YHuepzuteT y beorpany
EmextpoTexHuuku paxynrer

HACTABHO-HAYYHOM BERY

Ilpeamer: Pedepar o ypalienoj noxropckoj mucepranuju KapauaaTkumbe Munune byaumup,
MacTep HHXEHepa eJIEKTPOTEXHUKE H pauyHapCTRa.

Omnykom HacrasHo-nayunor Beha Enexrpotexnmuxor dakxynrera 06p. 5040/15-3 ox 24.03.2020.
roJuHe, HWMEHOBAaHM CMO 3a wiaHoBe Komucuje 3a mperyiesn, ouneHy H OAOpaHy TOKTOPCKE
JpcepTanyje KauauIaTkumbe Mumine by iuMup noz HactoBoM:

Moaudukaumja yribeHHYHUX HAHOKOMIIO3UTA €JeKTPOMATHETHHM 3pavieHheM
3a OHOMEIUIHHCKY IIPUMEHY

(Modification of carbon nanocomposites by electromagnetic radiation
for biomedical application)

ITocne mpernena jocraBibeHe Jluceprammje u Apyrux mpatehinx MartepHjaia M pasroBopa ca
Kanpunatkumom, Komurcnja je caunauia cnefehn

PE®EPAT

1. YBOJ

1.1. XpoHogoruja oj06paBama 1 U3paJie JUCcepTanje

Kanaupatkuma Mumnna By qmumup je mxoncke 2015-2016 roaune ynucana JOKTOPCKE aKageMCKe
crymdje Ha EnexrporexnuukoMm daxynrery YHuBep3uTeTa y beorpaay, momyn Hykneapha,
MeJMIMHCKA M eKoJolmka TexHuka. Ilojoxuna je cBe mcnure ca npocedHoMm oneHoM 9,80 m
HCIIyHUIIA cBe 00aBe3e Be3aHe 3a CTY/IU]CKH UCTPaXKMBAYKU pajl peJBuljeHe IUIaHOM U IIPOrpamMoM
ENeKTpoTeXHUUYKOT (haKyITeTa.

Kanauaarkama je 3amoyvenia MCTPaXXKMBAauKd pajl Ha TeMy AaHTHOAKTEPHjCKMX HAHOKOMIIO3HMTA M
BUXOBEe MOIUdUKaIHje eIeKTPOMArHeTHHM 3padeleM, II0J] PYKOBOJACTBOM JOL. JAp Mujoma
Byjucuha, MeHTOpa 3a CTYAHjCKH HCTpakuBauku paj. Kawgunmatkuma je 2016. ropune nobuna
cruneninjy Brnage ®@paniycke 3a JOKTOPCKe CTyIdje Y KOMEHTOPCTBY Uy debpyapy 2017, rogune
notmucad je CriopasyM o KoMeHTOpcTBY HM3Mely YHuBepsutera y beorpamy m YHueepsurera y
JInny, ®pannycka. On Taja, KaHAMJATKHIA je TpoBeNa YKymHO 16 Mecenyw y IepHomy OJ
HOBeMOpa 2016. no aerycra 2019. rogune, Ha VIHCTUTYTY 3a €IEKTPOHUKY, MUKPOEJIEKTPOHHUKY U
HaHOTexXHMIOrHjy y JIniy, rjie je CrpoBe/ieH JIeo eKCTIepUMeHaTa Y OKBUPY JOKTOPCKe THcepTaluje
KaHAWIATKAILE, 107 pyKoBoacTBoM Jp Rabah Boukherroub. Temy moxTopcke amcepraruje, moj
HacnoBoM ,Moaudukanuja yrJbeHHYHUX HAHOKOMIIO3HTA €NEKTPOMArHeTHHM 3pavyemeM 33
OHOMETULIMHCKY NPUMEHY KaHIUIaTKumba je npujauia Komucuju 3a cryauje Tpeher cremena
01.03.2018. rogune.




Komucuja 3a crymuje tpeher crenena je ma cemnmiy onpxanoj 06.03.2018. roaune pasmarpana
IpeJyIor TeMe 3a U3pajly JOKTOpCKe aucepTanyje M ymytwia HacraBHo-HayuHOM Behy mpesor
Komucuje 3a onieHy ycoBa 1 mpuxBaTame TeMe JOKTOPCKe TUCepTalyje.

HacraBHo-Hayuno Behe je Ha npemior Komucuje 3a cryauje Tpeher crenena, umenosano Komucujy
3a OLIEHY yCJIOBA U IIPUXBaTame TeMe AOKTOpcke aucepranyje (oanyka 6p. 5040/15-1 ox 21. mapra
2018.) y cnenehem cacrasy:

1. np Jomanm llpetuh, penosuu npodecop, Enexrporexunuku dpakynrer y beorpany
2. np buwpana Togopopuh Makopuh, Hayunu caBeTHHK, THCTHTYT 3a HyKJIeapHe Hayke BuHda
3. ap Mununa Jaukosuh, nouent, Enextporexanuxu ¢akynret y beorpamy

3a MeHTOpe JOKTOpCKE JucepTalyje TpeyiokeHd cy Jp Mwmtom Byjucuh, jouenr,
Enexrporexamuku daxynrer y beorpamy u ap Rabah Boukherroub, nayunu nupexrop, MHcTHTYT
3a eNIEKTPOHUKY, MUKPOEJIEKTPOHHUKY M HanoTexHonornjy (MEMH), JIun, ®dpaniycka.

JaBHa ycMena onOpaHa ofpxaHa je Ha EmextporexHuukoM (axynrery aana 26.03.2018. roxune.
Ha onb6panu cy 6mmm npucyTHy cBu wianoBH Komucuje. Kanauaatkuma je TeMy CBOje JOKTOPCKE
JICepTalje U3JI0KUIa y BUAY NMpe3aHTalyje, a MOTOM YCIIEIIHO OJroBOpHIa Ha CBa MOCTAaBJbEHA
NHUTaka W MoKa3aja OJUTHYHO BiIajame MpobJeMaTKoM Koja je TeMma JOKTOPCKe JucepTandje, Ha
OCHOBY 4e€ra je Ha jaBHO] yCMEHOj 010paHu MpeaioxKeHe TeMe JIoOHIIa OLeHY ,,3380BOJBHO".

HacraBHo-Hayuno Behe Enexrporexnuuxor ¢axynrera je Ha cemaHunu ozpxanoj 12.06.2018.
roguHe ycBojuio IM3pemraj Komucuje 3a omeHy ycnoBa W NpUXBaTamke TeME JOKTOPCKE
aycepranyje kKanauaatkume Mumiie by mumup (Ommyka 6p. 5040/15-2 on 12. jyna 2018.).

Behe nayunux obnacTy TeXHHUYKHX Hayka YHHBep3uTeTa y beorpajay je Ha CEHHUIIM OJpXKaHO]
25.06.2018. roguHe Aano carjacHOCT Ha IPeJJIOr TeMe JOKTOpCcKe auceprandje Munune by mumup,
110J] HaclIoBOM ,,Mojuduxanyja yribeHHYHUX HAHOKOMIIO3HTA €JICKTPOMAarHeTHHM 3paucieM 3a
O6uoMeMIMHCKY puMeHy” (6poj 61206-2720/2-18 ox 25.06.2018. rogune).

Kapaunpatkuma je mpejana JOKTOPCKY AucepTauujy Ha mnpersien u oneny 20.02.2020. roaune.
Komucuja 3a ctynuje tpeher crenena je na ceguunu oapxanoj 03.03.2020. rogune moTBpamiia
HCITy€HOCT NOTPeOHUX YCJI0Ba 3a MOoJHOoLIEeHe npejyiora HactaBHo-HayusHoM Belly ¢axyireTa 3a
dopmupame Komucuje 3a npersies i oleHy JOKTOPCKe JUCEepTalHje.

HacraBHo-HayuHO Belie je umenomano Komucujy 3a mperyien W OIEHY JOKTOPCKE JHCEpTaldje
(omnyka 6p. 5040/15-3 ox 24.03.2020.) y cienehem cacraBy:

1. ap Munom Byjucuh, nouent, (Menrtop), Enextporexauuku ¢akynrer y beorpamy

2. pp Rabah Boukherroub, sayunu aupexrop, MUHCTHTYT 3a €E€KTPOHUKY, MHKPOEJIEKTPOHUKY U
HanotexHosioryje (MEMH), JIun, @pannycka), (MeHTOp)

ap Munan Taguh, penosau npogecop, Enexrporexunuku daxynrer y beorpamy

np bumwana Togoporuh Mapkosuh, HayuHu caBeTHUK, HCTUTYT 32 HyKJieapHe Hayke ,,Burga“
ap Amitav Sanyal, pemoBHu npodecop, YHuBep3utet borazuiu, MctanOy:n

ap 3aenxo HInurancky, BUIM HayyHy capajnuk, llomamepan UucTrTyT, CnoBadka akagemuja
HayKa, bpaTucnasa
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1.2. Hayyna obsact jiucepranuie

JlokTopcka aucepTandja TpHIaja HaydHO] oOJacTH EneKkTpoTexHMKa M padyHapCTBO M YXKOj
Hay4HO] 00JacTH ENEKTPOTEXHHWYKH MaTepHjaj U TexXHoJordje (YTIbeHHYHM HaHOMAaTepHjali
MO HKOBaHH 3pauemheM), 3a Kojy je matndaH EnexkrpoTexuanuky (paxynreT. MeHTOpH JOKTOpPCKe
mucepraugje cy aAp Mwmom Byjucuh, nouent Enexrporexnmukor ¢akynrtera y beorpamgy u
np Rabah Boukherroub, nayuynu caBeTHmk MHCTHTyTa 3a €JNEKTPOHHKY, MHKPOEIEKTPOHHKY H
HaHoTexHoyoryjy y Jluny. O6a MeHTOpa cy ayTopH OpOojHHX Hay4YHHX M CTPYUYHHUX pajloBa U3 yXKe
Hay4yHe 00JIaCTH K0joj pUIIaja AucepTalyja.

