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ABSTRACT

Nanoparticles have unique physiochemical properties compared to the bulk material
comprising them, which make them preferable in a variety of applications including
bioimaging, drug delivery and food packaging. These properties depend on the nanoparticles’
morphology. Silver nanoparticles (AgNPs) have been especially distinguished for their
antimicrobial efficacy against both Gram-negative and Gram-positive bacteria. However, the
mechanism of their antimicrobial action has not yet been fully understood. Although their
antimicrobial properties are very tempting and they are already used in a variety of consumer

products, there is still worldwide concern regarding their cytotoxicity.

Bearing these unresolved issues in mind, in the present study, synthesis of AgNPs was achieved
with the aim of producing different sizes and/or different shapes of nanoparticles to
subsequently test their antimicrobial efficacy and their possible cytotoxicity effects. Modified
Turkevich Methods and Reduction via plasma generation were used for AgNPs synthesis.
Salmonella enterica and Normal Human Dermal Fibroblasts (NHDF) were used for the

antimicrobial and cytotoxicity testing accordingly.

The results of the experiment demonstrated that all AgNPs dispersions inhibited Salmonella
enterica at both concentrations tested (6.2 and 3.9 ppm), at 0-6 h exposure time, but the most
antimicrobial one was the one produced by plasma reduction, which inhibited Salmonella
enterica even at 0.39 ppm, followed by the one synthesized by Modified Turkevich Method at
70°C with 1:10 molar ratio of AgNOs to NasCsHsO7. Nevertheless, all AgNPs also reduced
Fibroblasts viability, at 3 days exposure time, at these concentrations tested on Salmonella
enterica. The reduction of cells viability seemed to be concentration-dependent (except AgNPs
synthesized by Modified Turkevich Method at room temperature with 1:10 molar ratio) and
time-dependent. Most AgNPs samples did not present strong cytotoxicity effects only at low
concentrations (e.g., 0.49 and 0.98 ppm), except AgNPs synthesized by plasma reduction that
were found toxic on the first 2 days of exposure even at 0.39 ppm. Also, the obtained 1Cso
values of all samples were low (< 100 ppm). The smallest ICsq value in particular, derived from
the smallest (7-15 nm) and spherical nanoparticles. Last but not least, AgNPs seem to be
equally toxic and perhaps follow the same cytotoxicity action with AgNO3 on the 1% day of
exposure and at high concentrations (3.9 and 6.2 ppm), whereas after 24 h exposure, AgNPs of
the same concentration, appear to be more toxic than AgNOs. Therefore, more cytotoxicity

studies are needed for their possible future use in health-related applications.






XovOeon vovoconoTIoiov apydpov pe pedddovg Turkevich ko woypo
OTHOGPUIPIKO TAAGNO KOl PEAETI] TOV AVTIUIKPOBLOKOV TOVS 1O10TITOV
Ta copatid g TdEemS TOL VOVOUETPOL SAPEPOVY OO TNV TPMTUPYLKY] LOPPY] TOL VAIKOV
EMOEKVOOVTOG LOVAOIKEG 1O10TNTEC. AVTN 1) AVAKAAVYT, £GTPEYE KOl TO EVOLAPEPOV NG
EMGTNLOVIKNG KOWOTNTAG TTPOG TI LEAETN TNG TOPAYMYNS VOVOSOUATIOIMY KOl TV TEPETAIP®
YPNOT TOLVG GE i TANODPA EQAPLOYDV, OTWS GTNV PLOATEIKOVIOT, GTN) LETAPOPE PaPUAK®Y
Kol 0TI ovokevacies tpoginwv (SA. Ewdva 2.1, Kepdrao 2) (Zaman, Ahmad, Qadee,
Rabbani, & Khan, 2014). Ot1616trtec TV vavooouatidiov aArdlovv pe Bdon ) popeoroyio
TOVG, MMAadn To péyehog Kot To oy Tovs. I'lo TV T0 AdYO, amarteitol | Tapaywyn evog
oT1EVOD €VPOLG LEYEBOLG KOl GYNLOTOS VOVOSMOUATIOIMV Yo TNV YPNOT TOVG GTIS SAPOPES
EPAPLOYES, ATOTEAMDVTOS TO SVGKOAOTEPO GTAS0 Katd TNV chvOes TOoVG, akoAovBoHEVO aTd
mv  emitevén  VYNANG  omddoomg, YOUNANG  KOTOUVAAWMGONG  EVEPYEWNG KOl YOUNANG
TEPPOAALOVTIKNG KOl KLTTAPIKNG TOVS ToEKOTTA. To péco emkdAvyng mov ypnoyLonoteital,
onow¢ emiong kot mn avoroylo Tov pEGOL emkbAvyNg kot TG % GLYKEVIP®ONG TV
vavocopotwiov, mailovv emiong koBoploTikd poOAO  OTIG TEAMKEG 1010TNTEG TV
vovooopotdiov mov ovvtievtor (Inmaculada Lopez-Lorente & Valcarcel, 2014), (Khan,

Saeed, & Khan, 2017).

Ta vavocouatidl petdAiwv £govv ypnoiponom el evpémg o motkileg epapuoyég e€ontiog
™G UEYOANG avoroYiog EMOAVELNG-OYKOL IOV £rovv. Avth 1 WdTNTa o KaboTd iaitepa
dPOOTIKG KOl EMOUEVMG T EAKVOTIKG GTO VoL ypnotporonbodv oe molég epapuoyés (BA.
Ewova 3.1, Keparowo 3) (Christian, Von der Kammer, Baalousha, & Hofmann, 2008).
Id1aitepa ta vavooouatiow apydpov (AgNPS) £xovv evpéwmc peretndetl Kot ypnoiomolovvTot
EKTETAUEVO, KUPIOG AGY® NG 0modederylévng avIyukpoPlokng TOUG OMOTEAEGHATIKOTITOG
évavtt tov Gram Oetikdv ko Gram apvnTik®dv Baxtnpiov, ToV 10V Kot GAAOV EVKOPLOTIKOV
wkpoopyavioudv (Rai, Yadav, & Gade, 2009) (fA. Ewovec 4.1, 4.2, Kepdhowo 4, yuo

TEPLOGOTEPES EQAPUOYEG).

O axpPng UNYovIGHOg TG aVTIUKPOPLOKNG TOVG OpAcNG dev EYEL TANPWOG YOPUKTNPLOTEL.
[Mopdia avtd, o pNYOVIGHOG TG avTipikpoPlokng dpdong twv 1dviov apydpov £€xel
dwoapnviotel. [lponyovueveg peréteg avaeépovv 0Tt ta. 16VTO apydpov SIEIGOVOVV GTO
KLTTOPIKO TOlymua TV Baktnpiov HETO amd GAANAETIOPAOT HE TIG TEXTIOOYAVKAVES TOV TO
amotelovv (Mosselhy, et al., 2015) kot 6t cvvéyela oAAnAemdpovv pe Tig Paoelg tov DNA,

emnpedlovtag TV KavoTnTo SmAaclacpov Tov. To DNA ot cuvéyelo LETATPENETOL GE LidL



CUUTVKVOUEVT LOPPN, 1| omoia Exel mopatnpnOel e NAEKTPOVIOKT LUKPOGKOTIO SIEPYOUEVIG
déounc (Transmission Electron Microscopy) (Mosselhy, et al., 2015), mov avtidpd pe opddeg
0€10ANC TOV TPOTEIVOVY, 0dNydVTag otV KuTtaptkn Oavatmoon (Rai, Yadav, & Gade, 2009),
(Radzig, et al., 2013). ITAn00¢ peietdv vrootnpilovv 6Tt N dpdon TOV VaVOsHOUATIOIOV
opeiletar omnv omerevfépmon 1OVIOV apyvpov amd TNV OEEWMUEVI] TOLG EMLPAVELL
(Bondarenko, Ivask, Kakinen, Kurvet, & Kahru, 2013). AXAeg vrootpilovv mmg opsiletan
elte o unNyavikn 6146mTacT, TOL KLTTOPLKOL TOWYOUATOG TV Paktnpiov and to ido ta
vavooopotiow (Mosselhy, et al., 2015), eite otov cuvdvacpd kol TV 600 OLTOV
npoavaeephiviov unyavicpav. [ToAréc pedéteg vrootpilovv emiong g T WOVTA apyHLPOL
Ag" givor mo to&ikd amd ta vavosopatidia apydpov (Mosselhy, et al., 2015), (Seong & Lee,
2017), (Mallevre, et al., 2016). e kabe mepintwon, £yl dSomotwbel o€ epyaoTnPLOKO ENiTEdO
1N katactpo®n Tov DNA, o oynuotiopnds dpactikdv edmv o&uyovou (Radical Oxygen Species,
ROS) mov mpokodel ofeldmTicd oTpeg, Kar 1 svdokvTTapikh ovénon tov emmédov Ca?t

(Radzig, et al., 2013), (Lee, Kim, & Lee, 2014), (Seong & Lee, 2017).

Ocov apopd otnv avtipikpoPlokn dpaon TV vavocsopatidioy apydbpov évavit g Salmonella
enterica, éyel dwmotwbel 1 OTOTOA®ON TG E0MTEPIKNG HEUPPAvVNC, Ympic datapayn TG
e€otepucng pepPpdvng (Lovo dieicdvomn), Kot 1 KLTTOPIKY AmOTTOOT, KOTA TV £KBgom TOL
Bakmnpiov oe younAéc ocvykevipmoelg vavocopoatwdiov. Koatd v ékbeon oe vymiécg
OVLYKEVIPAOOELS, TapatnpnOnke kot dtdppnén g pepPpavng (Seong & Lee, 2017). EmumAéov,
oplopévor opotvmot g Salmonella enterica, cvprepilapfovouévne kot tg Salmonella
Enteritidis, epoaviovtat o evaicOntor ota AgNPs (Berton, et al., 2014). And mponyodueveg
LEAETEG, Ol EAAYLOTEG GLYKEVTPAOGELG avacToAng ¢ Salmonella enterica amd vavocopoatidio

apydpov £xovv Ppebel og emineda ¢ taEemc Tov 3,12-16 ppm (FA. [Tivaxa 4.4, Kepdlato 4).

Amo Tic pebddovg ocvuVBECNC VOVOCOUOTIOWMY TOv €yovv ypnoomombel péypt topo
(puowoyMKég Kot PLOAOYIKES), TPOTILAOVTOL O1 BLOAOYIKES, KUPI®MG AGY® TOL TEPLOPIGLOV TNG
YPAONG EMKIVOLVOV Kol TOEIKOV SOAVTOV OV UEPIKEG POPEG 0OMNYOUV Kol G TOEIKA
vrompoiovta (Zhang, Liu, Shen, & Gurunathan , 2016). ITapdia avTA, LE TPOCEKTIKY ETIAOYT
ANUKDOV 0VG1OV (TOV dPOVV MG TOPAYOVTES avay®YNG/oTafepomoinong/KaAvyng), 1 NUKN
ovvBeon pmopel va mpaypatomomBel pe mo «mpdovegy peBdoovs. Avtn n pebodoroyio
nepLopPavel PIMKES TPOG TO TEPPAAAOV YMUKEG OVGIES TTOL OPOLYV TPOKAADVTAG TAVTOYPOVOL
AT POPTIOV Kl CTEPEOYNUKT oTaHEPOTOINON T®V VAVOSHOUOTISI®MV. Mg autd Tov Tpdmo,

TO. VOVOCSOUOTIOW Hmropovv va otatnpnfodv oe tumomompévo oyfua Ko péyefog Katl vo
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amotponel 1 ovoocopdtmon tovg (B Ewova 5.2). TIoAéc ynukég ovoieg €xouvv
ypnoporombei oto mopeAbov, pe amotédespo v moapaywyn AgNPs mowiiov peyedov,
ovumeptrappavopévov Tov yorlkol o&éog (C7HeOs) kot tov NaBH4 (Sodium Borohydride)
og cuvovacud pe Krrpikd varpio (tri-sodium citrate, NasCsHsO7) (BA. Tivaka 5.2, KepdAato
5).

Aappavovtog vroyty 6Aa ta TpoavapepBEvta (ntpata, 6ToY0 TS Tapovoag LEAETNG elval
1N 6VVOEST] VOVOSOUOTIOIMV 0pyDpOov, dPOPETIKOD HEYEOOLG KOl GYNUOTOC, LLE SLOPOPETIKES

neBdS0VG, e OKOTTO TNV UEAETT TNG AVTIKPOPLOKNAG TOVG 1010TNTOG.

A1Gpopeg tpomomomoetg tng pebddov Turkevich ypnoyomomdnkay yio thv ynuikn cdvheon
vavooopotdiov apyvpov. H pébosog tov Turkevich apyikd mepredapfave v avoywyn evog
UETAAAKOD S10ADHOTOC e KITPIKO GA0G o€ Oeprokpacio fpacuov, pia dtodikacio Tov £xel g
OmOTEAECUO. TNV OAAQYT] XPOUOTOS TOV OlOADUOTOC avAAoyo HE TN HOPQOAOYiD T®V
napaybéviov copatdiov (Pacioni, Borsarelli, Rey, & Veglia, 2015), (Pifiero, Camero, &
Blanco, 2017), (Mazzonello, Valdramidis, Farrugia, Grima, & Gatt, 2017). Mg maAo1dtepeg
TPOTOTOMNGELS TNG HeBBdoL Exel emtevyBetl ovvOeon AGNPS, dmwg pe mposbnkmn yAvkepOANG,
1N omoia Ppébnke va éxel kaln otabepormomtikn kovotnta (Pacioni, Borsarelli, Rey, & Veglia,
2015), pe mpooHnkn kavotikov vatpiov (NaOH), n omoio Ppébnke va dievkoAdver v
avoyoyn tov vitpikod apyvpov (AgNOz) airalovtag to pH (660 vyniotepo to pH 1660
HEYOADTEPN M OMOTPOTOVIOON TOL KITPKoV» AAaTog, Kabiotdvtag to mo owbécipuo y

KaAvym), kot téAoc pe oddayn g Oepuokpoaoiag (Caswell, Bender, & Murphy, 2003).

