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 (Eg.
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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 Eq. (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 ICso
values of > 400 mg/mL, a concentration which is considered as the limit of toxicity (Stojkovi¢ 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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HanpeJHa MUKPOCKOIIH]a)
2. np Usana JlpBeHuiia, BUILM HAYYHHU CapJHUK, MHCTUTYT 32 MeMUMHCKA HCTPaXKHUBabha
(bapmarieyTcka TexXHONIOrHja, GHodu3nKa)

MPEJACEJHUK
BERA 3A UMT CTYIUJE
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3. 3akmbysax d npeanor

Muxajno Pagumnopdli HCOyEsaBa CBE YCTOBE 32 mbop y 3Bake MCTpaXuBay
capaqpk mpenprlese ITIpaBATHAKOM O CTHI[@KY HCTPAKRBATKEX H HAYTEHVX 3sama
MHHACTapCTBa MPOCBETE, HAYKS M TEXHONOIIKOT passoja PenyGmaxe CpGrje. Kampupar
yememHO OpHEMemYje 3Hame Koje je Ao caza CTeKao y pelmabamy PANENMHTHX HaywTHO-
HoTpakEBauKNX npotrema. Ha ocCHOBY HeroBHX HAYWHUX Pe3yiTara objapmer je 1 pany
HOTAKHYTOM MehyHApOAHOM YACOTHMCY H 9 caommuresa Ha noMalimv # MehyHapoxHHM
roudepenprjama. Ha Belly JOKTOPCKHX aKANEMCKHX crymija Yuusepsntera y beorpany Ha
mporaMy Briod)OTOHHEA ONPIAHOM 21.11.2021. ropgmme npuxpahieH je¢ HACIOB TeMe
Joxtopcke Tese Mmxajna Paguuviopsfia Moj HACHOBOM LJAHTepaKmHia YNTPAKPATKHX
MACEPCKAX HMIYcA C2 MONEKYJNOM XeMOTVOOHHA W MpHMERa CaBPEMCHHX —TEXHHKA
He/MHeapHe MAKPOCKONHje Y OCTHKABARY.ePATPOIHTA",

Vimajyti y BEJTy KBATHTCT BETOBOT HAYYHO-HCTPAXMBATKOT PA/I2, KAO H JOCTHrHYTH CTeleH
HaygHe KOMIICTCHTHOCTH H HE3ABACHOCTH Y pafy, H3Y3eTHO HaM je 3amoBOJECTBO Za
npeptoxamo Hayamom Behy MucTuTyTa 32 Qusmky y Beorpany wu3bop Muxajna
Papvmnopnhia y 38athe HCTPLKBEERAY CAPAIHHK.

V Beorpany, 21. mapr 2022. roaure

YnanoBH KOMHCH{E:

np Mexawno PaGacoerhi
HAYYHH CapagHHUK
HucturyT 3a dusuxy Beorpan

HuerwryT 32 Gusuxy Beorpan
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BHIMY HAYSHY CAPATTHEK

VHCTHTYT 38 METAIMHCKA HCTPAKABARA
VumBepauteta y beorpany