1.3, Buorpadcku moaaiy o KaHIuaaTy

Mmwmna bBymsumup pohena je y hynpmjum 24.02.1988. rommne. Tpumnaecty OGeorpancky
rumHa3djy 3aBpmmia je 2006, rogumme, a aumoMupana je Ha EmexTporexHHuKoM daxynreTy
Yuaurep3urera y beorpany maja 2013, rogune, Ha Opaceky 3a (U3HUYKY €NEKTpOHMKY. Mactep
cTyauje 3aBpiumia je Ha Enextporexnanukom dakynrety 2014. ronune Ha cMepy Hanoenexktponuka
u oroHuka, ca reMoM ,,ADOM MuKpockonHja OakTepHja TPETHPAHUX HAHOYECTHIIAMa .

On nenem6pa 2012. roaumHe BOJIOHTHpana je, a 3aTuM Omiaa ctuneHaucta JlaGoparopuje 3a
pagujarony xemHjy u (usuky, MHCTHTYTa 3a HyKieapHe Hayke ,.Bunua”, y oxBupy I'pyme 3a
GM3UKY W XeMH]y YIJbCHHYHHX HAHOMATEepHjaya, IIe je B ypaJuiia eKCIEpUMEHTaIHH [0 CBOT
JuIUIoMckor M Mactep pajga. Ox mapra 2015, 3amocneHa je Ha WMHCTUTYTY 3a HykJleapHe Hayke
,,BHHIa”,

Munana Bypumup ynucana je JIOKTopcke cryadje Ha EnextporexHuukoMm (akynetety 2015.
roguHe Ha Moayny HykiepHa, MeauiMHCKa M ekojomka TexHuka. Op 2016. romune je
crunenaucta Biage ®Opanmycke 3a JOKTOpCKe CTyAMje Yy KOMEHTOPCTBY u3Mely YuuBepsutera y
Jluny u YuuBepsurera y beorpamy. Y okBupy OBe capajitb€ JIOKTOpaHTKHEA je OopaBwiaa 16
Mecelld Ha VIHCTUTYTY 3a €JIEKTPOHUKY, MUKPOCJIEKTPOHHKY U HAHOTEXHOJIOTH]y, YHUBEP3UTETa Y
Jluny, rae je cmpoBesia Ieo CBOT HCTPaXKHBamba M CTEKJIA YCIIOB 3a 0JI0paHy JIOKTOPCKE JAHCepTallije
y KOMEHTOPCTBY.

Cryaujckn MCTpaxuBauky paa Mwunuie Bymumup npumajga HaydHoj oOJacTH YIJbCHHYHHX
HaHOMaTepHujata U HUXOBE NMPUMEHE Y OHOMEIMIMHE M eKoJoruju. TOKOM OKTOPCKHX CTyAHdja
6aBU Ce CHHTETHUCAEM YIJbeHHYHUX HAHOMAaTepHjaia ¥ HHXOBUX HAHOKOMIIO3MTA Ca Pa3THYUTHM
HOJIUMEPUMa, UCIUTHBAEM CTYKTYPHHX OCOOHHA OBHMX MaTrepHjajia, Kao W NPOMEHa HHXOBHX
ocobHHA TMOJ] JIEjCTBOM €JIEKTPOMArHeTHOT 3padyeha, a 3aTHM U HHXOBHM aHTHOAKTEPH)CKUM
CBOjCTBUMA.

VYV cBoM pocamamimeM paay Mrsmna bymumup mMa 20 objaBibeHUX pagoBa y MehyHapomHuM
yaconucuMa, oj1 uera 10 pajgora y daconmcumMa kateropuje M21, 7 pagosa y xareropuju M22, 3
pana y xateropuju M23, xao u jegHo noriaeibe Kibure. Ha jBa pajia xoja Cy y JMPEKTHO] Be3M ca
UCTPaXKHBaEM Y JIOKTOPCKO] JIUCEPTALIHjH je IIPBH ayTop, Kao M y MOIJIaBJby KbUre. YyecTBOBaja
je Ha 4 MeljyHapoHe KOH(pepeHIyje.

2. OIINC JMCEPTAIINJE

2.1. Caapxaj nucepranuje

Jlokropcka aumceprandja oA HacioBoM , Moaudukanuja YrJbeHHYHHX HAHOKOMITO3HTA
eNIEKTPOMArHeTHEM 3paderheM 3a OMOMETUIIMHCKY MpUMeEHy ™ HallMcaHa je Ha €HIVIECKOM Je3WKY, a
aTICTPaKT je HANKCaH Ha CHITIECKOM, CPIICKOM U (paHIyCcKoM je3uky. Jlucepraiyja je HamucaHa Ha
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100 crpana xyuasor tekcra (114 ca npuiosuma) u caapxu 46 cnuka, 8 tabena u nucry on 316
pedepenmm. TekeT aucepranyje je OpraHu3oBaH y JiBa Jiejia - YBOJAHU M €KCIEPUMEHTAJIHY, KOjH Ce
cacroje oJ ciieaehnx cefaM mornassba:

IIpBu neo: YBog

1. AHTHMUKpOOHA OTHOPHOCT
2. VYIJeeHUYHH MaTepH)jalH
3. Iommmepu

4. Tama 3pademe

Hpyru neo: ExciepumenTa

5. PexmykoBaHu rpadeH OKCHI/MOIMETHICHUMHH HAHOKOMIIO3WUT 3a edukacHy (oToTepManHy
abnanujy 6axrepuja 1 6nohpUIMOBa

6. AntubaxTepWjcka aKTHBHOCT TIaMa O3paY€HOr HAHOKOMITO3MTA4 YIJbEHHYHE KBaHTHE
TauKe/TIOJIy PETaH

7. 3axspydak

HucepTanuja cafpXu U CTpaHe KOje HUCY HYMEpHCaHe, Kao MITO CY TPH HACJIOBHE CTPaHe, CTpaHa
ca mojamyMa 0 MEHTOPUMA M YJIaHOBHMa KOMHCHje, 3aXBaJHHIA Ha SHIJIECKOM je3HKY, pe3uMe Ha
CBa TpH je3mKa M caapxkaj. [lopen Tora, Ha Kpajy paja ce Hanasu 1 6Guorpaduja KaHIUAATKHELE, KAO
1 HeonxozaHe u3jaBe (M3jaBa o ayTopcTBy, M3jaBa 0 HCTOBETHOCTH INTaMIAHE M EJIEKTPOHCKE
Bep3uje paga u Msjasa o kopunihemy).

2.2. Kparak npuxas 11oje/IntHavyHuX IIOTJIABRJba

VY npBoM 1mornasipy, Kako OW ce o0jacHHO 3Ha4aj U MoTpeda 3a Au3ajHApameM aHTHOAKTEPH)CKUX
MaTtepHjana, IPBO je JaT YBOJ y OCHOBHE IIOJMOBE IIONYT IPaM-NO3UTHBHHX, rpaM-HEraTHBHUX
OaxTepuja n OMOQHIMOBa, Kao U M0jaM aHTHOHOTCKe pesncTeHnuje. OBO IOTIABBE CE CaCTOJH OJf
HEKOJIMKO IIOTIIOIIaB/ba. Y IIPBOM I[OTHOIJIABBY JlaTo je objammewme mojMa OmodunMa u
MeXaHH3aMa BeroBor GopMupama. ObjammeH je nojaM OOMHHYKMX HHQEKIHja 0 KOjUX J0Na3u
yenen dopmupama OnodmiMa Ha pasNMYUTHM IOBPIIMHAMA, NONYT HMIUIAHTATA M APYTHX
IOBPIIKMHA KoOje Cy y OJIMCKOM KOHTAaKTy C MalujeHToM. MCcTakHyT je 3Havaj cIpeuyaBama OBaKBeE
BpCTe OakTepujckux HHpekurja. Y ApyroM MOTIOIIABRBY JaT je IpHKa3 pa3Boja aHTHOHOTHKA KPO3
HCTOPH]jY, kako 61 ce 60ospe pazyMena aHTHOUOTCKA OTIIOPHOCT, KOja IpeJICTaB/ba BEJIUKHA 1pobiieM
MozepHe Hayke. IlpencTaBibeH je 3Haua] HaHOMaTepHjaja KOJH Ce KOPUCTE Y pas3IMuuTe
AaHTUMHKpPOOHE CBpXe, Kao aJTepHATHBA AaHTHOMOTHIMMA, W JAPYIUM JAe3UHOHUIHjeHCHMa Y
cucrteMuMa 3a InpeduinhaBame BOAA, Kao M Yy AH3AjHUPAKY Ppa3NHUUTHX aHTUOAKTEPHjCKHX
MaTepHjana H moBpmHa. Y TpeheM mormnornaBiby o0jallllbeHd ¢y NOJMOBH (OTOAMHAMHYKE M
doroTepManHe Tepandje, a 3aTHM JaT Mperiie]l JUTEpaType, ca JOCajallibUM pPe3yJITaTHMa
IOCTMIHYTHM y o0nacTu npuMeHe (oToaMHaMHYKe M (oToTepMainHe Tepamuje Y TpeTMaHy
OaxTepujckux HHpeKyja.

Y gapyrom mnornapjby JaT je Iperyiefl yIJbeHHYHHX HaHOMAaTepujana. AKIEHAaT je CTaBbeH Ha
rpadeH U yr/beHUUHE KBaHTHE TauKe, Kao J(Ba NPEACTaBHUKA YIJbeHMYHUX HAHOMATEPHjaia KOjH Cy
xopuniheHH y eKCIepMMEHTATHOM Jeiy Jucepranyje. [IpBo moTHoOriaB/be ce OJHOCH Ha rpades,
IEroBe 0coOMHE, HAaYMHE CHUHTe3e M NpuMeHy. JlaT je meTasbaH mperiie)l JiuTeparype O IPUMEHH
rpadeHa y aHTHOAKTEpHjCKE CBPXE, CaMOCTAJHO WM y OOJMKY HaHOKOMIIO3MTHUX MaTepujaia.
JIpyTo moTIIOIIaBsbe c€ OJHOCH Ha YT/beHHYHEe KBAHTHE Tauke, HAYMHE HBUXOBE CHHTE3E, OCOOHHE
u npuMene. IloceGHo je gaT mpersien JuTepatype O NPUMEHH YIVbEHHYHHMX KBAHTHUX Tadaka y
aHTUMMKpPOOHE CBpXE.