Katd v epappoyn g puebodov Turkevich ce Ogppoxpocio dwpatiov, mapdydnkav mo
ounotopopea otabepornompéva copatiow. H eEdptmon tov puBupov g avtidpaong, [e xpnon
kirpkov vatpiov (NasCsHs07) wg mapdyovto kaivyng, Bpédnke Ott akoAovbel TV KvnTikn
Arrhenius, ue peyoddtepn ovvleon vavooouatdiov oe vynAotepeg Deppokpaciec aAld Kot
ueyaAvtepeg katavouésg peyébovg (Mazzonello, VValdramidis, Farrugia, Grima, & Gatt, 2017).
Ot tpomomomcelg ¢ nebddov Turkevich mov €ywvav oty mopovca pehétn fMTav: n xpnon
UOVO  YALKEPOANG (Yopig vePd) ¢ oTOBEPOTOMTIKOD KOl OVAY®OYIKOD TAPAYOVTIO, TTOV
owvténke o Beppokpacio dopatiov pe v tpocbikn NaOH (MTM R-1:10), ko otovg
70°C (yoaunAdtepn amd tn Ogppokpocio Ppacpon), oAhalovtag Ty avoaloyio Tov TopdyovTa
Kaioyng pe mv % ovykévipmon vavocopatidiov (MTM_70-1:10 ko MTM_70-1:5) (BA.
Kepdiao 7: Tlepopotiky dwdwkasia). e 0Aeg Tic mepmtmoels, o AgNO3 ypnoyomomOnke
¢ TpOdpopog petdAiov ko to NasCeHsO7 ¢ mapdyovag KdAvyng.
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Ymv mapovca PeEAETN, N ovvOeon twv AGNPS eniong enetevydn pe avaymyn pe mAdouo, to
omoio mopxOn pe v onuovpyio. EVOC NMAEKTPOYNUIKOD KEMOU Kot 1ot GAANAETIOPAGEMC
EMPAVELNG TAAGILOTOG-YAVKEPOANG, GE UTLOGOOPIKN TLEST] KOl e SIEAELOT AOPAVOVG aePio
(Apyo) (BA. kepdraro 7) (plasma). O AgNOz ypnoipomomOnke Kot TGA ©G TPOSPOHOG
petdirov kot 10 NasCeHsO7 o¢ mapdyovroc kdivyng. Ilapoaywyq AGNPS pe wyoypd
OTHLOCQAIPIKO TAAGHO  emeTedyOn Kol omd TPOoNyoOUEVEC UEAETEG, YPTCULOTOUDVIOG
drapopetikég dataelg (BA. [livaka 5.3, Kepdiato 5), pe pikpd péyebog vavosopatidiov (otig
TEPLOCOTEPEG TEPIMTAOGELG AyoTEPO amd 10 nm) Ko wg eni 0 wAgioTov oPUIpKOd oyfua. O
KOPLOg UNYOVIoUOG TG avay®YNG Le TAAGHO oxeTileTan e TNV TOPOy®Y|] EMOINAVTOUEVEOV
niextpoviov (solvated electrons). Alla dpoaotikd €idn pmopel eniong va mailovv kabopiotikd
poOro 6g 0AOKANPN TN Stadikacio (1ovta, e evBepeg pilec, VUV pmtovia) kabmg mapdyovton
wovta H kow OH (Kondeti, Gangal, Yatom, & Bruggeman, 2017). H pébodog moapackevig pe
mAdopa Bempeitor yevikd «mpdowvn» aeov dgv onuovpyodvior emiProfr] vrompoidvia.
[Mopora avtd, vapyovy Teplopicopol g nedddov mov VIOKEVTOL KUPIMG 6TO KOGTOS Kol TNV
acedield g (Kondeti, Gangal, Yatom, & Bruggeman, 2017), (Misra, Schluter, & Cullen,
2016).

O mo1TIKdG KOl TOGOTIKOG YOUPUKTPIGUOS TV VOVOSOUATIOIMV apydpov Tov mopnydncay
Eywve HEC® EVOPYOVOV TEYVIKOV AVOALGNG, OTTMG 1) PAcUaTOoKOTIN VITEPpLOpov-opatod (UV-
Vis), n pacpotouetpio pdlag pe enaymykd ovlevyuévo nidopa (ICP-MSs) kot niektpoviakn
wkpookorio. diepyopuévng 6éoung (TEM). And v avaivon UV-Vis, exebnoav mototikd
otoyeio TV TopaxfEviov vavoocopotdiov, kabhg ot kopueéc amoppoenong (peaks)
euPavioTnKav 6€ OAEG TIC TEPTMSELS 610 0pog 350-600 nm, emPBePordvovtag T chvheon
tov AgNPs (Saeb, Alshammari, Al-Brahim, & Al-Rubeaan, 2014). And v devtepedovoa
Covn amoppoenong (ave tov 600 Nm), pumopodv va. yivouv vIobECELS Yio TO GYNUA TOV
VOVOOOUOTIOIOV, a@oy 0TV 1 KOUTOAN @aivetat vo amoktd OeTikn KAion, anoteAel £voeidn
TOPAY®YNG UN-0eupikav vavoocopotdiov (Desai, Mankad, Gupta, & Jha, 2012). Zopewova
He autn TV mapatipnon, to deiypato MTM_R-1:10 kor MTM_70-1:10 avauévetat vo eivar
o@opikd, evo ta detypato MTM_70-1:5 kot avtd mov mopdyonie e TAAGHO avapEVOVTOL VO
AOTEAOLVTAL OO UN-cQaPIKd vavooopatiot. Emmiéov, avdloya pe v amoppod@nomn g
KOPLONG, Ta deiypato 310V apaidoe®mV e TIG VYNAOTEPEG KOPLPEG OVAILEVETAL VAL EXOVV KO
vynAotepn ovykévipoon (Desai, Mankad, Gupta, & Jha, 2012). Mg Bdon oavty v
napatnpnon, to osiypo MTM_70-1:5 avopéveror va €xel SmAdoio cLYKEVIP®ON Amd TO

MTM_70-1:10. Téhog, copotidio pkpdtepov peyébovg avapévovtar amd O6co detypota
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ELPAVIGOY TNV HEYIOTN KOPLOT amoppdenong oe pkpotepa gdopata (blue shift: uetatdmion
™G KOPLPNG TPOG TO OPLOTEPA) EVD UEYUADTEPOL UEYEDOLG AVTA TOL TNV EUPAVICOV GE
ueyarvtepa eacpata (red shift: petatodmion g kopveng ota de€1d). Emopévmg, o pukpotepa
vavoompotioln avopuévovtot omd to detypo MTM_R-1:10 (blue shift), evd ta peyolvtepa amd
10 deiypoe MTM_70-1:5 (red shift) (BA. dwaypappata 8.13, Kepdrato 8). H otabepotnta tmv
vavooopotdiov, sEetdotnke eniong pe avaivon UV-Vis, oe 4 dtapopetikode ypdvoug yio
dupkela amodnkevong evog unva, kot Ppédnke ToAD KavomomTiky yio. OAa Ta detypota (SA.
o/ta 8.8, 8.9 xau 8.12, Kepdiatio 8). Me avdivorn ICP-Ms éywve 0 mocotikdg yopaktnpiopds
TOV VOVOCOUOTOIOV Kol 01 GUYKEVIPMOGES TV detypdtov MTM_R-1:10, MTM_70-1:10,
MTM_70-1:5 kot ovtod mov moapdydnke pe midopo Bpédnkav 6,2, 3,9, 8,2 ot 3,9 ppm
avtiotoyo (Hetd and dekamldolo apaimon e VEPO, G€ OA TO, SEIYLOTO EKTOG A0 TO TAAGLLAL).
Amd tov moloTikd yopaktmpiopd pe TEM, 1o detypo MTM_R-1:10 Bpébnke 6t amoteleiton
amo piypo peyebav, pe koplopyo 10 ceaptkd oynua (6€ GLUE®VIN PE TO OTOTEAEGLOTO TNG
avalvong UV-Vis) pe xatavoun peyebmv oto €0pog 18-57 nm. To MTM_70-1:10 Bpébnke
TOC AMOTEAEITOL OO CPUIPIKE VOVOGOUATIOW (C€ CUUP®VIO LE TO OTOTEAECUATO TNG
avaivong UV-Vis) ue katavoun peyedmv oto €0pog 7-15 nm. To MTM_70-1:5 Bpébnke mmg
amotedeiton amd piypo peyebov, pe xopiopyo avtd g mopapidns, He HEYAAN KOTOVOUY|
peyebmv oto gopog 6-84 nm. Téhog, ylo Ta VOVOCOUOTIOW TAAGUOTOS OEV UTOPECHV VL.

AneBovv Tapamdve TANpopopiec.

INa va depeovnBovv ot aviyukpoPlokés WO0TNTEC TOV VOVOCOUOTIOIMV apydpov 7OV
cuvtédnkov o€ oVt TN HEAETN, £EETAOTNKE N €Midpacn £vOG VPoVS cuykevtpdoemv AGNPS
évavtt g Salmonella enterica oe ypovo éxbeong 0 (Blank-control), 2, 4 kot 6 dpeg. Ta
amoteAéopato (log (CFU / mL) —time) édei&av 011 o€ ocvykévipwon 3,9 ppm, 1o deiyuo
TAGoUATOG glye TNV 1oyLPOTEPN avTukpoPlakn dpdom, akorlovbovuevo and to MTM_70-
1:10. Zmv d ovykévipwon, to GAla 600 deiypata (MTM_R-1:10 xor MTM_70-1:5)
KOTAPEPOLV VOL ETLTVYOVV IKOVOTOUTIKT OVOAGTOAT TOV UIKPOOPYOVIGHOV HETE amd 26 dpeg (SA.
0/ta 8.19 kan 8.21, Kepdrowo 8). Zta 6.2 ppm, TV 16Y0pATEPT OVTIUIKPOPLaKT OpAcT ELPAVICE
70 MTM_70-1:10 axolovBovpevo and to MTM_R-1:10 (to TAdcpa dev SOKIUAGTNKE GE VTN
™ ovykévipwon) (1. &/ua 8.20, Kepdiato 8). H otatiotikni avaAvon ToV amoTeAeGUATOV
£de1&e 0TL 1 avaoToAn g S. enterica sivar onuavtikd egaptopevn (p<0.001) amd dAovg Tovg
TEPOUOTIKOVG GUVIEAESTEG, OMAadn omd tov ypovo, T HEHOJO TAPUCKELNG Kol TN
OoLYKEVIPOOT TV vavooopatdiov (f1. Kepdariawo 8, Evotnra 8.3). Ot cuykevipdoelg mov

AVESTEIALLY TNV OVATTTUET TOL LEAETOUEVOL UIKPOOPYOVIGHOV o€ OAa ToL delypata (Leyaidtepn
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avaoToA eppdvicay ta detypoto nAdopotog kot MTM  70-1:10), Bpickoviol 6€ cuppovia pe
TPONYOOUEVEC LEAETEG TTOV JOMIGTMOAY OVOGTOAT TOV [Kpoopyaviopov and AgNPs oe ehpog
ovykevipooenv 3,12-16 ppm. Ta cQoptkd vavosmpatiow eaivetat va, £(0uV TV HEYOADTEPT
AVTIIKPOPLakT] 0pact. AESOUEVOL OTL Ol TEPLOYES TV VOVOSHOUATIOIMY TOL £XOVV AKPES KO
YoViEG TOPOLGLALOVV GLCCMOPELOT NAEKTPOVIMV Kol MG EK TOVTOL EIVOL TLO OPUGTIKEG Y1LLKA,
O avépeve Koveic OTL TO UN-CGOPOIPIKA VOVOCSOUOTIOW £YOVV UEYOADTEPT EMIOPAOCT] GTNV
avaoToln g Zaipovérag (Sau, Rogach, Jackel, Klar, & Feldmann, 2010), (Fedlheim & Foss,
2001). To deiyua mhaouatog eEETAOTNKE EMiong Yoo TV avTyukpofloxn dpdon évavtt g S.
enterica o ovykévipwon 0,39 ppm Kot TopotnpROnKe 6Tt epEovifel TOAD VYNAN avVAGTOAN
akoun kat o€ yaunAn cvykévipmon (BA. 6/pa 8.22, Kepdiato 8). Avtd odnyei otnv vrodeon
OT1 670 delypa pmopel va vdpyovv €idn pldv ta omoia lvar VYNANG TOEIKOTNTOS KOO Kot

otav ektifevtan o€ avOpdTIVHL KOTTOPA.