Tpehe nornapibe mpencTaB/ba KpaTak TEOPHJCKH YBOJ Y TOJIUMEPE, IBUXOBE OCOOWHE W MPUMEHY,
ca nmoceOHMM OCBPTOM Ha IIOJHETWICHHMMHH M HOJHYypeTaH, Kao JBa IpPEJCTaBHHUKA KOjU Cy
KOpHITNEHH Y eKCIIEPUMEHTAITHOM JIeTy AUcepTalHje.

YeTBpro moriapsbe oOpaljyje rama 3paueme, Kao BHJ €JIEKTPOMAarHETHOI 3padema Koje je
xopuinhieHo 3a MojudUKaNMj)y MaTepHjasa y APYroM eKCIEepUMEHTy aucepTanuje. Omucanu cy
HHTepakiMja U eeKTH raMa 3paka Ha pa3jM4uTe MaTepHjajie, y3 mocebaH OCBPT Ha edekTe y
MaTepHjaauMa KOju Cy MpeaMeT JucepTandje ¥ MOryhHOCT MpUMeHe rama 3paka y MoAu(HKaruju
OBHUX MaTtepujaa.

V mneroM mornaBiby TPENCTaB/bEH je NPBH MaTepHjald KOJH je MU3ajHUpaH y OKBHpPY H3paie
nokropcke mucepranmje. OH ce cacTtoju o1 (GIeKCHOMIHOT HAaHOKOMIIO3UTAa KOJH CauHIbaBajy:
MoJyTIora O] KanToHa IPEeKPUBEHOr 37aTHUM HanomymbuHaMa (Au Nanohloes - Au NH), xoju je
3aTHM HpPEeKpUBEH TaHKUM CJI0jeM pelayKoBaHOT rpadeH-okcup/monueriiennmuaa  (K/Au
NH/tGO/PEI). ¥ oBom ekcnepumenty ¢okyc je Ha QotorepManHoM edexry. IlmazMoHu4Ha
ctpykrypa Au NH je mpunarohjena tako ja wMa jaxky ancopnudjy y Oymckoj HH(panpBeHO]
obyactH, 10K je nojauMep monuetmwieHumuH (ITEM) xopumhen 360r ciocoOHOCTH jakoT BE3HUBambha
Oaxrepuja y3 nomoh enextpocrarmukux uHTepakimja. K/Au NH/rGO/PEI xoMno3uT je moctuzao
temneparype ox 70°C toxkom TokoMm 10 MuHyTa 3padema jacepoM y ONHCKOj HH(paLPBEHO]
obmactu. OBa TemnepaTypa Owia je JOBOJbHA Jla e(UKACHO YHHUIITH TpaM ITO3UTHUBHE
Staphylococcus aureus wn rpam HeratuBHe Escherichia coli Gaxtepuje, kao W OaKTepHjcKe
ouodunmone. JloOWjeHH HAHOKOMIIO3HMT je KapakTeprcaH OpOjHMM MeTojama: cKeHupajyhom
eJIeKTpoHCckoM MuKpockornujoMm (SEM), PamanckoM criektpockomnujoM, UV-vis cCIeKTpoMeTpHjoM,
uH(pagpBeHOM  cnekTpockonmjom ca  @DypujeoBom  Tpanchopmammjom  (FTIR) m
(doroenekTpoHCcKOM crekTpockonujom X 3panuma (XPS), a Takolie cy wu3BplIeHa Mepema
KOHTaKTHOT yTia u (OoTOTepMaHa Meperha, Kao ¥ eKCIIEPUMEHTH UTOTOKCHYHOCTH.

V 1mecToM morsiaBiby ONMHCAH je KOMIIO3UT MOJIUMEpa IOy peTaHa KojH je JonupaH XuIpodobHum
YIJBEHUYHUM KBAaHTHMM Tadkama. Y (OKycy OBOT eKCIIepUMEeHTa je (POTOJMHAMHUKH edekart, /10
KOr' JI07a3u KaJi Cce HAHOKOMIIO3UT OCBETIM IUIABOM JIaMIIOM (TanacHe y>XHHE CBETJIOCTH O]
470 nm), jep Taza YIJbeHHYHE KBaHTHE TaukKe MOYNILY Jia IPOU3BOJIC PEaKTUBHE KHCEOHHIHE BPCTE.
OBaj HAaHOKOMIIO3HT je MOJUM(UKOBAH rama 3paucieM pPa3IHuUTHX JI03a U UCTIUTaHE Cy IPOMEHE
(GM3HUIKO-XEMUJCKUX KapaKTEpUCTHKAa HAHOKOMIIO3HTA Kao M HeroBe aHTHOAaKTepHjcke OcoOHHE.
bpojue Mmerone kapakTepmsandje cy KopuinheHe Kako O ce uchurane (U3MYKe M XEMHjCKe
ocobune Hanokommosurta (UV-vis cnekrpomerpuja, FTIR, doroenexTpoHcka crekrpockonuja X
3paguma  (XPS), KOHTakTHM yrao, MHKpPOCKONHja aTOMCKMX CHJIA, (DOTOIYMHHECIEHTHA
CIIEKTPOCKOIIHja, THHAMUYKE MeXaHHIKe ocoOnHe, o/jpejuBame peakTHBHUX KHCCOHUUHMX BpPCTA).
VcTaHOBJBEHO je JIa CY HAHOKOMIIO3WTH HAKOH MOJuUKaIyja raMa 3padeheM UMaJld IoOO0JbIIaHe
aHTHOaKTEpHjcKe ocoOuHe, y nopehemy ca Heo3paueHNM HAaHOKOMIIO3HTOM.

CCI[MO IIOTJ1aBJBC je 3aKJby4aK, U3BCIACH Ha OCHOBY IIPCACTABJECHUX PE3YJITaTa UCTPAXKUBAK-A.

3. OLIEHA JJICEPTAIIMJE

3.1. CaBpeMEeHOCT ¥ OPUTHHAJIHOCT

KonramMuHanuja 6axTepujama je BeOMa pacrpocTpameH npobiieM KOji yTUde Ha MHOTO Pa3IHIHTHX
acliekata CBaKOJHEBHOI JKMBOTa, Mel)y KkojuM cy Haj3HauajHUjU 3JpaBCTBO, CHCTEMH 3a
npeunmhaBame BOJe W YyBame XpaHe. TpajulinoHanHe aHTHOAKTepHjcKe Tepaluje Cy IHocTale
Mame edukacHe, yciiel HeaJeKBaTHe yrnorpede H oJJarama HEHMCKOPHIINEeHUX aHTHOMOTHKA, IITO
je JoBeso 0 MyTandja 6akTepHja ¥ pe3yJITOBajO MI0jaBOM MHOTOOPOJHHX aHTHOHOTCKHM OTIOPHHX




Bpcra. bonHuuke mHpexije cy Hajuemhe nocneauna GakTEpHjCKe KOJOHU3AIM]E Pa3IHMIHTHX
OMOMEIMIIMHCKHUX TIOBPINKHA, YKJbYyUyjyhK B uUMIUIaHTate. Y pa3BHjEHHM 3eMJbaMa, CMPT ycCien
KOMILUTHKAIlMja M3a3BaHMX OOJHHYKHAM HH(EKIHjaMa je MIeCTH MO peay Y3pOK CMpPTH, JAOK je Y
3eMJbaMa Yy pa3Bojy joIn BHINEe Ha JiecTBuIM. Takolje, kaja je ped 0 BOAM M CHCTEMHMa 3a
npeuninhaBame BOJE, NpeMa MoAallAMa CBETCKE 3/IpaBCTBEHE OpraHu3anuje aaHac oxo 829 000
JbYIM TOJUIIGE YMpE yciieZ Mocie/uiia u3a3BaHux Hebe30eaHoM mujaliom Bojom. OBHM mojanu
HCTHYy BaXXHOCT HaJlaXKeHha HOBUX, epUKacHHMX M Oe30elHMX cpejicTaBa 3a Je3HH(EKIHjy, Kao 1
HOBHX Martepujaja Koju O CHpedii OaKTEepHjCKy KOJIOHM3anujy OuoMarepujana. CXomHO TOME,
IMJb OBE JHcepTanyje OMO je pa3BHjarse J[Ba Pa3lIMYWTa HAHOKOMIIO3WTA HA 0a3H YIJbeHHWKa U
HojuMepa KOju HCIoJhaBajy OJUIMYHA aHTHOAKTEpPHjCKa CBOJCTBA KpO3 [Ba paznmuura edekTa:
¢orogunammuky u Qororepmanau. Jlo caga Huje moTBplieHo ma OakTepuje Mory eHKacHO ja
Pa3BHjy OTIOPHOCT Ha (POTOANHAMUYKY U POTOTSPMAIIHY TEPAIIH]y.

Tema kojoMm ce aucepranyja OaBH je BeoMa akKTyeJHAa W 3aXTE€Ba MYJITHAUCHHILIMAHPHOCT Y
OpUCTyIy. Y TOMEHYTHM HaHOKOMIIO3UTHMA KOPUCTE Ce YIJReHHYHM HaHOMarepujanu, rpaded u
yIJb€HHYHE KBAHTHE TauyKe, KOJH CY Y MOCEHHX JIECET TOIHHA Y CAMOM BPXY HCTpa’KHBarma HaykKe
o MartepujanuMa. OpUrHHATHOCT AUCEPTALHje je Y KOMOWHOBaWkY pazIHYUTHX OCOOHHA MOJAMEpa
U YIJBGHHYHUX HaHOMATepHjasia, Kao M MeToja HHXoBe MoauduKaiuje, y LUBY NOCTH3arba
IOBOJEHUJHX OCOOMHA W BHCOKE aHTHOAKTEpHjCKe aKTHMBHOCTH HAHOKOMIIO3WTa Koja je
YHHBEp3aJlaHa, jep ce MOXe HNPUMEHUTH Ha pajiduaTe MUKpoopranuzMme. OpHrHHATHOCT
quceprandje je motepheHa W o0jaBJbHBAaKEM JiBAa HayuyHa pajia y BPXYHCKHM MeljyHapoTHEM
YacONMUCHMA, KOjH AUKPETHO IPOH3HIIA3e U3 ICepTallHje.

3.2. OcBpT #a pedepeHTHY H Kopuiufieny JUTEPATYPY

Jluteparypa koja je xopuinheHa y aucepTaliijy caip>kd HajHOBHje pajioBe KOjH CY peJICBaHTHH 3a
00/1aCcT HaHOMAaTepHjaa, Al U KJIACHYHE pajZioBe M KIbHTe 0 TpadeHy, mommMepumMa, raMa 3pauermy
U JpyrdM TeMama pejleBaHTHM 3a Jquceprtaudjy. bpoj pedepentu Ha xpajy aucepranuje (yKyIHO
316) ykasyje ma je xaHOWAATKWE-a TEMEJPHO M IIMPOKO YIO3HATa ¢ HAydyHOM oOmamhy Kojy je
obpaania y AUcepTalyju.

3.3. Onuc ¥ aneXBaTHOCT IPUMEILEHHX HaYYHUX METOIa

Metoponorydja MCTpaXkuBama Yy OKBHPY MpeJUIOcKeHe JOKTOPCKE AHcepTandje je obyxeartaya
crenehie dasze:

- PasMapame TEOPHjCKHX OCHOBA M pa3JIMYMTHX MeXaHH3aMa JeJioBarba HaHOMaTepHjaja Ha
MHUKPOOPraHu3Me;

- Amnamumza mocrojehux pajjoBa Ha TeMy JiejcTBa HAHOYECTHIa H HAHOKOMIIO3WUTA Ha
MHUKPOOPraHU3Me, Kao U yoUuaBame IMPEJIHOCTH M HeJIOCTaTaKa PasIHuuTHX MaTepujaa;

- Ilnanupame ¥ KOHIENTYAJTHO JH3ajHUPakhe HAHOKOMIIO3UTA,

- CuHre3a ¥ KapakTepu3allija peyKoBaHH rpad)eH OKCH/I/TOTUETHIICHHMUH HAHOKOMIIO3HTA,;

- JlemoHoBame peaykoBaHu TIpadeH OKCHI/TIONHETHIEHHMHH HAHOKOMITO3MTAa Ha 3jIaTHE
HAHOYECTHIIE/KAIITOH ITOJUIOTY;

- ®u3guKo-XxeMHjcKe KapaKTepusalyje J00HjeHOT MaTepHjaia;

- HcnutuBawe meropux (OTOTEpMANHMX M aHTHOAKTEPHjCKHX OCOOMHA T1OJ JIEjCTBOM
KOHTHHYaJTHOT Jlacepa Y HH(palpBeHoj 00J1acT;

- HcnuruBame IUTOTOKCHYHOCTH HAHOKOMIIO3HTA.

- Cunresa xuipooOHHX KBaHTHHX TadaKa MOCTYNKOM KOHJeH3alMje W3 nojuMmepa [LmypoHuk
68;
- Jlomupare rmojinMepa mojinyperana XuapopoOHM KBaHTHHM TauKaMa IOCTYIIKOM yMaKarba,




- Monmuduxanuja CHHTETHCAHOT HAHOKOMIIO3HUTA T'aMa 3padeheM Pa3TuiNTUX 1034,

- DuHYKO-XeMHjCKe KapaKkTepuzaluje H00MjeHOr HAHOKOMIIO3UTA M MCIHUTHBAKkE YTUIAja raMa
3pauerha Ha 0COOMHE HAHOKOMITO3HTA;

- HcnutuBame aHTUOAKTEpHjCKMX OCOOMHA TraMa-o3paueHHMX HAHOKOMIIO3UTa M  TECTOBH
OMOKOMITaTHOWITHOCTH (IIITOTOKCHYHOCT U nponudepanyja hemmja).

WcnutnBama y 00a CIpoBeJicHa CKCIEPHMEHTa II0/[pa3yMeBajy IIPEMEHY HH3a CTaHAAPIHUX
MeToza Koje ce cpeliy y kapaxrepusaliju HaHOMaTepHjaia, IOIIyT MUKPOCKOIIHje aTOMCKUX CHJIa,
ckeHupajyhe eneKTpOHCKE MHKpOCKONHje, (OTOENEKTPOHCKE CIIEKTpOCKomHje X 3palyMa,
Pamancke cmexrpockormje, UV-vis cCreKTpockonwje, HH(pamnpBeHe CHEKTPOCKOIMje ca
QypujeoBOM TpaHC(OpPMAIMjOM, ENEKTPOHCKE MapaMareHTHE pe30HaHne, (OTOTyMHHECLEHTHE
CIIEKTPOCKOIIHj€, Mepeha KOHTAKTHOT yIja, Meperma TePMaTHUX KapaKTephucTHKa HHQpaIpBEeHOM
KaMepoM, Pa3IMIUTHX aHTHOAKTEPHjCKUX TECTOBA, KA0 M TECTOBA IUTOTOKCHYHOCTH.

IlpuMemeHa METOI0JIOTHja Y TIOTIIYHOCTH O/ITOBapa CTaHAapAuMa Hay4YHO-HCTPaXHBAYKOT paja y
001acTH HaHOMATepHjaja M y CaIACHOCTH j€ ca IMJbeBHMa JISPMHHCAHMM Ha IOYETKY H3paje

JHcepTanyje.

3.4. IlpyuMeHJEUBOCT OCTBAPEHUX DE3YIITATA

IlpBu ox nBa Au3ajHMpaHa W CHHTETHCAaHA HAHOKOMIIO3UTA, KOJH C€ CacToju oA (IeKCHOWIHOT
penykoBaHH rpadeH OKCHJ/NONHMETHIICHUMHH HAHOKOMIIO3MTa Ha ITOJJIO3HM O] KalToHa, HMa
HOTEHIMjaJHy NPUMEHY y OHOMEAWIMHH, HHAYCTPHjH WM CHCTEeMHMa 3a npeyuirhaBame BOAA.
Kaya ce notonu y BoJy, IOMEHYTH HAHOKOMIIO3UT e(pHKAaCHO IPHUBJIA4X OaKkTepHje U 3aJpiKaBa X
Ha CBOjO] NOBPIIMHH, a 3aTHUM HX BPJIO €()MKACHO YHUINITABA MOJ JICJCTBOM HH(pPALPBEHOT Jlacepa.
VHumTaBame 6akTepyja je euKacHO ¥ HEIIOBPATHO, jep J0Ja3H JI0 MOTHYHOI YHUIITemha hemjcke
MeMOpane Gaktepuja ycie Bucoke temneparype nomiore (70°C). OBa MeTo/ia je mokasajia BUCOKY
e(UKacHOCT U y yHHINTaBawy OnoduiMona.

Jlpyry HaHOKOMIIO3UT, I'aMa O3payceH YIJbeHHYHE KBAHTHE TauyKe/NOJIMypeTaH HaHOKOMIIO3UT, NMa
NpUMEHY y JIU3ajHY pa3IHYUTUX aHTHOAKTEPHjCKHX MaTepHjajia 3a INpUMeHy y OHOMEIHMIHHH.
INoBpmuHe y GosHMIaMa ¥ ONEPAllHOHAM cajlamMa Cy CTajlHO U3JIoKeHe Oakrepujama. Yecto ce 3a
creprimzanyjy kopuctu UV cBeT/IOCT, ald OBaj BUJ CTEpWIH3allMje HUje YBEK H3BOJJBHB U
npakTHyaH, 30or mrerHor xejctea UV 3pauema Ha dYoBeka. CHHTETHCAHM HAHOKOMITIO3HT
UCIIOJhaBa aHTHOAKTEPHjCKa CBOjCTBA Beh Kaj je o3paueH IUTaBOM CBETJIONINY M3 BHJUBHBOT Jeja
cunekrpa. IloBpmune ce, pakie, moMohy Hera MOTrY OJApXaBaTH CTEPHJIHMM JIaKO W e(UKacHO.
Taxole, HakoH NpeA-TpeTMaHa rama 3padeheM, HAHOKOMIIO3HTH HCIIOJbaBajy 3HATHO MOOOJBIIAaHA
aHTHOAaKTEepHjcka CBOjCTBa M J0Opy OWoxoMmatuOWIHOCT. To YHWHM OBe HAHOKOMIIO3HTE
NOTEHIIMjaTHO TPHMEHJBHBHM U 'y IW3ajHY MOjeAMHUX OHoMaTepHrjaa, oIy T KaTeTepa.