e moyKOGUO €MIMEDO, VILAPYEL VOGS OPKETE UEYOAOG TPOPANUATICUOS ™G TPog TV mhavn
TOEKOTNTO TOV VOVOCOUOTOIOV, Tapd To YeEYOVOg OTL MOT YPNOCUYLOTOLOVVIOL GE TOAAES
ePapproyés. Avtn 1 avnovyio oeesileton oto pKpd toug péyedog, Kabmg pumopodv va £xovv
TPOGPacT G€ TOAD TPOCTATEVUEVO OPYOVa, OTWG O EYKEPAAOG, HETE TNV €160d0 TOVS GTOV
avOpOTIVO 0PYUVIGHO, KOl 1 OTOUAKPVVGT] TOVG Otd TOLG 1IGTOVG PaiveTol va gtvat £vol ToAD
dvokoro £épyo (Pietroiusti, Magrini, & Campagnolo, 2014). Tw avtdé 10 Adyo, M
avVTYUKPOPloKn TOug Opacm Oev  eivon  emapkng TopAyovtog Yoo vo.  UmOpovVv  va
YPNOUOTOMOOVV GE EUTOPIKA TPOTIOVTA 1| AAAES appoyEc. Tlpénel mpmTa vo eleyyOel ko M
10E1KOTNTA TOVG 6€ avOpdmva kOTTapa. H kuttapikn kaAliépyeia el Bondnoet oty in vitro
avdivon tov AgNPs aALd dev vdpyel Lot OAOKANP®UEVT GLYKPLTIKY TOVG LEAETN AOY® T®V
TOALDV TOPAPETPOV TTOV aALALoVV og KaBe mepintwon (cvvOKes KaAMEpyelag Kot péBodot
obvOeong AgNPs) (Vazquez-Mufoz, et al., 2017). "Exel amoderyfel dpwg OtL petdvoovv v
Blooiud o TV KLTTApOV avaloya Le TiS TpoavapepBeiceg mapapéTpovs. O unyovicpros g
KUTTOPOTOEIKOTNTAG TOVG €xEL amod0bel OTNV KLTTOPIKY OAMOTTOON KOl VEKPWOGT KLTTOPOV
(Ka-Ming Chan, Moriwaki, & De Rosa, 2014), otn utoyovdplaxn dvciettovpyia pe diéppnén
g dwmepototnTog TG pnepPpavng (Galandakova, et al., 2016), ot PAapn tov DNA kot 10
oynuatiopd ROS (Zhang, Wang, Chen, & Chen, 2014) (BAéne emiong Zynua 6.1, Kepdioio
6). O oymuatiopuds "kopovag" tov AgNPs pe Proloywkd popio Oempeiton emiong évog
ONUOVTIKOC TapdyovTag TG Kuttapoto&ikotntdg tovg (Pietroiusti, Magrini, & Campagnolo,
2014). Ta kOTTOPA ®GTOGO TPOSTOHOVY VO UEIMCOVV TIC EMTTOOELS OVTEC UE UNYOVICUOVS

dpovog mov oynuotiCovv pn emProfeic evooelg pe To WOvVTa apydpov (oynuaticpds
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coVAQPBiov apyvpov (AgeS) kat yAwprovyov apyvpov (AgClX)) (Marchioni, Jouneau,
Chevallet, Michaud-Soret, & Deniaud, 2018). ®voikd 1 kvtrapoto&ikomrta tov AgNPS
e€aptatot amd T GLYKEVIPWON Kot ard To péEYeB0G TOVS, LE To LIKPOTEPO COUATIOW VAL EXOVV
Bpebel va givar mo 10&1kd 610 TapelBov. O mapdyovtag Kaivyng mailel emiong oNUOVTIKO
pOrO, pe To Kitpikd emkaAvppéva AgNPS va £xovv Bpebel Aydtepo kuttapotoéika (Akter, et
al., 2018). IToAld AgNPs (ue peyén 7-100 nm kot cvykevipooeig 0,025-400 ppm), éxovv
JoKIaoTEL 6€ S1APOPOVG TOTOVS KVTTAP®Y amd Tponyovueveg perétes (BAéne Ilivaka 6.1,

Kepdrawo 6).

210 moperBov, petd and vynid enineda £kbeong oe EVOGELS apyLPOV, Elye Tapatnpnbel To
eavopevo «Apyoploy (Argyria) oto déppa TV acbevov, OTwe exiong Kot TpoPAfuaTe 6T
dradkacio EmoVAMONG TV VOPAAGTAOV ToV EMONALIOKOV KLTTAp®V. ETouévmg, e tepintwon
TOV TOL VOVOOSOUOTIO apyDPOL YPNGLLOTOMOOVV Y10 EMOEPUKES EQAPLOYES 1 TPOKELTOL VOL
EQPUPLOGTOVV GE avolyTéG mANYEG kot eykavpoto (Galandakova, et al., 2016), (Marchioni,
Jouneau, Chevallet, Michaud-Soret, & Deniaud, 2018), o é\eyyog g T0&IKOTNTAG TOVG OE
QLG10L0YIKOVG voPAdoTeg dépuatoc tov avBpomov (Normal Human Dermal Fibroblasts,
NHDF) givar {otikng onupaciog. Xto mapelddv, vavooopatiow apydpov pe e0pog peyebav 1-
200 nm, éyovv eleyyBel oe woPrdctes. Amd v peiém tov Paknejadi, Bayat, Salimi, &
Razavi (2018), ot tipég 1Cso (Inhibition Concentration 50%, ot GLYKEVTIPOOELS TOV UEDVOLV
TV TANBvoud Tev Kuttdpov katd 50) yioo AgNPs peyébovg 6,03 nm (kvping cpatpikon
oyfuatog), Ppédnkav vo givar 30,64 kot 14,98 ppm petd amd 24mpn kot 48wpn Exbeon,
avtiotorya. Ao pio GAAN pelétn, tov Galandakova, et al. (2016), un to&ikég oLYKEVTPMOGELS
vy AgNPs peiypotog peyedov (uécov peyébovg 10 nm) Bpébnkav o€ €0pog GLYKEVIPHOGEMV
0,25-25 ppm, kot emmAéov, 5 nm AgNPs Bpébnkav mo to&ikd amd 1o ditdAvpa AgNOs wov
e éyyOnke, evéd 20 nm kou 50 nm AgNPs Bpébnkav Aydtepo to&ikd amd to AGNOz. Ov Wildt,
etal. (2016), exiong dwumicTOoOV OTL TA LIKPOTEPQ VOVOGMUOTIOW TV 7o ToEIKE GE KOTTOPO.
woPLooT®V TOVTIKOD, AdY® amelevOEpmang ovimv apyvpov. Térog, and tovg Avalos, Haza,
Mateo, & Morales (2014), o1 cvykevIpdoelS vavooouatidiov 6,72 ko 13,45 ppm Bpédnkav

Vo LELOVOLV KaTd TOAD TV Procdtta tov NHDF.

Me PBdon 6co ovoeépOnKoav, GCUUTANPOUOTIKE TG OovVTIUKPOPlaKnG dpdong Tov
vavooopotdiov, kpidnke onuaviikd va peretndel kot m tokdTNTA TOVS O AVOpOTIVL
kottapo. Emopévmg, oty mopovco peEAET, eAEYxOnke emiong M emidpAOT VOVOCOUATIOIWOV

apyOpov oe PLGLOA0YIKOVG WOoPAAoTEG dEpHaTOS avOpdmov peTd amd 24, 48 ko 72 dpeg

Xl



éxbeong oe éva €bpog ovykevipdoewv. H Proopdmro tov kouttdpov petpndnke pe mmy
uébodo  MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)  «ot
EPUNVEVTNKE OGOV TOCOCTO G TPog to. emlmvro KOttapa tnv Muépa 0 (avtd mov
eneepydoTnKay HOVO He TO BPemTIKO LAMKO avENOTG). Zav delypata avapopds, ekToc and ta
kottapa encEepyacuéva uoévo pe Opentikd vAik6 DMEM (Dulbecco's Modified Eagle
Medium, pe 10% epuPpovaxd opd Poeov), ypnowonomnkav 1o dSipuedvAocoVAPOEEISLO
(DMSO0) 1,6%, mov eivan to&kd yio ta kOTTOpo (apvnTiKog paptopag), kot o AGNO3z 250 uM,
nov Ppébnke amd mponyovpevn perétn (Kaplan, Ciftcl, & Kutlu, 2016), tog eivar to€ikd og
petacynuaticpéve. kottapa woPractdv gufpvov apovpaiov (H-ras transformed 5RP7)
(Betikdg paptupog). 'evikd, 1060 0 ypdvoc 660 kar 1 pEBodog emelepyaciog TV KLTTAP®V
elyav onuovtiky enidpaocn oty nl 101 kato (%) PLocudTNTO MG TPOG TO KOTTAPO OVOPOPAS
(kOottopo extebeiuévo povo oto Bpentikd uéso — DMEM) g nmuépac 0 (p<0,001).
Yvykpivovtog pe v % Procindmmra tov Kuttdpov avaeopds, oe kabe nuépa ékbeong, 10
MTM_R-1:10 ¢0e1&e onuovtikn peiwon g Plocindmrag o€ OAES TIG GUYKEVIPADGELS, EKTOG
a6 T ocvykévipoon 0,49 ppm, otnv onoia dev eppavionke TOEIKN CLUTEPLPOPE poOVo TV 11
nuépa. [apdia avtd, dev eppdvice oe kopio cuykévipowon mapondveo and 35% peimon g
Buwoipdmrag tov KuTtdpov Kot 1 peiwon g Procipdttog eaivetor vo unv e&aptdton
ONUAVTIKG omd TNV GLYKEVIPOON GAAG amd T0 ypovo (BA. Exnua 8.23, Kepdiawo 8, yio
otatoTik onuovtikoémra). To MTM _70-1:10 oe ovykévipoon 0,49 ppm, eugdvice
ONUOVTIKTY KUTTOPOTOEIKT emidpacn povo v 1" nuépa (LKp1g GTATIGTIKNG CNUAVTIKOTNTOG:
p<0,05). Avti n cvykévipwon Kot 1 cuykEvipoon tev 0,98 ppm, NTav kot ot poveg Tov dev
EUPAVIOAV CNUAVTIKY EMIOPAOT] TN PLOCIUOTNTE TOV KLTTAPOV LE TNV TAPOOO TOL XPOVOU.
Me adénon G ovykévipwong moaporo ovtd, epeovifeTon Kol aviioToyyn WHelmon g
BlocdTNTAS TOV KVTTAP®V, 1 0TT0i0 6TV HEYAADTEPT] cLYKEVTp®ON (6,2 ppm), TNV TEAELTALN
nuépa ékbeonc (3"), avépyetar puéxpt kar ato 60% (L. Tyqua 8.24, Kepdiato 8). To MTM_70-
1:5, emiong dev €de1Ee To0EIKN emidpacm oTovg oPAdoteg oe cuykévipmon 0,49 ppm, kad’ 6An
™ Sdpkela ¢ £kBeong, evod og cvykevipaooelg 0,98 kat 1,95 ppm, Bpébnie to&ikd pévo v
terevtaia nuépa £kbeonc. H peiowon me Procpudmmrog eaivetol ko oe auty TV TepinTmon
vo €£0pTATOL ONUOVTIKG OO TN GLYKEVIPMOY, WUE TNV LYNAOTEPY YXPNCUYLOTOLOVUEVT|
ovykévipoon (6,2 ppm) va mpokoiel peimon ¢ tééewc tov 56%. EmimAiéov, Oleg ot
OLYKEVIPMOELS HElmoaY ONUOVTIKA TN BloctudtnTa HE TNV TAPOOO TOL XPOVoL (SA. Zymua
8.25, Kepdhaio 8, yio onuovtikdtnta), ektog and v cuykévipmon 0,49 ppm mov dev £deiée
kapio enidpaon. To detypa mAdopatog oe cuykévipmon 0,39 ppm, Bpébnke un to&ikd pdévo

v 3" nuépa, evo Tig AAAEg 2 Nuépeg Ppednke ToEKO, PE YOUNAN OTATIGTIKY CNUAVTIKOTNTO
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(p<0,05), ka1 TapoTnPRONKe eniong onuavtiky peimon e frocudTnTag o oYEon LE T0 xpOvo
(BA. Ewcova 8.25, Kepdlato 8, yio onuavtikotnta). Otav cuykpibnkayv 6do to deiypota AGNPS
og ovykévtpwon 3,9 ppm (L. d/ua 8.27, KepdAato 8), OAa ep@avicay GNUAVTIKY LEI®OT TNG
Brooyotntag o€ cuykplon pe o kuttopa avaeopdg (Untreated). Otav cuykpifnkav 6Aa to
detypota AgNPs og 0Aeg T1G ovykevipwaoelg v 31 nuépa £kBeong (BA. 6/pa 8.28, Kepdioio
8), uévo 1o dciypata MTM_70-1:10 kot MTM_70-1:5 o€ cvykévipwon 0,49 ppm Bpébnkov
un to&ika. Ewdwotepa, 1o MTM_70-1:10 ¢ ovykévipwon 0,49 ppm mopovcioace onuovTikd
vynAdTePN % Procipudmto o oyéon pe to kKottapa ovagopds (p<0,001). Avti n avénon Oa
umopovce va anodobel otic puoloroykég petaforés tov Kuttapkol petofoiicpov. Ocov
aopd oto vroAowa detypato avapopdg (Beticol kot apvntikoi paptopesg), 10 DMSO @dvnke
va €Yl AdPAVOTONCEL OMOTEAEGUATIKG TO NGV TOL TANBVGLOD TV KLTTAP®Y KA’ OAN
dubpketa g peAég kot 1o AgNO3 gppdvice onuavtikd younidtepn Prociudtnto o oyéon
ue Tov apvntiko paptoupa (Untreated) 6Aeg tig nuépeg ékBeong (AA. d/ta 8.23-8.28, Kepdaro
8, Yo onpavTiKOTTA), EVO Tapépeve otabepd Le TV TApodo tov xpovov. H onuavtikdtmra
g dtapopdg Tov AgNO3 pe ta deiypato AgNPs odidlel avdioya pe tov ypdvo Ekbeong kot
M ovykévipwon tov AgNPS, kot emopévog KEmolo GUUTEPAGLLO MG TPOG TNV GYETIKN TOVG
toikoTo dev pmopei vo eacpatotel (B1. Kepdiawo 8.4). Qotdco, mapatmprinke 611 o
ueyaheg ovykevipoaoelg (3,9 kot 6,2 ppm), 6da to deiypoto AGNPS eppdvicay idia to&ikdtnta
pne to AgNOs v 1" nuépa €kbeong (e&apeitoan 10 delypua TAACUOTOC), VO OTIC 1018¢

OLYKEVTIPMOOELS, YivovTot 1o ToEka amd To AGNO3 petd v 1M nuépa £kBeong.