3.5. OneHa JOCTUTHYTHX CIIOCOOHOCTH KAHUIATA 34 CAaMOCTAJNHH HAVYHHY paj

Kanmnpatkuma je TOKOM H3paje JucepTanyje mokazana CrloCoOHOCT Ja CHCTEMaTHYHO IPUCTYIIH
[OpoydYaBamy akTyeJTHHX JocTHrHyha m3 o0JacTH y KO0joj CHpOBOJHM HCTpakKHBamba, Ja MOTOM, Y3
JICKyCHje Ca MEHTOpPMMa, KOHIHIHpA OCHOBHH JM3ajH HAHOKOMIIO3WTA, Ka0 M Jia OCMHMCIIH
OpHI'MHAJIHE MOoAM(UKalMje OBOI' JM3ajHa Y LWJBY IOCHEINNBAKA HHUXOBUX AHTHOAKTEPH]jCKHX
cBojcTaBa. Mcmospmia je yMeIIHOCT y W3BOhEmY eKcHeprMeHaTa M Ha KpeaTHBaH Ha4dWH je
pemaBayia npobneme Ha Koje je Hawmnra, OBjiajala je pa3iuyiM TEXHHKaMa KapaKTepu3aluje
MaTepHjana, Mehy kojuMa cy TexHumke KojuMma je umana upuctyn y Cp6buju, y Wuctutyry 3a
HyKJIeapHe Hayke ,,BHHYa”, ka0 U TeXHHKE Koje je uMmana MoryhHocT Ja caBnaia Ha MHCTHTYTY 3a
ENEeKTPOHUKY, MHKPOEJNEKTPOHUKY W HaHOTexHONordjy y OPpanmyckoj. O6mact KojoMm ce
aucepranyja 0aBM je MYyJNTHAMUMIUIMHAPHA W 3aXTeBa IIMPOKO 3HAMmEe M3 0O0NacTH HAayke O

13




MaTepyjamiMa, (Guznke, Xemuje U Mukpobuonordje. Kanauaatkuma je mokaszaga cocoOHOCT aa
YCBOjH U IPUMEHH MYJITHAUCIUILIHHAPAH HAYMH Pa3MHUIILJBAKka ¥ pellaBama npobiema.

Kanpunatkuma je ayrop/koayrop Ha 20 pagoBa y yaconucuma ca SCI nucte, o1 4era je mpBu ayTop
Ha 2 pajia ¥ Ha JeJHOM IIOTJIaBJbY KEbHIE, KOJH Cy Y JUPEKTHOj Be3w ca JucepranujoM. Kao mpeu
ayTop yuyecTBOBaJa je Ha Tpu MelhyHapomHe KoH(epeHIHje, YhUMe je ToKazaja CIoCOOHOCT Jia
Ipe3eHTYje CBOj pajl IMHPOj HAYUHO] 3ajeHUIIH.

4. OCTBAPEHU HAYYHH JOINPUHOC

4.1, Ilpukas ocTBapeHUX HAyYHUX JIOIPHHOCA

VY oKBHpY IOKTOpCKE JucepTalrje OCTBApEHH Cy ciefiehn HayuyHu JoTmpHUHOCH:

- Ilo mpem nyT je pa3BHjeH W HpHUNpeMJbeH (IICKCHOMIAaH HAaHOKOMITO3HT KOJH CE€ CACTOJH OJ
Kal'ToOHa MOJM(UKOBAHOI' 3JIaTUM HAHOIIYIJBHHAMa, Ha KOjH je JEMOHOBAaH TaHaK (MM KOjH
CauMbaBajy peyKOBaHHU Irpad)eH OKCHJI/TIOINeTHIICHUMHUH;

- HcnutuBameM (U3HYKO-XEMHjCKHX OCOOMHA OBOI HAHOKOMIIO3MTa IIOKa3aHO je Ja HMa
u3y3eTHO Aobpe (doroTepmanHe ocoOMHE Kaj ce 03paud JiacepoM y Oiuckoj HH(panpBeHO]
obsacTy, a THME U cIOCOOHOCT YHUINTABAKkha IPaM-II03UTHBHUX M IpaM-HEraTHBHUX OakTepuja,
Kao u 6uoduiMoBa;

- T'ama 3pauemeM pazIHUUTHX /1032 je¢ MOAW(UKOBAH HAHOKOMIIOZHT KOjH CaudmbaBajy
YIJbEHUYHE KBAHTHE TA4Ke M [OJIUYPETaH;

- Hpeja o Momudukanmju rama 3padereM OBaKBE BpPCTE€ HAHOKOMIIO3UTA j€ MpPBH MOYT
IIPAMEHCHA;

- HcnutuBameM (PH3MUKO-XEMHUjCKUX U aHTHOAKTEPH]CKAX 0COOMHA OBOT HAHOKOMITO3UTa, HAKOH
H3jlaramka pa3JIfuUTUM Jl03aMa rama 3padersa, J0Ka3aHo je Aa cy aHTHOaKkTepHjcke ocobuHe
HAHOKOMIIO3UTA 3HAYajHO TOOOJBIIAHE.

OCHOBHM HaydHH JOIPHHOC KOJH Jaje OBa JIOKTOpPCKAa JUcepTalldje je Ju3ajH JBa HOBA
HAaHOKOMITO3UTa Ha 0a3u moJiuMepa U YTJbeHUYHHX HaHoMatepujana. KoMOWHOBameM ocoOHHA
pPa3IMUUTHX MaTepHjajia Kao W MPUMEHa pa3IMuUTHX MeTofla Moaudukaiuje y mupy ao0ujama
HOBOJEHHMjUX OCOOWHA, Jald Cy MOTIYHO HOBe pesyiTaTe Koju yHampeljyjy Hayudy obGnact
HAaHOKOMITO3HTHHX MatepHjana. O6a Martepujana Iokasyjy OJUIMHYHA aHTHOAKTEpPHjcKa CBOjCTBA
Kpo3 /IBa paznuuuTa eeKTa ¥ Kpo3 MPUMEHY JIBE BPCTE €JIEKTPOMAarHeTHOT 3pauerha. Takole, oba
HAHOKOMIIO3UTA MMajy HACKY IIMTOTOKCHYHOCT ¥ IMOTEHIIHjATHY IIPUMEHY OHOMEIMIIHH.

4.2. Kputnuka ananusa pesynrara HCTpaXHBama

IIpBr MaTepHjay IpeACTaBIbEH Yy JAHCEPTAMjU KOpUCTH (oToTepMalHH edekar Kao MeETOoIy
yHHIITaBamka OakTepHja, MTO je BeMUKa MPEJHOCT Y OJHOCY Ha Jpyre OaKTEepHIMIHE TEXHHUKE, jep
OakTepHuje 0 cajia HUCY TOKasanie MOTryhHOCT Ja pa3BHjy OTIOPHOCT Ha BHCOKE TEMIIEpAType.
Taxohe, oBa MeTona je yHHBep3aiHa M e(HKacHA y Cllydajy pasiHuMTHX BpcTa GakTepHja, jep
HO3UTHBHO HAeJeKTPHCaHE aMHUHO Tpyle Ha MOBPIIMHE HAHOKOMIIO3HMTA IIPHBIAYe FOTOBO CBE
Oaktepuje, ¢ 0063upoM Ja BelinHa OaKTepHjCKUX cCojeBa IOCEAyje HETaTHBHO HaENICKTPHCAHY
MeMOpany. KoMOuHamuja OBOr HAHOKOMIIO3MTA W Jiacepa y Oimckoj MH(panpBeHO] 06iacTu
yCIENIHO YyHUIUTaBa OwoduiM, mTO je pe3yntar Koju ce peTtko cpehe uwak W y HajCcKOpHjuM
paJoBUMa Y OBOj 00JIacTH.

VY  pyroMm eKCHepHMEHTY, OCHOBHA TMPEJHOCT pa3BHjEHOT HAHOKOMIIO3HUTA HaJ JIPYI'HM
MaTepyjanuMa MpeICTaBbEHHM Y JIMTEPATyPH j€ IITO Ce PeaKTHBHE KMCEOHHYHE BPCTE aKTHBUPA)Y




Beh mpu ynoTpeOu BHIJBHBE CBETJIOCTH IUIaBe JiaMIle, YHME je OTKJameHa norpeba 3a MpUMEHOM
noTeHnyjanHo mretHor UV 3padema. Y MHOTHM JpyTUM HaHOYECTHIIAMa (OTOMMHAMUYKH edeKaT
3axTteBa ynorpedy UV crernoctu. Takolje, m3naramem rama 3padery 3HaTHO je noOoJbllaHa
IPOAYKIHja PCaKTHBHHUX KHCEOHMYHHX BpCTa, YAMe Cy yHanpeljeHa antubaxrepmjcka CBOjCTBa
HaHOKOMIIO3HUTA.

HcTpaxxuBama HM3JI0KEHA Yy OBOj JMCEPATIHjH H3HEAPWIIA CY PEJICBAHTHE HOBE pe3ynTaTe, Koju
YUHE 3Ha4ajaH KOpaK y MPOCHEPHTETHO] HAYYHO] 00JIaCTH aHTUMHUKPOOHHX HaHOMaTepujasa, IITO
je BepuHKOBAaHO Kpo3 JBa Hay4yHa paja NyOnuKoBaHa y eraGnupanuM MelyyHapogHum
gaconucuma. Y3 mpakTiuHa Oyayha moGoJselnama y HOTJIERy jeHOCTABHOCTH AM3ajHa, CMarbema
TPOIIKOBA H3paJie M MCIUTHRAKA LIMpPEr CIEeKTpa MHKPOOPraHH3ama, pe3yJITaTH HCTPaXKHBama
IIPEACTABIHECHU Y IUCEPTAIMjH OTBapajy MEePCIeKTURY 3a NPUMEHY ONMCAHMX MaTepHjaia, Kao U 3a
JM3ajHUpabe M TECTHpame HOBHX Marepujaja Ha 6a3u IOCTymaka CHHTe3e W Mojudukanuje
OCBOjEHMX U BepH(PHUKOBAHUX TOKOM H3paJie AUcepTaluje.

4.3. Bepuduxanyja Hay4HuX JOUPHUHOCA

Kareropuja M21:

1. Budimir M., Jijie R., Ye R., Barras A., Melinte S., Silhanek A., Markovic Z., Szunerits S.,
Boukherroub R.: Efficient capture and photothermal ablation of planktonic bacteria and biofilms

using reduced graphene oxide-polyethyleneimine flexible nanoheaters. Journal of Materials
Chemistry B, vol. 7, no. 17, pp. 2771-2781, 2019 (IF=5.047) (ISSN 2050-7518).

Kareropuja M22:

1. Budimir M., Markovi¢ Z., Jovanovi¢ D., Vujisi¢ M., Mic¢usik M., Danko M., Kleinova A.,
Svajdlenkové H., Spitalsky Z., Todorovi¢ Markovié B.: Gamma ray assisted modification of carbon
quantum dot/polyurethane nanocomposites: Structural, mechanical and photocatalytic study, - RSC
Advances, vol. 9, no. 11, pp. 6278-6286, 2019 (IF=3.049) (ISSN 2046-2069).

Kareropuja M33:

1. Budimir M., Kleut D., Boukherroub R., Todorovic Markovic B.: Reduced graphene oxide-
chitosan flexible nanocomposites for efficient bacteria capture and photothermal ablation, -
Resolution and discovery, accepted for publication in February 2019 (ISSN 2498-8707).

Tlornasiee Kpure:

Budimir M., Markovic Z., Szunerits S., Boukherroub R.: Nanomaterials for Sustainable Energy
and Environmental Remediation - Chapter 9: Nanoscale materials for the treatment of water
contaminated by bacteria and viruses, Materials Today, Elsevier 2020, pp. 261-305.

5.3AKJbYYAK U IIPEJIJIOT

JlokTopcka qucepTanyja KanAUAaTKUEe Munune By iuMup, koja je pe3yaTaT BHLIICIOJUIIBEr paja
U capame YHUBep3uTeTa y beorpany n Yausepsurera y JIniny, npeactaB/ba caBpeMEHH JIOIPHUHOC
obynacTy HaHOMaTepHjana. Jlucepranuja je HamucaHa y CKJIajy ca 0OpaslioKEeHmeM HAaBEICHUM Y
IpHjaBH TeMe ¥ CaJpX¥ CBE €JeMEHTe Koje 3axTeBa lIpaBHIIHMK O JOKTOPCKHM CTyAHjaMa
Enextpotexnuukor ¢axynrera Y HuBep3ureta y beorpany.

Texcr aucepranyje, KOju je HaNmHCaH HA €HIVIECKOM JE3HKY, je pasyMJBHMB U J00pO OpraHU30BaH.
Tema pucepramyje je akTyelHa M CaBpeMeHa, a ICH HAyYHH JONPHHOC YWHE [Ba HOBA
HAaHOKOMIIO3UTHAa MaTepHjajia ca OJJIMYHHM aHTHOAKTePHjCKHM CBOjCTHMa, KOJH MMajy
HOTEHIWjanHy npuMeHy y Omomenunuau. CIpoBe/IeHO HCTpa)XMBambe je€ BUCOKOT KBAJIHUTETA, IIITO
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je m motBplieHo myOnmKkanujaMa y MeljyHapoJHMM 4YacomMCHMMa ca AHOHMMHOM peIeH3HjoM
MHHHMYM [IBa eKcnepTa u3 obnactu. KanmunaTkuma je mokasana HayuHy 3pesiocT M CIIOCOOHOCT 3a
caMoCTaJlaH Hay4HH pal.

Kangunarkumwa Mummna Bynumup je mcnyHmia cBe ycioBe npeBruljeHe 3aKOHOM O BHCOKOM
obpazoBamy, CtaryToM u [IpaBHIHUKOM O JOKTOPCKHAM CTyIujaMa EnexTpoTexHHUKor Qakynrera
y Beorpany. Takolhe je ucrynmia cBe ycioBe 3a oi0pany JOKTOPKE AUCEpTaIlHje HA YHUBEP3UTETY
y JImny, cMep - Hayka 3a umxemepe.

Ha ocHoBy cBera HaBeneHor, Kommcuja ca 3amoBosscTBOM mnpemiaxxe HacrtaBHo-HayuHoM Bely
Enexrporexunukor ¢dakynrera YHuBep3uteTa y beorpagy na ce goxropcka auceprandja mof
HacjoBoM ,,Moguduxanuja yribeHHYHHX HAHOKOMMO3HTA €JIEKTPOMATHETHUM 3pa4vereM 32
OHOMeIMUMHCKY NpUMeHY”’ KaHIuAaTkukbe Muimue ByauMmup npuxpatd, W3J0XKH Ha YBHA
JABHOCTH U YIyTH Ha KOHa4HO ycBajame Behy HayuyHHX 06MacTH TeXHHUYKHMX HayKa YHHBEp3HUTETA
y beorpany.

¥ beorpany, 18.05.2020. rogune

YJIAHOBU KOMUCHUJE

Jp Munomw Byjucuh, qouent
VYausepsuret y beorpany - EHCKTpOTeXHH‘{KI/I (daxynrer

-
ap Rabah Boukherroub, Hay4nu mqupexTop
Vuusepaurer y Jlmny - IHCTHTYT 3a €1E€KTPOHHKY, MHKpOCJICKTpOHI/IKy ¥ HaHOTEXHOJIOTH]y

,{({A/Vl A/@é(

np Mumnan Taguh, pegoBHE npogecop
Yuusep3uteT y beorpany - Enexrporexunuky dakyinter

B‘/(/w\/ro u@afowu/uﬂ —{own ¢

np bussana Topoposuh Mapkoruli, Hay4YHU CaBETHUK
YHuBepsutet y beorpany - MHcTUTYT 3a HykJieapHe HayKe BruHua

Ip Amitav Sanyal, penosau podecop
Univerzitet Bogazici, Mcranbyn

g o)

ap Zdenko Spitalsky, Buimn HayuHH capagHHK
[Tonumepnu UuctutyT, CnoBauka akajeMuja Hayka, bparuciasa
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University of Belgrade
School of Electrical Engineering

TO THE ACADEMIC COUNCIL

Subject: Report on the completed doctoral dissertation of candidate Milica Budimir.

By the Decision of the Academic Council of the School of Electrical Engineering, Reg. No.
5040/15-3 from March 24™, 2020, we have been appointed members of the Commission for
examination, evaluation, and defense of the doctoral dissertation of candidate Milica Budimir, with
the title:
Modification of carbon nanocomposites by electromagnetic radiation
for biomedical application

After the examination of the submitted thesis, and accompanying material, and after the interview
with the candidate, the Commission made the following

REPORT
1. INTRODUCTION

1.1.Chronology of the dissertation approval and preparation

The candidate enrolled in doctoral studies at the School of Electrical Engineering in 2015/2016 at
the module Nuclear, medical and Ecological Engineering. She passed all the exams with an average
grade of 9.80 and fulfilled all the obligations related to the study research work stipulated by the
plan and program of the School of Electrical Engineering.

The candidate started her research work on antibacterial nanocomposites and methods of their
modification by electromagnetic irradiation, under the supervision of Dr. Milos Vujisic, Assistant
Professor. In 2016 the candidate received a scholarship of the French Government for the Joint
supervision studies, and in February 2017 an Agreement on the Joint supervision was signed
between the University of Belgrade and the University of Lille. Since then, the candidate has spent
a total of 16 months in the period between November 2016 and August 2019, at the Institute of
Electronics, Microelectronics, and Nanotechnology (IEMN) in Lille, where a part of the
experimental work for the thesis was conducted under the supervision of Dr. Rabah Boukherroub,
Research Director. The candidate submitted the topic of the thesis entitled "Modification of carbon
nanocomposites by electromagnetic radiation for biomedical application" to the Commission for the
third-level studies at the School of Electrical Engineering on March 1%, 2018.




The Commission for third-level studies considered the proposal of the thesis topic for the
dissertation preparation at the session held on March 6™, 2018, and forwarded the proposal of the
Commission for the evaluation of the suitability of the topic and the Candidate to the Academic
Council.

The Academic Council of the School of Electrical Engineering appointed the Commission for the
evaluation of conditions and acceptance of the doctoral dissertation topic at the session held on
March 21%, 2018 (the Decision No. 5040/15-1, from March 21%, 2018) composed of:

1. Dr. Jovan Cvetic, Full Professor, School of Electrical Engineering
2. Dr. Biljana Todorovic Markovic, Scientific Advisor, Vinca Institute of Nuclear Sciences
3. Dr. Milica Jankovic, Assistant Professor, School of Electrical Engineering

As supervisors of the doctoral dissertation Dr. Milos Vujisic, Assistant Professor, School of
Electrical Engineering and Dr. Rabah Boukherroub, Research Director, Institute of Electronics,
Microelectronics, and Nanotechnology (IEMN), were proposed.

Public oral presentation of a candidate's topic of the dissertation and her scientific progress was held
at the School of Electrical Engineering on March 26", 2018. All members of the Commission were
present at the presentation. The candidate presented the topic of her doctoral dissertation and her
progress, and then successfully answered all the questions of the Commission members. Finally,
she received a grade of "satisfying" at the public oral defense.

The Academic Council of the School of Electrical Engineering adopted the Report of the
Commission for the evaluation of conditions and acceptance of the doctoral dissertation topic of the
candidate Milica Budimir (the Decision No. 5040/15-2 from June 12%, 201 8).

The Council of Technical Sciences of the University of Belgrade, at the session held on June 25",
accepted the proposal of the doctoral dissertation topic entitled "Modification of carbon
nanocomposites by electromagnetic radiation for biomedical application" (No. 61206-2720/2-18
from June 25™,2018).

The candidate submitted the doctoral dissertation for evaluation on February 20", 2020. The
Commission for the third-level studies confirmed the fulfillment of all the necessary conditions for
submitting the proposal to the Academic Council of the School of Electrical Engineering to form
the Commission for examination and evaluation of the doctoral dissertation.