Téhog, VITOAOYIGTNKOV Ol GLYKEVIPMGES OV He®VOLV Katd 50% v Puwoipudmra tov
woPractodv (ICs0) Yo Oha o SeiypoTo VavosoUaTdimv (EKTOG TOV TAAGLOTOS) KOl 68 OAEG
TIg Nuépeg ékbeong (24, 48, 72 h) (BA. IMivaxa 8.5, Kepdiaio 8). Avtég Bpébnkav oe €0pog
ueta&d 4,40-13,54 ppm v to detypoata MTM_70-1:10 xor MTM_70-1:5. T t0 delypa
MTM_R-1:10, n tyun ICso dev pmdpece va vtorloyioTel, KaODS 1 YPOLUIKT TOAVOPOUNGT TTOV
YPNOYLOTOUONKE GTIG TPOTYOVUEVES TEPUTTMGELS, OEV ELYE KOAT TPOGUPLOYN GTO TELPULOTIKE,
dedopéva avToD TOL OElYUATOS, OEOOUEVOL KOl TOL HKPOD €XPOVE TV GLYKEVIPDOGEMY TOL
eréyyONKe. TTic younAdtepeg ovykevipmoelg (0-0,98 ppm) too MTM_R-1:10, n froocipudmra
TOV KUTTOPOV TEIVEL VO LELOVETOL YPOUUIKA Kol £metta oTafepomoteital, ympig vo pmopel va
extiunOet n mbavr cuUTEPIPOPA TOV delyHaTog 6 VYNAOTEPEG GLYKEVTPOGELS. H T tov
TapOAo aVTA, EKTLATOl TG Ppioketon oto gupog 6,2-100 ppm. Ze kabe mepintwon, v
younAotepn ovykévipwon ICso gppaviter to MTM_70-1:10. Avotoymg, mapd TG TOAAES

TPOCTAOEIEG TOV EMOTNUOVIKOD KAAJOL, dgv €xel kataotel duvatdv vo mapoydel pio
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TomoToMUEVT UEBOSOG Yo TV EKTIUNOT TG TOEIKOTNTOG TWV VOVOSOUATIOIMV Kol avTtd yloti
ol mopdpetpor mov oAAdlovv oe KAOe peAétn elvar moAlol. To péoco dSwoomopdc TV
VOVOOOUOTIOIOV Elvat 1) ONUOVTIKOTEPT] TOPAUETPOG TOL OAAALEL LeTAED TOV EPYAGTNPLOKAOV
pedleTmv Kot peta&y in Vitro kot in Vivo cuvinkev. Avdioyo pe 10 péco dtacmopds, aAlilel
KO T] GUUTEPLPOPA TOVG (Y10l TOPBAOELY L 1] CUGCOUATWOGCT] TOVS KOl O GYNUOTIGLOC «KKOPOVOCH
pe to Poroywkd popwa) (BA. Kepdhowo 6). Emouévemg, vmdpyer avaykn eKTiumong g
TPOYUATIKNG €kBeong TOL avOp®OTOL G VOVOGOUATIOW HECH TOV OUPOPETIKAOV 00DV
xopNyNoNG (SEPLOTIKY, CTOUATIKT KO AVOTVEVGTIKT 000G), KO TO OVATEPO KO KATOTEPO OPLO
NG GLYKEVIPMONG TOV Vavocsopatidioy dev eivar cuykekpiuévo (Drasler, Sayre, Steinhauser,
Petri-Fink, & Rothen-Rutishauser, 2017). To younAotepo 6pro cvpemva pe 1o Iaykdopo
Evappovicpévo Zootua Ta&ivounong kot Emonpavong Xnukov [poidvrev tov Hvouévov
EbBvav, prnopei va exkinebei ota 100 ppm (otopatikn ko depuatikny xopnynon) (Lee, et al.,
2017). Amd v perétn tov Farcal, et al. (2015), eaiveton eniong mog tipég 1Cso pikpdtepeg
tov 100 ppm, kot ¥iog avtéc mov eivar pikpodtepes Twv 30 ppm, pumopovv va Bewpnbodv
vynAg to&ikotntoc. Emouévog, ta vavocouatidie mov moapnydncav ce ovt) tn peEAET

pumopovv vo BempnBovv Kuttapotolikd.

Ev xatox)eidl, to delypo tov vovocouatidiov apydpov mov cuVIEONKE HE avoywyn UE
mAdopa, Bpédnie va £xel Ty vynAdTEPN avTykpoPiakm dpdon oe cuykevipmaoelg 3,9 kot 0,39
ppm. I[Tapd v moAD YaunAn cvykévipwaon Tov, to 1010 detypa tov 0,39 ppm Bpédnke va sivon
KLTTOPOTOEKS TIG 2 mpdTeg NUEPeS TG €kBeomg Tov og kutTapa NHDF. Avtd evioyvel v
apyk] vrdBeom oV £Yve, TS TOAVES OPUGTIKEG EVIDGELS TTOL VILAPYOVV GTO delya PAdmTOVY
1060 TV S. enterica aArd kot to avOpodmva kotTopa. EmmAéov, N mapaywoyn Toug Tav ToAd
YoUNANg amodoonc. [epiocdtepeg peréteg Ba xpelastoHV Yia va yopaKTNPIoTEL 1| LOPPOAOYin
TOVG KOl 1] KLTTOPOTOEIKOTNTA TOVG G PEYUAVTEPESG GLYKEVTPMOGELS. To detypo MTM_70-1:10
tov AgNPSs, pe vavocopatidl cealpikod oynuotog Kot peyédovg 7-15 nm, Bpébnke emiong
Vo £l TOAD TKOVOTOMTIKT avTiikpolokn dpdon £vavtt TOL HEAETOUEVOL HIKPOOPYUVIGLLOV
aALG Tapovoiooce eniong v younAotepn Ty 1Cso. MOvo 1 yapunAdTepPn GLYKEVTP®GT QLTOD
tov ociyuatoc (0,49 ppm) dev eu@dvice onuavtikd KLTTopoToikd amoteAéopata. To
MTM_70-1:5 (6-84 nm) dev Ntov emiong KVTTaPOTOEIKO HOVo 6€ cuykévipwon 0,49 ppm. Ze
ovykevipooelg 0,98 kat 1,95 ppm, £oe1&e kuttapotolikn dpdomn v tekevtaio nuépa £kBeong.
Oocov agpopd v kuttapotolikn cvpmepipopd tv AGNPS oe oyéon e tov AgNOs, AgNPs ne
ueyaAbtepeg ovykevipwoelg (3.9 ko 6.2 ppm), oe upeyodldtepn e 24opng éxbeon,

eupaviCovtor mo 1oéikd. Avtod épyetar oe aviuapdbeon pe mpoavagepbeico peAétn mov
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avapEPEL OTL TAL LEYOADTEPO VAVOSOUOTIOW elvat kol Atydtepo Toéikd amd to AgGNO3, Kabdg
OTNV TOPOVCH EPYACIN, POIVETOL TMG AKOUO KOL TO LEYOAVTEPO VOVOCMOUOTIOW, HETA TIg 24
dpec kot uéypitic 72 mpeg £xbeon, yivovran e&icov to&ikd (Galandakova, et al., 2016). IMapdia
aVTA, T0 E0POG N TOEIKDY GLYKEVIPOGE®V oV Ppédnke amd v ida perétn (0,25-25 ppm)
petd amd 24mpn €kbeon, Epyetal o coppovia pe to detypato MTM_R-1:10 xou MTM_70-
1:5, kaBdg meptrapupdver v ovykévipwon 0,49 ppm mov PBpébnke un to&ikn v 1" nuépa
ékBeonc. Télog, oe avtn ™ pedétn mapotnpnnkav tipég ICso oto id1o evpog (< 30 ppm) pe
avtég mov Ppébnkav arnd ) perétn tov Paknejadi, Bayat, Salimi, & Razavi (2018). Exedn ot
Tipég 1Cs0 mov vroAoyioTray NTav moAD pikpodTepeg amd 100 ppm, ta vavosmpatiow ivol
mBavoév va givor tolikd OTav €16€pYOVTAL GTOV avOpOTIVO OpYOVIGUO (LY. WEC® NG
OTOUATIKNG N OepUOTIKNG 0000). Ewdikdtepa, n pkpodtepn tun ICso, gpepaviotmke yo ta
HIKPOTEPO, VAVOSMUOTIOW, KUPIMG GEOIPIKOV GYNUOTOC, kATl 7ov emPefordvetar amd
TPONYOLUEVES HEAETEG TTOV VIOGTNPICOVY OTL OGO PIKPOTEPQ Efval T VAVOG®UATIOW TOGO O
gvaiocOnta sival ta avOpomvoa kottopa dtav ektebovv oe avtd ((Souza, Franchi, Rosa, da
Veiga, & Takahashi, 2016), (Zapor, 2016)). To cvounépacpo Epyetal exiong o€ GLUPOVIL. pE
tovg Avalos, Haza, Mateo, & Morales (2014), mov vroothpt&ay 0Tt GQUPIKE VOVOSMULOTION
0€ GLYKEVIPMGELS KOVTIA oTa 6,2 ppm, gppdvicay vynAn kuttapotolikn dpdon. Pvoikd, 6o
LEYOADTEPO TO €0POC HEYEDDY TV VOVOCSOUATIOIOV, TOGES TEPICCOTEPES EMOVAANYELS Etvar
amoPOiTNTEG Yio TNV Pefardtnta ToV 0moTEAEGHATOG Kol ETOUEVMC, To detypota MTM_R-1:10
kot MTM_70-1:5, pe evpoc peyebmv 18-57 kan 6-84 nm avtictorya, amattovy TOAAEG aKOL

EMOVOANYELS.

Eivon emiong onuavtikd va avagepBet 611 o AgNPs pmopotdv va aAiniemidpdcovy pe to MTT
Kol o omoteléopota va ennpeactodv. H pébodog MTT edéyyel tnv tkavdtnto TV KOTTAPOV
va petatpénovv 10 MTT og poppalavn pécm avaymydv NADP(H) and ptoyovoplakd Evivpa
(aAloyn xpodpaTog amd kitpvo o€ pmf). Avti 1 dpdon de&dyetat Ldvo OTav To KLTTOPA Elval
Covtavd. To ptoyovoplokd otpeg mov pmopei vo TpokAndel amd ékbeon TV KLTTAP®Y O
VOVOGOUOTIOW, UTOpPeEl Vo TPOKOAEGEL YAUNAOTEPT Ovixvevon Katd Tnv avdivorn e
QUOUATOUETPIKES HeEBOdOVG, akoun Kot otov vapyovv Lwvtava kouttopa (Kaplan, Ciftcl, &
Kutlu, 2016). EmmAéov, i dAAn mBovr aAinienidpaon tov AgNPS mov pmopel va
TopePPaivel GTO TEPALOTIKG OTOTEAEGHLOTO, £ivol 1] AAANAETIOPOOT] TOVG [ T AvTIBLOTIKG,
aov &xel avapepbel oe MOAEC HeAéTEG TG €OV cLvePYIGTIKY dpaon (w.y. (Katva, Das,
Moti, Jyoti, & Kaushik, 2017), (Deng, et al., 2016), (Jamaran & Rahimian Zarif, 2016)),

dedopévoL 0Tt 10 BpemTikd VAIKO OV YpnoipomomOnke mePLeiye avVTIPLOTIKG.
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[Ma tovg mapamdved AGYoVS, CLUTEPOIVETAL TTMG 1 YPNOT TOV VOVOSOUATIOIWV apydpov Tov
woapNyOnoav 6e oVTN TN UEAETN OE EPOPUOYEC TTOV EMTPETOLY TNV TPOGPOCT| TOLG GTOV
avOpdTIVO opyavicud, &xel LYMAS picko Yo TV avBpmTVY vYEia. Q6TOGO, TO ATOTEAEGLLOTA
NG KVTTAPOTOEIKOTNTOG O VTN TNV HEAETN, AMeOnKav povo pe ™ péBodo MTT. Amarteiton
AOUTOV TEPAUTEP® EPEVVO Y10 TNV ETOANOELOT CVTOV TOV TEPOUOTIKMOV OTOTEAEGLATOV KO
pe dtapopeTikéC HeBOd0VG «avAyvmoNS» NG PLOcoTnTag TOV KLTTAP®V. To HEGO dtooTopAC
TOV YPNOUOTOMONKE €lxe EMIONG OVTIKTUTO GTO TEPAUOTIKG OTOTEAEGLLATA, OTIMG TO VEPD,
7oV MTaV TO aPyLKO HéGo droomopdg Twv AgGNPS petd v odvleon tovg. 'Eneita, to Opentikd
uéco koAMépyeag mepieiye emiong FBS (Fetal Bovine Serum -op6 sufpdov foosdmdv) kot
avTIBloTIKG OV MGG EMBPOVYV OTNV TEAMKT| GUUTEPLPOPA TV Vovoowuatidiov. Ot in vitro
He TIc iN VIVO peléteg dtapépovy emiong yia tov 1610 Adyo. Emopévac, ypetdletorl 61e£001kn
HEAETN OA®V TOV TOPOTAVE TapayOvIwv Tov umopel vor emnpedlovv ta KuTTopoToSIKa
OTOTEAEGLOTOL TTOV TPOEKVY AV OTTO OVTH TNV UEAETT TPV amoppLpBel 1 LEALOVTIKY) TOVG XpTOM

G€ UTPLKES KO POPLOKEVTIKEG EQAPLUOYEC.