The Academic Council of the School of Electrical Engineering appointed the Commission for
examination and evaluation of the doctoral dissertation (decision No. 5040/15-3 from March 24",
2020), composed of:

1. Dr. Milos Vujisic, Assistant Professor (supervisor), School of Electrical Engineering, University
of Belgrade, Serbia

2. Dr. Rabah Boukherroub, Research Director (supervisor), Institute of Electronics,
Microelectronics, and Nanotechnology (IEMN), University of Lille, France

3. Dr. Milan Tadic, Full Professor, School of Electrical Engineering, University of Belgrade,
Serbia

4. Dr. Biljana Todorovic Markovic, Scientific Advisor, Vinca Institute of Nuclear Sciences,

University of Belgrade, Serbia

Dr. Amitav Sanyal, Full Professor, University Bogazici, Istanbul, Turkey

6. Dr. Zdenko Spitalsky, Assistant Professor, Polymer Institute, Slovak Academy of Sciences,
Bratislava, Slovakia
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1.2. The scientific field of the doctoral dissertation

The doctoral dissertation belongs to the scientific field of Electrical and Computer Engineering, and
to the narrower scientific field of Materials Science in Electrical Engineering (Radiation modified
carbon nanomaterials), for which the School of Electrical Engineering and Doctoral School Science
for Engineers at the University of Lille are specialized. The mentors of the doctoral dissertation are
Dr. Milo§ Vujisi¢, Assistant Professor at the School of Electrical Engineering in Belgrade, and Dr.
Rabah Boukherroub, Research Director at the Institute of Electronics, Microelectronics, and
Nanotechnology in Lille. Both mentors are authors of numerous scientific papers in the leading
international journals.

1.3 Biography of the Candidate

Milica Budimir was born on February 24™, 1988 in Cuprija, Serbia. In May 2013, she has graduated
from the University of Belgrade, School of Electrical Engineering, Department — Physical
Electronics: Nanoelectronics and Photonics. She finished her Master's studies in 2014, at the School
of Electrical Engineering with the master thesis "AFM microscopy of bacteria treated with
nanoparticles".

In January 2013, she started working as an intern at the Vinca Institute of Nuclear Sciences, in the
Laboratory for Radiation Chemistry and Physics, within the Carbon Nanomaterials Group, where
she performed the experimental part of her Master thesis. In March 2015, she started working as a
Research Assistant at "Vinca" Institute of Nuclear Sciences.

She started her Ph.D. studies in 2015, at the School of Electrical Engineering, the module for
Nuclear, Biomedical, and Ecological Engineering. In 2016, she was granted with Scholarship of the
French Government for co-tutorial Ph.D. studies between the University of Lille - Institute of
Electronics, Microelectronics and Nanotechnology (IEMN) and University of Belgrade - School of
Electrical Engineering. She has spent 16 months in Lille, working at the Institute of Electronics,
Microelectronics, and Nanotechnology (IEMN), where she performed one experimental part of her
thesis.

Her research interest is in the field of carbon nanomaterials and their biomedical and ecological
application. During her doctoral studies, she has been working on the synthesis of carbon
nanomaterials and their nanocomposites with different polymers, characterization of these
materials, and their antibacterial applications.

Milica Budimir was a co-author of 20 articles and one book chapter. She was the first author of two
papers, which are directly connected to the thesis, and she was a participant at four International
Conferences.

2. DESCRIPTION OF THE DISSERTATION

2.1. Dissertation content

A doctoral dissertation entitled "Modification of carbon nanocomposites by electromagnetic
radiation for biomedical application" is written in English, and the abstract is written in Serbian,
English, and French language. The dissertation contains 100 pages, 46 figures, 8 tables, and 316
references. The text is organized in 2 parts - Introduction and Experiments, which are organized in
the following seven chapters:
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Part I: Introduction

Antimicrobial Resistance
Carbon nanomaterials
Polymers

Gamma radiation

B

Part II: Experiments

5. Reduced graphene oxide/polyethylenimine flexible nanoheaters for efficient capture and
photothermal ablation of bacteria and biofilms

6. Antibacterial activity of gamma-irradiation pre-treated carbon quantum dots/polyurethane
nanocomposites

7. Conclusion

The thesis contains pages without enumeration such as the Title pages, the page with information
about supervisors and jury members, Abstracts in Serbian, English, and French,
Acknowledgements, and the Table of Contents. The last chapter is followed by the References,
candidate's biography, and necessary statements.

2.2. A brief overview of thesis chapters

In the first chapter, in order to explain the importance and need for designing antibacterial
materials, some of the basic concepts such as Gram-positive, Gram-negative bacteria and biofilms,
as well as the concept of antibiotic resistance, are explained. This chapter consists of several
subchapters. The first subchapter explains the concept of biofilm as well as the mechanism of its
formation. The notion of nosocomial infections that occur due to the formation of biofilm on
various surfaces such as implants, but also other surfaces that are in close contact with the patient, is
explained. The importance of preventing this type of bacterial infection was emphasized. The
second subchapter presents the development of antibiotics throughout history, with the idea to better
understand antibiotic resistance, which presents a major problem of modern science. The potential
of using nanomaterials for various antimicrobial purposes, as an alternative to antibiotics and other
disinfectants in water purification systems, but also in the design of various antibacterial surfaces, is
highlighted. The third subchapter explains the concepts of photodynamic and photothermal therapy,
their role in the treatment of bacterial infections, and gives an overview of the literature with the
new achievements in this field.

The second chapter provides an overview of carbon nanomaterials, emphasizing graphene, and
carbon quantum dots, as two representatives of carbon nanomaterials used in the experimental part
of the thesis. The first subchapter refers to graphene, its properties, methods of synthesis, and
application. A detailed overview of the literature on the application of graphene for antibacterial
purposes is given. The second subchapter refers to carbon quantum dots, methods of their synthesis,
properties, and applications. Again, an overview of the literature on the application of carbon
quantum dots as antimicrobial agents is given.

The third chapter presents a brief introduction to polymers, their properties, and applications, with
special attention to polyethyleneimine and polyurethane, as the two representatives used in the
experimental part of the dissertation.

The fourth chapter deals with gamma radiation, as a type of electromagnetic radiation that was used
to modify the material in the second experiment of the thesis. The interaction and effects of gamma
radiation on different materials are described, with a detailed literature overview.




The fifth chapter presents the first material designed as part of the doctoral dissertation. It consists
of a flexible Kapton interface modified with gold nanoholes (Au NH) substrate, coated with
reduced graphene oxide-polyethyleneimine thin films (K/Au NH/rGO-PEI). In this experiment, the
photothermal (PTT) effect is exploited. The Au NH plasmonic structure was designed to feature
strong absorption in the near-infrared (NIR) region, where most of the biological matter has limited
absorption, while PEI was selected for its strong ability of binding with bacteria through
electrostatic interactions. The K/Au NH/rGO-PEI device was demonstrated to capture and eliminate
effectively both planktonic Gram-positive Staphylococcus aureus and Gram-negative Escherichia
coli bacteria after 10 min of NIR (980 nm) irradiation and even more to destroy and eradicate
Staphylococcus epidermidis biofilms after 30 min irradiation. The obtained nanocomposite is
characterized by numerous methods: Scanning Electron Microscopy (SEM), Raman spectroscopy,
UV-vis spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron
Spectroscopy (XPS) as well as antibacterial and cytotoxicity experiments.

The sixth chapter, presents an antibacterial hydrophobic carbon quantum dots/polyurethane
nanocomposite (hCQD-PU), with improved antibacterial properties caused by gamma-irradiation
“pre-treatment. Here, the photodynamic (PDT) treatment of bacteria was applied. The hydrophobic
carbon quantum dots (hCQDs), which can generate reactive oxygen species (ROS) upon irradiation
with low power blue light (470 nm), were incorporated in the polyurethane (PU) polymer matrix, to
form a photoactive nanocomposite. Different doses of gamma irradiation (1, 10, and 200 kGy) were
applied to the formed nanocomposite in order to modify its physical and chemical properties and
improve its antibacterial efficiency. Numerous characterization methods have been used to examine
the physical and chemical properties of nanocomposites (UV-vis spectroscopy, FTIR, XPS, contact
angle measurements, Atomic Force Microscopy (AFM), Photoluminescent Spectroscopy, Dynamic
mechanical properties, determination of reactive oxygen species). It was found that after the
modification by gamma pre-treatment, nanocomposites had improved antibacterial properties,
compared to non-irradiated nanocomposite.

The seventh chapter is a conclusion based on the presented research results.

3. DISSERTATION EVALUATION

3.1. State-of-the-art and originality

Bacterial contamination is a very common problem that affects many different aspects of everyday
life: health, water purification systems, food storage, etc. Traditional antibacterial therapies have
become less effective, due to inadequate use and disposal of antibiotics, which has led to mutations
in bacteria and resulted in the emergence of numerous antibiotic-resistant bacterial species.
Nosocomial infections are most often the result of bacterial colonization of various biomedical
surfaces, including implants. In developed countries, death due to complications caused by
nosocomial infections is the sixth leading cause of death, while in developing countries it is even
higher on the scale. Also, when it comes to water and water purification systems, according to the
data of the World Health Organization, today about 829,000 people die every year due to the
complications caused by unsafe drinking water. These alarming data highlight the importance of
finding new, effective, and safe disinfectants, as well as new materials that would prevent bacterial
colonization of biomaterials. Accordingly, the goal of this dissertation was to develop two different
nanocomposites based on carbon and polymers, that exhibit excellent antibacterial properties
through two different effects: photodynamic and photothermal. It has not yet been confirmed that
bacteria can effectively develop resistance to photodynamic and photothermal therapy.




The topic of the dissertation is very up-to-date and requires a multidisciplinary approach. The
mentioned nanocomposites are composed of carbon nanomaterials, graphene, and carbon quantum
dots, which have been at the very top of materials science research in the last ten years. The
originality of the dissertation is in combining different properties of polymers and carbon
nanomaterials, as well as the method of their modification, in order to achieve more favorable
properties and high antibacterial activity. The originality of the dissertation was confirmed by the
publication of two scientific papers in leading international journals in the field of Materials
Science.

3.2. Review of the used literature

The literature used in the dissertation contains the latest papers that are relevant to the field of
nanomaterials, but also classic papers and books on graphene, polymers, gamma radiation, etc. The
number of references at the end of the dissertation (316) indicates the candidate's thorough and
broad insight into the scientific field of the dissertation.