[Teprocotepeg peréteg emiong Ba ypelastovv Yo va eleyyBel n aviyukpoPiaxn dpdorn avtdv
tov AgNPS kotd tg S. entetica oe cuyKeVIPOOELS LIKPOTEPES TV 3.9 PPM, KOl GLYKEKPIUEVDL
OTIG TOAD YOUNAES OULYKEVIPAOOEL, OMOL OgV  EUEAVICOV ONUOVIIKA KLTTOPOTOEIKE
anoteléopara (0,49 kot 0,98 ppm). Meyoldtepo €0POC GUYKEVIPHOOEMV TPEMEL EMIONG VO
eleyyOel oe kOtrapa NHDF, yio v €bpeon g KataAAnAOTEPNG KOUTOANG PlodcdTnTog
CUVOPTNOEL TNG GLYKEVIP®ONG Kot ToV vroAoyisud g Tng ICsp tov delypatog MTM_R-
1:10. TéAog, amottovvTol LEAETEG Y10 TOV YOPOUKTNPIGUO TOV LOPPOAOYIKADV YOPOUKTPLOTIKAOV
TOV VOVOSOUOTOIOV TOV delyIATOg TOV TAAGLATOS, TPOKEWEVOD Vo ANeHovV TEPIGGATEPES
TANPOPOPIES CYETIKA [LE TOV UNYOVIGHO TNG AVTYUKPOPBLOKTG KOl KUTTOPOTOEIKNG TOVS dPAoT.
Me aAlayn Kamolwv TopauéTpmy g obvleong Tovg, N péhodog cuvBeong péom TAAGLATOG
Bo pmopovoe va 0dNYNOEL GE VOVOCOUOTIOW TOL OpovLV MG TOAD kadol aviyukpoPlokol

TOPAYOVTEG LLE YOUNAT KVTTOPOTOEIKOTNTO.
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1. History of Nanotechnology

The term “nanometer” was introduced by Richard Zsigmondy, who won the 1925 Nobel Prize
in chemistry after measuring the size of particles, such as gold colloids, using a microscope.
However, the father of Nanotechnology is considered to be Richard P. Feynman, the 1965
Nobel Prize winner in Physics, after his inspiring 1959’s seminal lecture titled “There’s plenty
of room at the bottom”, in which he proposed the manipulation of the matter in atomic scale.
In 1974 Norio Taniguchi, a Japanese scientist of Tokyo Science University, coined the term
Nanotechnology to describe semiconductor processes in the nanoscale (Hulla, Sahu, & Hayes,

2015). The most important steps in the history of Nanotechnology from 1981 to 2016 are shown

in Figure 1.1.

Year

Items

1981

1985

1992

1993

2000

2005

Future

Scanning tunneling electron microscope that
could process single atoms.

Discovery of fullerene, 60 carbon atoms in a circle
(Ce0).

Discovery of carbon nanotubes that are stronger
than steel; can be used in drug delivery, energy
storage, and power transmission.

Discovery of quantum dots.

Construction of passive nanoparticles for
applications as nano fuel cells and in products
of daily use, including cosmetics.

Construction of active nanoparticles for target-
directed drugs and other adaptive structures.
Nanosystems, hierarchical nanoarchitectures,

atomic devices, nano DNA-based computers,
diagnostic robots, etc.

Figure 1.1. The most important steps in the history of Nanotechnology (Singh, 2016).







2. Nanoparticles

Nanoparticles (NPs) is a combined name. At the International System of Units (SI), the term
“nano” is used to describe a reduction by 10° times. Therefore, the nanosized world is typically
measured in nanometers. According to IUPAC glossary, nanoparticles are ultrafine particles
having an aerodynamic diameter less than 100 nm but larger than molecular ones (> 1 nm)
(Konwar & Baquee, 2013).

Some authors classify the nanostructures according to the number of dimensions that exceed
100 nm, i.e. the number of dimensions that exceed the nanoscale. Thus, these materials can be
0D, 1D, 2D or 3D. A 0D material has all its dimensions comprised in the nanometric scale,
such as metallic NPs or quantum dots. A 1D nanostructure has one dimension above nanoscale
(e.g., carbon nanotubes). 2D nanostructures have two dimensions above nanoscale (e.g.,
surface nanocoatings, thin films of molecular monolayers) and lastly, a 3D nanostructure
escapes nanoscale but the material is comprised by a set of nanoparticles forming a block of
micro/macrometric size (e.g., nanoporous materials, powders) (Inmaculada Lopez-Lorente &
Valcarcel, 2014).

The importance of nanoparticles production and use was recognised when researchers found
that size can influence the physiochemical properties of a substance (e.g., the optical
properties). Nanoparticles of the same material and same dimensions are considered identical
(homogeneous), whereas those of different materials, in the same size, present different
colours, for example 20-nm gold (Au), platinum (Pt), silver (Ag), and palladium (Pd) NPs have
characteristic wine red, yellowish gray, black and dark black colours, respectively.
Nanoparticles of the same material present characteristic colours and different properties in
accordance to the variation of size and shape, something that has been widely utilized in
bioimaging applications. The ratio between the capping agent (molecules sometimes used to
prevent the further growth of nanoparticles and their agglomeration by attaching to their
surface, as further elaborated below?) and % nanoparticle concentration, also affect the colour
of the solution. Any alterations of the above factors influence the absorption properties of NPs
and hence different absorption colours are observed (Inmaculada Lopez-Lorente & Valcarcel,

2014), (Khan, Saeed, & Khan, 2017). The reason of these changes in nanoparticles properties

! See pages: 2 (THE SURFACE LAYER), 15 and 17 (Physicochemical synthesis of AgNPs)




due to morphological changes is further explained below?.

Except from bioimaging, nanoparticles find many more applications in many scientific fields

like chemistry, engineering, physics, biology, and medicine, as presented in the figure below
(Figure 2.1).

B
= @°
8 _ .-G-_J % ©
= L
QL w 8 g g S @ 8
e - 82 E @-=
6% &8 T E @ ot
£ a 3¢
52 2 5§ S &%
= Q
s - W+ g 3
w
i= T =2
UV protection e Industrial == Nutraceutical

Pollution monitoring

sensors == Food packaging

lture

Pollutant scavengers e

MNanoparticle

Environment

E § == Reduce pesticides
i =]
Biodegradable polymers e  p Nutrient delivery

Waste water treatment *= | Biomedical . b= Improving texture

>

g § § T

@ 2eES = [}

E= > 28 ©® ©

5 @ o@ © b

Q E E & g =

§ © % 5§ %

3 © ]

As protein aggregation I As protein aggregation
inducer inhibitor

Figure 2.1. Application of nanopatrticles in various fields such as in the biomedical, environmental,

industrial, and food agriculture industries (Zaman, Ahmad, Qadee, Rabbani, & Khan, 2014).

Since the physical and chemical properties of nanoparticles differ to a high extent from the
same properties of the bulk material, nanoparticles are considered as complex materials rather
than just smaller divisions of the same element. A basic example of the importance of the
careful examination of their complexity, especially their characteristics related to their
structure, is the ability of nanoparticles to interact with other molecules. Thus, nanoparticles
can be split into three layers for better examination (Christian, VVon der Kammer, Baalousha,
& Hofmann, 2008).

1. THE SURFACE LAYER: Nanoparticles with charged surface are easily disperse in
aqueous media. Nevertheless, many materials do not have convenient surfaces for

the stabilization of localized charges. In those cases, the surface may be

2 See 2.1 Features and Characteristics of nanoparticles




functionalized with a variety of small molecules, metal ions, surfactants and
polymers (otherwise called capping agents) that can cling to it with a covalent-like
bond and also contain charged groups (e.g., the use of citrate for the stabilization of
gold and silver sols).

2. THE SHELL: This layer is chemically different from the core in all aspects, and it
basically constitutes the second layer of the nanoparticle, that covers the core and
has a different structure (e.g., quantum dots, which contain a core of one material,
such as cadmium selenide, and a shell of another, such as zinc sulfide). Although,
this layer is made intentionally most of the times, does not mean that it cannot occur
through other processes too (e.qg., iron oxide is rapidly formed on the surface of iron

nanoparticles after preparation).

3. THE CORE: This is essentially the central portion of the nanoparticle and usually
refers to the NP itself. In general, the properties that are of great interest for physics
and chemistry communities are dominated by the properties of the core, whilst
ecotoxicology does not focus there (Khan, Saeed, & Khan, 2017), (Christian, Von

der Kammer, Baalousha, & Hofmann, 2008).

Nanoparticles are generally classified in many categories according to their morphology, size
and chemical properties. Based on their physical and chemical composition, some general well-

known classes are:
1. Inorganic nanoparticles (e.g., noble metal NPs, quantum dots, etc.)
2. Organic nanoparticles (e.g., fullerenes, carbon nanotubes, dendrimers, etc.)

3. Mixed nanoparticles (e.g., gold nanoparticles modified with calixarenes, carbon

nanotubes functionalized with ferrocene, etc.)

(Inmaculada Lépez-Lorente & Valcarcel, 2014)

2.1 Features and characteristics of nanoparticles

In this section, the most important physical and chemical properties, depending on the
morphology, that make nanoparticles differ from the bulk material and more tempting to be

used in various applications, are discussed.




SELF ASSEMBLY

Self-assembly is the process by which nanoparticles spontaneously organize into ordered,
macroscopic structures, with non-covalent interactions (e.g., van der Waals interactions,
electrostatic interactions, hydrophobic/hydrophilic interactions, hydrogen bonds), so that the
system minimizes its free energy and reaches thermodynamic equilibrium state. To form long-
range superlattices, narrow size distribution and uniform shape of the particles are required.
Therefore, particles morphology is an important factor in determining the geometrical packing
in organized structures (Grzelczak, Vermant, Furst, & Liz-Marzan, 2010) (Sau, Rogach, Jackel,
Klar, & Feldmann, 2010).

CHEMICAL REACTIVITIES

Nanoparticles have different chemical features compared to their bulk counterparts or
constituent atoms and molecules. This is due to the fact that absorption and reactivity highly
depend on their surface structure. The surface structure of nanoparticles may differ due to
surface relaxation and reconstruction, the presence of adsorbed layers of reaction by-products
and stabilizing molecules, etc. Furthermore, the surface structure changes in accordance to size,
shape, and number of components of a particle. It is obvious that the larger the surface area the
more the reactions with the environment and subsequently, the more radical the alterations in

chemical reactivity (Sau, Rogach, Jackel, Klar, & Feldmann, 2010).

SURFACE PLASMON RESONANCE (SPR)

Localized surface plasmons are charge density oscillations confined to metallic nanoparticles.
This oscillation of electrons that enhances scattering and absorption, is the main reason why
metal nanoparticles have received great attention nowadays. The surface plasmon resonance
wavelength and the extent of the subsequent enhancement, also highly depends on the size,
shape and composition (core-shell) of nanoparticles. Plasmon resonant nanoparticles’
biocompatibility makes them also suitable to be used in therapeutic applications (Ammari,
Deng, & Millien, 2016), (Jain, Seok Lee, El-Sayed, & El-Sayed, 2006).




3. Metal Nanoparticles

Historically, it was the discovery of Raman scattering effect (SERS), therefore the discovery
of the connection between electromagnetic enhancements and plasmon resonance, that initiated
the concentrated interest on metal nanoparticles. This led to experimental and theoretical

investigations on the different shapes of nanoparticles (Fedlheim & Foss, 2001).

The most interesting property of metal nanoparticles is their large surface-area-to-volume ratio.
More specifically, this property means that nanoparticles may be unstable due to their large
curved surface and the concentrated energy on it, especially in the edge-like and corner-like
regions of the surface where electrons are confined. This affects the nanoparticles’ chemical
reactivity and surface bonding properties. Also, this electron confinement effect modifies
nanoparticles’ spectral properties via shifting of quantum levels and change in transition
probabilities. Therefore, changes in the shape of nanoparticles are accompanied with changes
in their chemical and physical properties since their surface characteristics, and therefore their
orientation of electron confinement change, as mentioned before (Chapter 2) (Christian, VVon
der Kammer, Baalousha, & Hofmann, 2008). Studies have shown that nonspherical
nanoparticles have more localized energy and therefore can be used in even more favorable
applications, since corners induce more surface plasmons. That makes them ideal for chemical,
catalytic, and local field related applications (Sau, Rogach, Jackel, Klar, & Feldmann, 2010),
(Fedlheim & Foss, 2001).

The observation that their optical, electronic, and chemical properties are also size-dependent,
sparked an even greater research activity on the synthesis and organic functionalization of
different size and shape of metal nanoparticles (Kamat, 2002). This is something to be expected
since nanoparticles of different sizes show different structural motifs (e.g., icosahedra,
octahedra, cuboctahedra, decahedra, etc.), composition and energetic conditions (Noguez,
2007).

Different types of metal nanoparticles and their main applications in different fields are
presented in Figure 3.1.Many different metal nanoparticles like copper, zinc, titanium,
magnesium, gold, and silver were studied by several researchers, with silver nanoparticles
being extensively investigated due to their high antimicrobial efficacy against bacteria, viruses

and other eukaryotic micro-organisms (Rai, Yadav, & Gade, 2009).
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Figure 3.1. Different types of metal nanoparticles and their applications (Khandel & Kumar Shahi,
2016)




4. Silver nanoparticles (AgNPs)

4.1 Antimicrobial activity of silver and silver nanoparticles

Silver started being used as an element for treatment centuries ago. In 1700, silver nitrate was
used to cure many diseases such as venereal diseases, fistulae from salivary glands, bone and
perianal abscesses. In the 19" century, wounds, burns and even opthalmia were cured with the
use of silver nitrate solutions. In the 20" century, silver’s use as wound healing was even
greater due to the Second World War (Rai, Yadav, & Gade, 2009). Silver was in fact the main
component in creams for wounds. However, with the discovery of antibiotics, in 1928 by
Alexander Fleming, the use of silver and its compounds was stopped (Ebrahiminezhad,
Taghizadeh, Taghizadeh, & Ghasemi, 2017). This was due to the fact that silver ions had the
disadvantage of forming complexes and thus their action remained only for a short time
(Deepak, Kalishwaralal, Pandian, & Gurunathan, 2011). Also, they caused side effects like
chemical conjunctivitis, pain and visual impairment that were contributing factors to the
disappearance of silver from medicine. It was after decades of applying antibiotics that the use
of silver started coming in the limelight again, since bacteria started developing antimicrobial
resistance. In fact, the World Health Organization (WHO) declared this issue as the main theme
for the World Health Day 2011. Therefore, since silver ions act in a different way than
antibiotics, oxidizing and affecting all physiological points in a microbial cell, it was once again
a new hope (Ebrahiminezhad, Taghizadeh, Taghizadeh, & Ghasemi, 2017).

In 1960, Moyer introduced the use of 0.5% silver nitrate for the treatment of burns, supporting
that this solution doesn’t have an impact on epidermal proliferation and it also possesses
antibacterial property against Staphylococcus aureus, Pseudomonas aeruginosa and
Escherichia coli. In 1968, the first silver sulfadazine cream (silver nitrate combined with
sulfonamide) was available as an antimicrobial agent to treat burns (Rai, Yadav, & Gade,
2009). In modern sciences, silver appeared in a novel form, as silver nanoparticles (AgNPs)
(Deepak, Kalishwaralal, Pandian, & Gurunathan, 2011).

Silver nanoparticles, like all nanoparticles and especially metal, are studied nowadays due to
their unique physiochemical properties including optical, electrical, thermal and biological.
Their antibacterial properties though remain the main reason of their extent use (Zhang, Liu,
Shen, & Gurunathan , 2016). In fact, the number of their applications has increased intensively

in only a decade. In 2005, the Nanotechnology Consumer Product Inventory (CPI) was created,




making a first list of consumer products using nanoparticles. The number of those products
was 54 at that time. Until 2016, the number was increased to no less than 2000 products, with
622 companies in 32 countries involved in their production (Vance, et al., 2015). From all
nanoparticles, silver nanoparticles are the most popularly advertised and maintain the
leadership in all these products by being present in a very big amount of them (25%)
(Pourzahedi, Vance, & Eckelman, 2017). These products find a variety of applications, as it is

shown in the image below (fig. 4.1).
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Figure 4.1. Various applications of AgNPs (Zhang, Liu, Shen, & Gurunathan , 2016).

The sectors of AgNPs applications that hold the leadership and how AgNPs use is distributed
among all these applications, has been statistically examined by a study made back in 2012
(fig.4.2).

B Clothing / Textile

= Cosmetics and Personal
Care

m Electronics

® Filtration

® Food/beverage
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= Materials

= Medical and Health
care

Packaging

Figure 4.2. Nanosilver use in various applications of consumer products (Lem, et al., 2012).

10



Some examples of consumer products are: food containers (e.g., A-DO Global Co., South
Korea), fabric softeners (e.g., IRIN, Aekyung, South Korea), cotton sheet sets (e.g., AgActive,
United Kingdom), socks (e.g., AgActive, United Kingdom), wound pads (e.g., Hansaplast®,
Germany), refrigerators (Daewoo Electronics, Germany) etc. More examples have been listed
in detail by the Project on Emerging Nanotechnologies (Pourzahedi, Vance, & Eckelman,
2017).

To enhance AgNPs’ antimicrobial capacity, manufacturers incorporate AgNPs particles within
the matrix of their products or applying them in novel coatings so as to control their release

and antimicrobial action (Pourzahedi, Vance, & Eckelman, 2017).

4.2 Mechanism of AgNPs Antibacterial action

The effect of size and shape on the antimicrobial action of AgNPs has been widely studied in
the literature. The smaller the particle size the greater the antimicrobial action (Guzman, Dille,
& Godet, 2012), due to the larger surface-to-volume ratio (Zhang, Liu, Shen, & Gurunathan ,
2016). Different shapes inhibit bacterial growth at different concentrations. For example,
truncated triangular nanoparticles intercept further bacterial growth in lower concentrations
than spherical nanoparticles (Rai, Yadav, & Gade, 2009). Of course, except from the size and
shape of AgNPs, the treatment time plays an important role. Furthermore, many studies have
proven the positive action of AgNPs to the reduction of both Gram-positive (e.g., Bacillus,
Enterococcus, Listeria, Staphylococcus spp.) and Gram-negative (e.g., Escherichia,
Pseudomonas, Salmonella spp.) bacteria cells (refer for examples to Guzman, Dille, & Godet
(2012), Radzig, et al. (2013), (Mosselhy, et al., 2015) and (Bondarenko, Ivask, Kakinen,
Kurvet, & Kahru, 2013)). The exact mechanism of this antibacterial action is yet not fully

understood.

Nevertheless, the action of silver ions has been previously discussed. It has been reported that
their cations penetrate the bacteria cell wall after interacting with its peptide and glycan ports
(Mosselhy, et al., 2015) and then interact with the bases of DNA, affecting its ability to
replicate. DNA subsequently turns into a condense form that reacts with the thiol group
proteins, resulting in cell death (Rai, Yadav, & Gade, 2009), (Radzig, et al., 2013). This
conglomeration of DNA can be observed by Transmission Electron Microscopy (TEM)
(Mosselhy, et al., 2015).
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Previous researchers have argued that nanoparticles’ mechanism of antimicrobial action is the
release of silver-ions from their oxidized monolayer on their surface area. Consequently, NPs
with no oxidized surface are no toxic to bacteria cells. On the other hand, the antimicrobial
effect of NPs has been reported even without any ion release (Bondarenko, lvask, Kakinen,
Kurvet, & Kahru, 2013), (Radzig, et al., 2013). A recent study by Mosselhy, et al., (2015),
claims that the mechanism of AgNPs action is different from that of Ag* in the form of AgNOs,
since AgNPs desrupt the bacterial cell wall and lead to the leakage of the intracellular content.
Therefore, the toxicity induced by AgNPs is different from that of Ag™ in the form of AgNO:s.
Another study though by Bondarenko, Ivask, Kéakinen, Kurvet, & Kahru, (2013), claims that
Ag" it is the only reason of AgNPs antimicrobial action, since except Ag* dissolution (long-
distance mechanism of action of AgNPs), even the cell-nanoparticle interaction (short-distance
mechanism of action of AgNPs) is happening again due to the gathering of ions, e.g., Ag* and
H™ cations, at the surface of nanoparticles. This is because when nanoparticles are dispersed in
an aquous environment they become electrically charged and mainly with negative charge.
Lastly, oxidative stress caused by AgNPs itself and by released silver ions, is also proposed by
Radzig, et al., 2013, as a mechanism of bacterial DNA damage since they inhibit respiratory
enzymes and forming reactive oxygen species (ROS). Increase of Ca?* levels inside the
bacterial membrane is also known to lead in bacterial death (Lee, Kim, & Lee, 2014), (Seong
& Lee, 2017). From the literature, many studies have proven that Ag*, on each own as a
solution (e.g., AgNO3), has higher cytoxicity (Mosselhy, et al., 2015), (Seong & Lee, 2017),
(Mallevre, et al., 2016).

In most of the studies till now, Escherichia coli was used as a model for Gram-negative
bacteria. Gram-positive and Gram-negative bacteria react differently in AgNPs exposure, since
they have differences in the membrane structure. Gram positive bacteria have a thicker
peptidoglycan cell wall, thus the penetration of Ag* in the cytoplasma is much more difficult
(Rai, Yadav, & Gade, 2009). In the literature, many different synthesized nanoparticles have
been tested on E. coli cells, with different shapes, sizes and concentrations. At Table 3.1, the
Minimum Inhibitory Concentration (MIC®) of AgNPs synthesized with different sizes, is

presented.

3 the lowest concentration that inhibits the growth of a microorganism, Andrews, 2001
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Table 4.1. Selected studies on the antibacterial activity of AgNPs on E. coli (Wolny-Kotadka & Malina,

2017).

Size (nm)

MIC of AgNPs (ppm)

Not declared

10-15

21

23

30

75

55

1-100

10

48

100

25

75

10

5-10

9.843

0.25

12.43

3.12

18-21

Table 4.2 summarizes other extensively studied bacteria and the MICs of AgNPs and AgNO:s.

In this case, AgNPs were synthesized by using aqueous Chamaemelum nobile extract as a green

alternative method.

Table 4.2. Minimum Inhibition Concentrations (MICs) of AgNPs and AgNQO3 (Erjaee, Rajaian, &

Nazif, 2017).
MIC (ppm)
Bacteria
AgNPs AgNO3

E. coli 7.8 15.6
S.Typhimurium 7.8 15.6
S. aureus 31.2 62.5
B. subtilis 15.6 31.2
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The greatest challenge nowadays and the focus of most studies is the parallel action of AgNPs
with antibiotics. Preliminary observations have shown that AgNPs can increase the
antibacterial effects of antibiotics they are mixed with, including penicillin, amoxicillin,
vancomycin, clindamycin and especially erythromycin against multiresistant strains. Some
applications are referring to multiresistant isolates of P. aeruginosa, E. aerogenes, and against
methicillin-resistant S. aureus. This will lead to overcome the challenge of the multidrug-
resistant bacterial strains (Berton, et al., 2014). The combinations of AgNPs with antibiotics
could lead to a synergistic effect, as it has been reported by many studies (e.g., (Katva, Das,
Moti, Jyoti, & Kaushik, 2017), (Deng, et al., 2016), (Jamaran & Rahimian Zarif, 2016)).
Panacek, et al., 2016 have even reported that sub-inhibitory and very low concentrations of
AgNPs combined with antibiotics, were effective at a number of tested strains, except from
KPC-positive Klebsiella pneumoniae. Evidently, less studies have focused on Salmonella

spieces.

Table 4.3. MICs (mg/L) of AgNPs, antibiotics alone and antibiotics in combination with AgNPs, at
different silver concentrations below MICs of AgNPs against ESBL-positive Escherichia coli strains
(COX — cefotaxime, CZD — ceftazidime, MER — meropenem, CIP — ciprofloxacin, GEN — gentamicin)
(Panacek, et al., 2016).

Antibiotic/AgNPs MIC (mg/L)
AgNPs alone 0.8
COX CzD MER CIP GEN
Antibiotic alone 4 16 0.06 >32 0.5
Antibiotic+AgNPs
0.03 0.125 0.06 0.125 0.125
0.4 mg/L
Antibiotic+AgNPs
0.125 0.125 0.06 0.125 0.125
0.2 mg/L
Antibiotic+AgNPs
1 2 0.06 0.5 0.125
0.1 mg/L
Antibiotic+AgNPs
1 16 0.06 2 0.125

0.05 mg/L

14



4.2.1 Nanoparticles action on Salmonella cells

Salmonella spp., also known as enteric bacteria, are gram-negative, rod-shaped bacteria that
belong to the Enterobacteriaceae family. Its strains can be classified into two species: S.
enterica and S. bongori that are then subdivided to many others, as it is shown in the figure
below. Salmonella strains are almost always pathogenic, either to humans or to other warm-
blooded animals, but Salmonella enterica subsp. Enterica is the most important since it’s
responsible for 99% of clinical infections. The most common diseases caused by Salmonella
are typhoid fever (mostly by S. Typhi and S. Paratyphi A, B and C) and gastroenteritis
(Madigan, Martinko, Bender, Buckley, & Stahl, 2015), (Jenkins, Rentenaar, Landraud, &
Brisse, 2017).

Salmonelia
enterica

S. paratyphi B S. heidelberg
- S. schwarzengrund

S. agona G
e
S. typhimurium 133 100474 460 S. SP-\‘i-[ﬂ 12.1
o
Salmonella S. saint paul
bongori
r .
S. arizonae 128 S. choleraesuis
S. javiana 77 S ;:iaratyphi C
S. typhi 349 111 5. virchow
189 /
S. gallinarum - S. tennessee
/
S. enteritidis 127 S. hadar

N 118 162 s
S. dug.‘n & S. kentucky

S. weltevreden S. newport
~5. paratyphi A=

Figure 4.3. Flowerplot of the Salmonella enterica pan genome. The average number of gene families
found in each genome is represented, as being unique to each serovar (strain) (Jenkins, Rentenaar,
Landraud, & Brisse, 2017).