3.3. Description and adequacy of applied scientific methods

The research methodology within the proposed doctoral dissertation included the following phases:

- Understanding of theoretical grounds and different mechanisms of action of nanomaterials on
microorganisms;

- Analysis of existing publications on the effect of nanoparticles and nanocomposites on
microorganisms, as well as observing the advantages and disadvantages of different materials;

- Planning and conceptual design of nanocomposites;

- Synthesis and characterization of reduced graphene oxide/polyethyleneimine nanocomposites;

- Deposition of reduced graphene oxide/polyethyleneimine nanocomposites on gold
nanoholes/kapton substrate;

- Physico-chemical characterization of the obtained material,

- Examination of its photothermal and antibacterial properties under the irradiation of a continuous
laser in the near-infrared region;

- Cytotoxicity study.

- Synthesis of hydrophobic quantum dots by condensation process from Pluronic 68 polymer;

- Doping of polyurethane polymers with hydrophobic quantum dots by swell-encapsulation-shrink
method;

- Modification of the synthesized nanocomposite by gamma radiation of different applied doses;

- Physico-chemical characterization of the obtained nanocomposite and examination of the
influence of gamma-irradiation on the properties of nanocomposites;

- Examination of antibacterial properties of gamma-irradiated nanocomposites and biocompatibility
study (cytotoxicity and cell proliferation tests).

Analyses in both experiments involve the application of typical methods of characterization of
nanomaterials, such as Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM),
X-photoelectron Spectroscopy (XPS), Raman Spectroscopy, UV-vis Spectroscopy, Fourier-
transform Infrared Spectroscopy (FTIR), Electron Paramagnetic Resonance (EPR), contact angle
measurements, measurement of thermal characteristics by an infrared camera, various antibacterial
tests, and cytotoxicity tests.

The applied methodology fully corresponds to the standards of scientific research work in the field
of nanomaterials and is in accordance with the goals defined at the beginning of the dissertation
preparation.




3.4. Applicability of dissertation results

The synthesized nanocomposite from the first experiment, which consists of a flexible reduced
graphene oxide/polyethyleneimine nanocomposite deposited on a Kapton/gold nanoholes substrate,
has potential application in biomedicine, industry or water purification systems. When immersed in
water, the mentioned nanocomposite effectively attracts bacteria and keeps them on its surface, and
then very effectively destroys them under NIR laser irradiation. The eradication of bacteria is
efficient and irreversible because there is a total destruction of the cell membrane of bacteria due to
the high temperature of the substrate (70°C). This method has shown high efficiency in the
destruction of biofilms, as well.

The rapid and effective antibacterial activity, as well as UV to NIR region absorption property,
might make K/Au NH/rGO-PEI antibacterial nanocomposite function even under normal solar light.

A nanocomposite from the second experiment, a gamma-irradiated carbon quantum
dot/polyurethane nanocomposite has a potential in the design of various antibacterial materials for
biomedicine. Different surfaces in hospitals and operating rooms are constantly exposed to bacteria.
UV light is often used for sterilization, however, this type of sterilization is not always feasible and
practical, due to the harmful effects of UV radiation on humans. The synthesized nanocomposite
exhibits antibacterial properties even when irradiated with visible blue light. Thus, surfaces can be
kept sterile very easily and efficiently. Also, after the pre-treatment with gamma irradiation,
nanocomposites  exhibited significantly improved antibacterial properties and good
biocompatibility, which might make them potentially effective in the design of certain biomaterials,
such as catheters.

3.5. Evaluation of candidate's ability for independent scientific work

During the preparation of the thesis, the candidate showed an ability to systematically study current
achievements in her field of research, and then, through discussions with her mentors, to conceive
the basic design of nanocomposites, as well as the idea for original modification methods of these
nanocomposites, which improved their antibacterial properties. She showed the ability to
independently perform experiments and solve problems creatively. The candidate mastered various
material characterization techniques, including techniques she had access to in Serbia at the “Vinca”
Institute of Nuclear Sciences, but also techniques she had the opportunity to use at the Institute of
Electronics, Microelectronics, and Nanotechnology in France. The scientific field that the
dissertation covers is multidisciplinary and requires broad knowledge in the field of materials
science, physics, chemistry, and finally microbiology. The candidate showed the ability to embrace
and apply a multidisciplinary way of thinking and solving problems.

The candidate is the author/co-author of 20 papers in scientific journals. She is the first author of 2
papers and one book chapter, which are directly related to the dissertation. As the first author, she
participated in three international conferences, which proved her ability to present her work to the
wider scientific community.




4, SCIENTIFIC CONTRIBUTION

4.1. Overview of the achieved results and their scientific contribution

The following scientific contributions were made within the doctoral dissertation:

- A flexible Kapton interface modified with gold nanoholes (Au NH) substrate and coated with
reduced graphene oxide-polyethyleneimine thin films was prepared for the first time;

- It has been shown that the mentioned nanocomposite has exceptional photothermal properties
when irradiated with a laser in the NIR region, and thus the ability to destroy Gram-positive and
Gram-negative bacteria, and even biofilms.

- The nanocomposite consisting of carbon quantum dots/polyurethane has been modified by
gamma radiation of different doses for the first time;

- The idea of using gamma radiation to modify such nanocomposites was applied for the first
time;

- Physico-chemical properties of nanocomposites were examined after exposure to gamma
radiation at different doses;

- The antibacterial properties of nanocomposites were significantly improved after gamma
radiation.

The basic scientific contribution given by this doctoral dissertation is the design of two new
nanocomposites based on polymers and carbon nanomaterials. By combining the properties of
different materials, as well as the application of different modification methods in order to obtain
more favorable properties, the thesis has given new results that improve the overall scientific
knowledge in the field of nanocomposite materials. Both materials show excellent antibacterial
properties through two different effects and the application of two types of electromagnetic
radiation. Also, both nanocomposites have low cytotoxicity and potential application in
biomedicine.

4.2. A critical approach to the research results

The first material presented in the dissertation uses the photothermal effect as a method of
destroying bacteria, which is a great advantage because bacteria have not shown, so far, the ability
to develop resistance to such high temperatures. Also, this method is universal and effective in the
case of different types of bacteria, because positively charged amino groups on the surface of
nanocomposites attract almost all bacteria (most bacterial strains have a negatively charged
membrane). The combination of this nanocomposite and NIR laser successfully destroys biofilm,
and papers presenting successful biofilm destruction are not so common in the literature.

In the second experiment, the main advantage of the developed nanocomposite over other materials
presented in the literature is that reactive oxygen species are activated already when using a blue
lamp, so visible light is used. Many other nanoparticles require the use of UV light that would
trigger the photodynamic effect. Also, the use of gamma radiation has significantly improved the
production of ROS, and thus the antibacterial properties of nanocomposites.

The research presented in this dissertation has yielded relevant new results, which make a
significant step in the prosperous scientific field of antimicrobial nanomaterials. These results have
been verified through two scientific papers published in renowned international journals. With
possible future improvements in terms of simplicity of design, reduction of production costs, and
testing of a wider range of microorganisms, the research results presented in the dissertation open a
perspective for the application of the described materials, as well as for designing new materials
based on the methods presented in the thesis.




4.3. Verification of the scientific contribution

Category M21:

1. Budimir M., Jijie R., Ye R., Barras A., Melinte S., Silhanek A., Markovic Z., Szunerits S.,
Boukherroub R.: Efficient capture and photothermal ablation of planktonic bacteria and biofilms
using reduced graphene oxide-polyethyleneimine flexible nanoheaters. Journal of Materials
Chemistry B, vol. 7, no. 17, pp. 2771-2781, 2019 (IF=5.047) (ISSN 2050-7518).

Category M22:

1. Budimir M., Markovi¢ Z., Jovanovié¢ D., Vyjisi¢ M., Mic¢usik M., Danko M., Kleinova A.,
Svajdlenkové H., Spitalsky Z., Todorovié Markovi¢ B.: Gamma ray assisted modification of carbon
quantum dot/polyurethane nanocomposites: Structural, mechanical and photocatalytic study, - RSC
Advances, vol. 9, no. 11, pp. 6278-6286, 2019 (IF=3.049) (ISSN 2046-2069).

Category M33:

1. Budimir M., Kleut D., Boukherroub R., Todorovic Markovic B.: Reduced graphene oxide-
chitosan flexible nanocomposites for efficient bacteria capture and photothermal ablation, -
Resolution and discovery, accepted for publication in February 2019 (ISSN 2498-8707).

Book Chapter:

Budimir M., Markovic Z., Szunerits S., Boukherroub R.: Nanomaterials for Sustainable Energy
and Environmental Remediation — Chapter 9: Nanoscale materials for the treatment of water
contaminated by bacteria and viruses, Materials Today, Elsevier 2020, pp. 261-305.

S. CONCLUSION AND PROPOSAL

The doctoral dissertation of the candidate Milica Budimir, which is the result of years of work and
collaboration between the University of Belgrade and the University of Lille, represents a major
contribution to the field of nanomaterials. The dissertation was written following the Rulebook on
doctoral studies at the Faculty of Electrical Engineering, University of Belgrade.

The dissertation is nicely written, clear, and well organized. The topic of the dissertation is
interesting, the experiments are well designed and its scientific contribution consists of two new
nanocomposite materials with excellent antibacterial properties that have a potential application in
biomedicine. The conducted research is of high quality, which is confirmed by publications in
leading journals in the field. The candidate confirmed scientific maturity and ability for independent
scientific work.

Candidate Milica Budimir fulfilled all the conditions provided by the Law on Higher Education, the
Statute, and the Rulebook on doctoral studies at the Faculty of Electrical Engineering in Belgrade.
She also fulfilled all the conditions for the defense of her doctoral dissertation at the University of
Lille, majoring in Science for Engineers.




Based on everything exposed above, the Commission is pleased to propose to the Academic
Council of the School of Electrical Engineering, University of Belgrade to accept the doctoral
dissertation entitled "Modification of carbon nanocomposites by electromagnetic radiation for
biomedical application" by Milica Budimir, to present it to the public and forward for final
adoption to the Council of technical sciences, University of Belgrade.

Belgrade, May 18, 2020
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