There is limited information about the inhibitory capacity of AgNPs against different
Salmonella serovars. Although Salmonella and Escherichia coli (on which many studies are
available®) are closely related bacteria, when exposed to AgNPs, the mechanism of action of
AgNPs may present differences. For example, Chand Dakal, Kumar, Majumdar, & Yadav,

2016, mention cell lysis as a mechanism of action for Salmonella Typhi, as it was found in

4 See pages 9 and 10
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their research from previous studies, whereas AgNPs on Escherichia coli do not seem to
express such mechanism of antibacterial action. A possible reason for that differentiation of
AgNPs action between these two bacteria is, as examined in the past by Heinrichs, Yethon, &
Whitfield, 1998, and Winfield & Groisman, 2004, the structural variations in the outer core
oligosaccharides and their differential regulation of homologous genes. Therefore, there are
differences in their bacterial lipopolysaccharides (LPS: they provide characteristic components
of the outer membranes of Gram-negative bacteria that protect their integrity (Chand Dakal,
Kumar, Majumdar, & Yadav, 2016), (Heinrichs, Yethon, & Whitfield, 1998)). LPS plays an
important role to nanoparticles mechanism of action since its negative charge promotes their
adhesion (Chand Dakal, Kumar, Majumdar, & Yadav, 2016), (Wang, Hu, & Shao, 2017).

Pathogenic gram-negative bacteria have an outer and inner membrane, something that makes
them highly toxic since they have a stronger defense mechanism. A study by Seong & Lee,
2017, showed that the structure of the outer membrane of Salmonella enterica serotype
Typhimurium was not disrupted (no structure damage was observed) when treated with AgNPs,
while the inner membrane’s depolarizartion increased. When high concentrations of AgNPs
were investigated, they even observed membrane disruption. Therefore, it was assumed that
AgNPs smaller than the pore size, can penetrate the outer membrane, causing a destruction of
ion homeostasis that leads to an overload of intracellular ions like Ca?*. This deregulation of
Ca?" leads to a number of phenomena, from alterations in cellular structure to alterations in
gene expression, that all contribute to cell death. ROS accumulation was not recognized as a
decisive factor of AgNPs to Salmonella enterica cells growth inhibition at this particular study.
Another study, by Berton, et al., 2014, showed that different serotypes of Salmonella enterica
have different reaction with AgNPs. In fact, silver nanoparticles seem to destroy the cell
membrane of S. Enteritidis, entering into the cell and damaging the cytoplasma which results
in the cell lysis, whereas they do not seem to cause any morphological damage in S. Senftenberg
cells. That means that some Salmonella enterica serovars are more sensitive to AgNPs, but

their interaction is certain since AgNPs attach to the cell membrane.

Some minimum inhibitory concentrations (MICs) of AgNPs of Salmonella enterica and its

serovars can be found at Table 4.4 below.
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Table 4.4. Minimum Inhibitory Concentrations (MICs) of AgNPs, synthesized by different

methods and with different sizes, of Salmonella enterica and its serovars.

Size (nm) Method of synthesis Salmonella strains MIC (ppm) Reference
Chemical (hanosilver colloid o (Zarei, Jamnejad,
~10 Salmonella Typhimurium 3.12 o
product) & Khajehali, 2014)
Chemical (colloid nanosilver )
(Klein, et al.,
10 w/w%, Polyoxyethylene o
15 ) Salmonella Enteritidis 10 2011), (Mallevre,
Glycerol Trioleate and Tween
etal., 2016)
20)
) (Enemaduku
Green synthesis (AgNO3- o
) ) Abalaka, Benjamin
- plant extracts-Hyaluronic Salmonella Typhi 30 nug
. Akpor, &
acid) )
Osemwegie, 2017)
Chemical reduction (Silver
nitrate, sodium borohydride, Salmonella Typhimurium 8
o ) (Omara, Zawrah, &
10-25 tri-sodium citrate, hydrogen
) Samy, 2017)
peroxide, Salmonella Enteritidis 16

polyvinylpyrrolidone)
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5. Methods of silver nanoparticles synthesis

Due to their multiple applications that keep expanding, various methods of silver nanoparticles
synthesis are being developed. Generally, the methods of nanoparticles synthesis can be

separated in two main categories:
1. Top-down methods

The top-down methods use techniques that allow to fabricate particles with external
manipulation of the bulk material with controlled tools that cut, mill and shaped materials, in

the desired shape and size (Singh, 2016). Some examples of these methods are:

e the grinding of the bulk material followed by a stabilizing and protecting agent
(Beyenea, Werknehb, Bezabha, & Ambaye, 2017),

e nano-imprint, soft and step and flash lithography, embossing, particle replication in
non-wetting templates, solvent molding-based fabrication, ultraviolet (UV) embossing

and focused ion beam and nano-dispension methods (Singh, 2016).
2. Bottom-up methods

The bottom-up methods use molecular components as starting material and include chemical
reduction, electrochemical methods, and sono-decomposition (Inmaculada Lépez-Lorente &
Valcércel, 2014), (Zhang, Liu, Shen, & Gurunathan , 2016), (Beyenea, Werknehb, Bezabha, &
Ambaye, 2017). This is the most convenient method of producing nanoparticles in large scale.

A representative graph of these two categories of nanoparticles synthesis is shown in Figure
5.1.
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ke 0.10m
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Figure 5.1. Scheme of the two approaches employed in the fabrication of nanomaterials:
"top-down" and "bottom-up" (Inmaculada Lépez-Lorente & Valcarcel, 2014).

AgNPs methods of synthesis can be furthered categorized in physicochemical and biological
methods. Most AgNPs production is based on physicochemical techniques, such as chemical
reduction, electrochemical methods, and photochemical reduction. However, these methods
seem to have limitations since they are expensive (high operational cost and energy needs) and
most of the times hazardous (toxic solvents and byproducts) (Tripathi, Kumar, & Kumar,
2017), (Zhang, Liu, Shen, & Gurunathan , 2016). On the contrary, bionanotechnology, seems
to promote greener synthesis of nanoparticles, since biological methods show high yield,
solubility, and high stability. These methods are rapid and non-toxic and the produced
nanoparticles have well-defined size and morphology under optimized conditions (Zhang, Liu,
Shen, & Gurunathan , 2016).

5.1 Physicochemical Synthesis of AgNPs

As far as physical methods are concerned, the most important ones are the evaporation —
condensation, using a tube furnace at atmospheric pressure, and laser ablation. Specifically, for
the synthesis of AgNPs, other physical methods that have also been used include spark
discharging and pyrolysis. In contrast to the chemical methods, the physical ones are more
rapid, non hazardous (since no hazardous chemicals are being used) and most of the times they

offer a more homogeneous distribution of AgNPs. Laser ablation especially, offers pure and
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clean metallic nanoparticles. On the other hand though, the yield is lower and the energy
consumption is higher (Zhang, Liu, Shen, & Gurunathan , 2016), (Beyenea, Werknehb,
Bezabha, & Ambaye, 2017). Some of these methods are mentioned in Table 5.1 along with the
average shape and size of AgNPs produced. More specific references to these methods can be

found in the study of Syafiuddin and co-workers (Syafiuddin, et al., 2017).

Table 5.1. Synthesis of silver nanoparticles by means of physical approach (the average shape and the

wider range of sizes produced until now) (Syafiuddin, et al., 2017).

Method Shape Silver size (hm)
Laser ablation Spherical 2.5-120
Small ceramic heater Spherical 6-21.5
Thermal decomposition Spherical 3.1+£0.7-50

As far as chemical methods are concerned, the preparation of nanoparticles is usually
performed with the use of water and organic solvents. For metal nanoparticles, this process

usually involves three main components (Zhang, Liu, Shen, & Gurunathan , 2016):
i.  metal precursors,
ii.  reducing agents, and
iii.  stabilizing /capping agents.

In contrast to physical methods, chemical methods have high yield, but they are also expensive,
and most of the chemicals used are toxic and hazardous (e.g. borohydride, thio-glycerol, 2-
mercaptoethanol), as well as the byproducts. Furthermore, the manufactured particles are not
of expected purity, as their surfaces are covered by chemicals, and a well-defined size is also
difficult to be achieved (Zhang, Liu, Shen, & Gurunathan , 2016).

5.1.1 Chemical reduction

The chemical reduction method is based on the dissolution of a metal salt in a suitable solvent,
followed by the reduction of metal ions to zero-oxidation state, using organic and inorganic
reducing agents (Banach & Pulit-Prociak, 2016), (Beyenea, Werknehb, Bezabha, & Ambaye,
2017). The completion of this process is easily recognized by the change in colour of the
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solution, due to the free of charge electrons in the conduction band and the positively charged
nuclei at the surface of nanoparticles (Beyenea, Werknehb, Bezabha, & Ambaye, 2017). The
most common obstacle encountered in this method is the agglomeration of nanoparticles. The
grouping that is a result from the nanoparticles tendency to stick with each other, exceeding
the nanoscale (self-assembly®). Therefore, the biggest challenge is the prevention of the
agglomeration so that the particles remain in their nanosize. For this reason, other large
particles (usually referred to as capping agents®) are introduced to the system to prevent their
further growth due to their strong interaction with the surface of the metal nanoparticles
(Banach & Pulit-Prociak, 2016). The capping agents provide a barrier to nanoparticles
interaction with each other, based on charge or steric stabilization of the colloid. The former,
involves a surface with counter ions and some solvent molecules that bind to the surface of
nanoparticles (the Stern layer). Therefore, same charged nanoparticles repulse each other,
according to Coulomb’s law. Steric stabilization involves the adhesion of a relatively long
molecule at the surface of the nanoparticle, which has high affinity for the solvent. Therefore,
the barrier to aggregation is related to the interactions of the polymer chain with itself and with
the solvent (Christian, Von der Kammer, Baalousha, & Hofmann, 2008).

Stern Layer

Figure 5.2. A diagrammatic representation of (a)

(a) Charge repulsion between charged a charged stabilised nanoparticle and (b) a

particles

stetically stabilised nanoparticle (Christian, \Von

Solvent exclusion

i 9 der Kammer, Baalousha, & Hofmann, 2008)

(b) Unfavourable solvent exclusion from
between two sterically stabilised nanoparticles

The mechanism of formation of silver nanoparticles by the reduction of silver in a colloidal

solution involves two steps: nucleation and growth, according to Ostwald ripening. Small

5 See page 3
6 See page 2 (The Surface layer)

22



particles first are dissolved in the solution and then grow into larger particles in two stages

(Cheng, et al., 2014), as it is shown in Figure 5.3.

Qo © @2
Qv <@ o A AL
,\) \ H{/‘l \\,\ y
reducing agent 0O Q U A
AgNO, gagont,. o @—-O WO __ -
solvent N pe | & S
O O AALAL)
! _> j’k\«.)x)j’
s O \_/\J,’
Ag’ ions free Ag° atoms silver nanoparticles

Figure 5.3. Mechanism of formation of silver nanoparticles from the chemical reduction in solution
of the AgNOs salt (Garcia-Barrasa, Lopez-de-Luzuriaga, & Monge, 2011).

AgNPs sizes synthesized by previous studies with different reduction and stabilizer/capping
agents, are summarized in Table 5.2.

The selection of the medium is the most important factor that defines the final properties and
surface chemistry of particles (Christian, Von der Kammer, Baalousha, & Hofmann, 2008).
Furthermore, for this process to be more ecofriendly, a careful selection of solvents and
reducing and capping agent has to be made too. Most of the chemical compounds used in the
past as reducing agents had a negative impact to the environment as well as the human health,
since many of those were toxic, carcinogenic and unfriendly to the skin (e.g. Hydrazine
hydrate, Formaldehyde, Sodium borohydride, Aniline, Sodium dodecyl, Polyvinylpyrrolidone,
Ethylene glycol) (Banach & Pulit-Prociak, 2016).

An example of an environmentally benign solvent is glycerol (C3HgOz3), and its use in
nanotechnology has been neglected. In a previous study, by Kouz & VVarma, 2013, it was found
to be used for production of Ag nanowires, replacing the much more commonly used Ethylene
Glycol in the polyol process (the polyol serves two roles: reductant and surfactant), under

microwave.

Plant extracts has also been extensively used as stabilizing and reducing agents to make the
chemical method for the production of nanoparticles eco-friendly. Examples of plants used for
this purpose are (Banach & Pulit-Prociak, 2016):

> Aloe vera

> Camelia sinensis
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> Eucalyptus macrocarpa

» Dog rose
This concept represents the beginning of the biological method of synthesis of metal
nanoparticles.

Table 5.2. Synthesis of silver nanoparticles using chemical reduction (Syafiuddin, et al., 2017).

Stabilizer/Capping

Silver salt Reduction agent Silver size (nm)
agent
AgNO; Hydra2|'ne hygjrate and Sodium dodecyl sulfate 10-20
sodium citrate
AgNO; Gallic acid Gallic acid 7-89
AgNO; Hyd_razme hydra_lte and Sodium dodecyl sulfate 10-20
citrate of sodium
AgNO3 Sodium borohydride Tri-sodium citrate ~5
AgNO; Aniline Etyltrlmethlygmmonlum 10-30
bromide
AgNO; Ethylene glycol Poly(vinyl pyrrolidone) 50-175
AgNO; Ethylene glycol Poly(vinyl pyrrolidone) 8-10
Polyanionic
AgNO3 NaOH Na -+ poly(y-glutamic 17.2£3.410
. 37.3+£5.5
acid)
Trisodium citrate Poly(vinyl pyrrolidone),
AgNO3 dehydrate (TSC) and  sodium dodecyl sulfate 20-100
potassium tartrate (SDS)
AgNO; Glucose Poly(vinyl pyrrolidone) 20-80
Poly(vinyl
; Glucose, fructose,
AgNOs pyrrolidone) and lactose, and sucrose 3
gelatin
carboxy methyl
AgNO:3 D-Glucose cellulose, NaOH 5-15
AgNO:3 Poly(ethylene glycol) Poly(ethylene glycol) 15-30
. Oleic acid (OA) and
AgNO:3 Na(ﬁ;grr: d dsr%%um poly(acrylic acid) 13-478
y (PAA)
AgNO:3 Ethylene glycol Poly(vinyl pyrrolidone) 17+£2
AGNO Alkali lignin (low Alkali lignin (low 7.3 (x2.2) and 14.3
giRes sulfonate) sulfonate) (+1.8)
AgNOs NaOH Alkali lignin (low 5100

sulfonate)
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5.1.1.1 Turkevich’s method

In 1951, Turkevich reported the synthesis of gold nanoparticles in aqueous solution at boiling
temperature using sodium citrate to reduce AuCl4~. This method is now known as the
Turkevich’ s method and is used for other metals too. Lee and Meisel first prepared AgNPs in
water, using this method. Today, it is known that citrate acts as a reducing and as a stabilizing
agent for silver nanoparticles (Pacioni, Borsarelli, Rey, & Veglia, 2015). The reduction taking

place between citrate ions and silver ions is as follows:
4Ag* + C4Hs0,Nas + 2H,0 — 4Ag° + C;Hs0,H; + 3Nat + H* + 0, 1

During this reaction the colourless silver nitrate solution changes colour upon addition of
sodium citrate. This colour change depends on the size of silver nanoparticles that are produced
(Pifiero, Camero, & Blanco, 2017), (Mazzonello, Valdramidis, Farrugia, Grima, & Gatt, 2017).

A study by Pacioni, Borsarelli, Rey, & Veglia, 2015, showed that following this method, the
plasmon maximum absorbance was at 420 nm. Nevertheless, this reduction method has a slow
rate, so it needs more time to be completed, and larger nanoparticles are produced (50-100
nm). After the first particles are produced by the reduction of Ag®, the remaining anion can
complex to the metal surface and thus decrease the total amount of citrate available in the bulk
to further reduce more Ag*. Interestingly, it seems that the addition of glycerol to the solution
can reduce polydispersity and more controlled-size nanoparticles can be obtained, around 30
nm, without affecting the shape (spherical). Since this solvent has high viscosity (n = 1,400 cp)
the reduction is slower and the characteristic color appears later. A theory of this action is that

glycerol protects AgNPs from further ripening.

Citrate

Reduction
by citrate (citrate)” Aggregation ?ln‘:-d

Ag* =——p AQ® = (Ag),* =P [(Ag),*-(citrate)] =P Onanoclustor
’

/
I

Reduction . Ag* Growth by
on the cluster 9 QA Otswald OOO

surface Ag* , ripening
<= Y, -
Ag’ Au‘Aa AgNP
Stablllzod s°°ds

AgNP

Figure 5.4. Representation of the nucleation and growth mechanisms for AgNP obtained by the
citrate method (Pacioni, Borsarelli, Rey, & Veglia, 2015).
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The addition of NaOH is proven to have an effect to the whole reaction since it changes the
association and capping ability of citrate with silver (Pacioni, Borsarelli, Rey, & Veglia, 2015).
A change in concentration of NaOH results in different morphology for nanoparticles. A study
by Caswell, Bender, & Murphy, 2003, showed that the reaction of silver salt (AgNO3) with
sodium citrate in the presence of NaOH, led to the formation of silver nanowires. In fact, by
changing the amount of NaOH added to the solution, different shapes of nanoparticles
appeared. This is due to the fact that the higher the pH (the higher the amount of NaOH), the
more deprotonated the citrate (pKa3=6.4) and the more available for capping the silver
(appearance of rods among the nanowires). But also, there is the theory that hydroxide ion
might be in competition with the citrate for capping the silver ion. That’s why there is a

difference in morphology.

From the same study, by Caswell, Bender, & Murphy, 2003, it also seems that the action of
sodium citrate as capping agent changes with the temperature. At room temperature, more
uniformly stabilized nanoparticles are produced, whereas at boiling temperature, the
equilibrium constant for citrate binding to certain crystal faces of silver, begin to differ. There
are crystal faces not covered by citrate which leads to the growth of nanoparticles on only one
axis. From another study by Mazzonello, VValdramidis, Farrugia, Grima, & Gatt, 2017, where
trisodium citrrate was used as a capping agent and its ratio with silver nitrate as well as the
temperature were tested, the reaction rate was also found to have an Arrhenius-like exponential
relation to the temperature, and was independent of the trisodium citrate concentration.
Moreover, with the increase of temperature, the size of AgNPs produced also increased. At
higher temperatures the shape of AgNPs produced had a bigger distribution but mostly
spherical and rod shaped nanoparticles were produced. A change in the growing mechanism
of nanoparticles with the change of the temperature was also observed in a study by Pifiero,
Camero, & Blanco, 2017, where ascorbic acid, sodium borohydride and trisodium citrate were
used as capping agents, and they suggested that at 5 and 20°C the aggregation mechanisms was

conducted by aggregation of atoms and at higher temperatures by aggregation of clusters.

5.1.2 Reduction by atmospheric plasma generation

Plasma is considered as the fourth state of matter, after solid, liquids and gases. It is the
intermediate state, before phase transition, where structures are becoming looser, and then

break down. More specifically, at higher energies, the molecules and single atoms that are
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included in gases, start losing their structure, liberating free electrons and ions. This exact state
of ionized gas, consisting of neutral molecules, electrons, and positive and negative ions, is

plasma (Niemira, 2012).

-OO Q"ox
BB =% =

Solid Liquid Plasma

Figure 5.5. Pictorial representations of the four states of matter (Misra, Schluter, & Cullen, 2016).

The needed energy required, can be given to the system by different sources, such as (Misra,
Schluter, & Cullen, 2016):

Heat
Electricity
Laser light

Radiation

AN N NN

Extremely rapid compression.

This energy acquired from plasma, can be retained for a certain period of time and then, when
particles recombine with each other, it’s released as visible and UV light. Not all atoms in the
gas are ionized when plasma is generated. Within hot plasmas (typically when heated in the
order of 20000 K), also called equilibrium plasmas or thermal plasmas, all species are
extremely reactive, but within cooler plasmas, also called NTP (nonequilibrium plasmas) or
cold plasmas, some of the chemical species are more reactive than others. The chemical
composition of the feed gas is a determining factor in the types of reactions that the plasma can
initiate (Misra, Schluter, & Cullen, 2016).

Cold plasma is obtained at atmospheric or reduced pressures (vacuum) and therefore, it requires
less power input. It can be generated by an electric discharge in a gas at lower pressure or by
using microwaves. Typical set-ups for plasma generation at atmospheric pressure include
(Misra, Schluter, & Cullen, 2016):

v Corona discharge,

v" Glow discharge,
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v' Dielectric Barrier Discharge (DBD),

v Radio-Frequency (RF) and microwave (MW) radiation, and

v" Gliding Arc Discharge.

Three of the above methods (radio-frequency, glow discharge and dielectric barrier discharge)

of generation of plasma, which are the most commonly used, are represented diagrammatically

in Figure 5.6.

Radio-frequency (RF) discharge

Coil Insulating Plasma
tube wal discharge

vy

Glow discharge

High voltage
electrode

Dielectric
barrier

High voltage
AC generator

Plasma
discharge

Ground
electrode

Barrier discharge

Figure 5.6. Diagrammatic representation of
three basic types of discharges: radio
frequency discharge (top), glow discharge
(middle), barrier diascharge (bottom). The
physical conformations of the various elements
can be varied according to need and design
requirements. Cold plasma discharges are
indicated by the purplecolored zones (Niemira,
2012).

As far as plasma generation in liquid is concerned, this can be subdivided into four main

categories:

i.  Gas discharge between an electrode and the electrolyte surface

ii.  Direct discharge between two electrodes (in forms such as solution plasma, discharge

plasma in liquid, electric spark discharge, arc discharge, capillary discharge, and

streamer discharge)

iii.  Contact discharge between an electrode and the surface of surrounding electrolyte

iv.  Radio frequency (RF) and microwave (MW) generation (Saito & Akiyama, 2015).




Cold plasma has a variety of applications, from medicine to Electronics and Food Sciences,
while its use in nanotechnology is constantly increasing (Misra, Schluter, & Cullen, 2016).
Many studies have shown the successful synthesis of silver nanoparticles using a plasma
generated method, with the above-mentioned methods. Most of them are using the Plasma-
Liquid Interaction (PLI) technique. Based on literature, Table 5.3 summarizes all plasma

techniques used for AgNPs synthesis, changing the raw material and the liquid.

Table 5.3. Silver nanoparticles (AgNPs) synthesis via techniques for plasma generation in liquid taken

from (Saito & Akiyama, 2015) (references omitted).

Raw materials Liquid Configuration

ii: arc discharge, submerged arc , electric
spark discharge, wire explosion, plasma

Solution electrolysis (DC), iv: RF plasma in water
Ag rod or wire (20 kPa), MW plasma, and MW-induced
plasma
AgNPs Molten Salt i: discharge electrolysis (DC 200~400 V)
Ag Metal Foil Solution i microplasma

i: microplasma, DC glow discharge, ii:

Solution liquid phase plasma reduction (25—
AgNOs 30 kHz), and Arc discharge
lonic Liquid (IL) i: plasma electrochemistry in ILs

Specific examples of AgNPs synthesis with the above techniques, in chronological order, are

the following studies by:

» Richmonds & Mohan Sankaran, 2008, where silver and gold nanoparticles were
synthesized by microplasma reduction of aqueous cations using a solid metal anode

(spherical Ag nanoparticles < 10 nm in diameter),

» Zhang, Guo, & Ma, 2011, where spherical silver nanoparticles with a mean diameter

~3.5 nm, were synthesized at plasma-liquid interface after silver ions reduction by an
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atmospheric argon dielectric barrier discharge jet, using AgNOs, Ethanol as solvend
and reducing agent, PVP as surfactant,

» Sato, Mori, Ariyada, Atsushi, & Yonezawa, 2011, where silver nanoparticles were
produced by plasma induced by radiated microwave from tungsten electrodes il
AgNOs/water/PVP liquid at atmospheric pressure (spherical nanoparticles with mean
diameter ~4.5 nm)

» Huang, et al., 2013, where silver nanoparticles were synthesized by the formation of an
electrochemical cell with an atmospheric-pressure He microplasma cathode and a Pt
foil anode immersed in a AgNOz/fructose/de-ionized water solution, at temperature
25°C and 70°C (mostly spherical with diameters 15-40 nm depending on the ratio
between AgNOs and Fructose and the temperature), and

» Kondeti, Gangal, Yatom, & Bruggeman, 2017, where silver nanoparticles were
produced at plasma-liquid interface after silver ions reduction by an RF-driven
atmospheric pressure plasma jet, in touching (mostly spherical with diameter < 5 nm)
and non-touching conditions (mostly spherical with diameter > 5 nm), in presence and
in absence of Fructose as stabilizer, with only Ar and a mixture of Ar and H» as feed

gas.

It appears that in most cases, spherical NPs with diameter less than 10 nm are synthesized and

in only some cases, nanorods and polygonal NPs are generated (Saito & Akiyama, 2015).

Exploring the way of silver ions reduction via plasma, in the research by Kondeti, Gangal,
Yatom, & Bruggeman, 2017, many possible mechanisms are proposed by changing the
conditions (RF generated plasma touching and no-touching the liquid, with fructose as
surfactant and without etc.). The main mechanism of action of plasma, for reducing the silver

ions, is considered to be the solvated electrons that it generates with the simple reaction below.
Agt+e” - Ag°

These electrons appear only in a very small surface, a layer of about 10 nm, at the plasma-
liquid interface. But plasma also transfers ions, reactive species, radicals and UV/vacuum
ultraviolet (VUV) photons to the liquid. Therefore, H and OH are also produced by VUV
photons, and through different mechanisms, they also take part to the reduction of silver ions:

» H atoms can reduce silver ions according to the reaction below.
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» OH does not reduce Ag+ reduction on its own but it reacts with hydrocarbon molecules
and therefore affects the concentrations of H and esq". It can also react with alcohols,

through hydrogen abstraction, which leads to radicals.

AgNPs production via plasma, is considered a green method of synthesis, since no harmful
byproducts are generated, especially if the surfactant/stabilizer is also an environmentally

friendly substance (e.g., glycerol) (Kondeti, Gangal, Yatom, & Bruggeman, 2017).

Nevertheless, there are limitations of the method and the biggest one is related to the expense
and safety. The cost of plasma processing may be high, depending on the gas or gas mixture
expenses, and the additional safety measures which are required for the high voltages (Misra,
Schluter, & Cullen, 2016).

5.2 Biological / Green methods of synthesis

The biological methods of synthesis of nanoparticles is a major scientific priority due to the
many obtained advantages. They are simple, cost effective, dependable, and environmentally
friendly approaches. The basic idea of green synthesis lies on the utilization of biological
systems including bacteria, fungi, plant extracts, and small biomolecules like vitamins and
amino acids, as an alternative method to chemical methods (Zhang, Liu, Shen, & Gurunathan
, 2016). That way, synthesized nanoparticles can be biologically and cytologically compatible
(Akter, et al., 2018). Bacteria like Pseudomonas stutzeri, Lactobacillus strains, Bacillus
licheniformis, Escherichia coli, Brevibacterium casei, fungi including Fusarium oxysporum,
Ganoderma neo-japonicum Imazeki, and plant extracts such as Allophylus cobbe, Artemisia
princeps and Typha angustifolia, are only some examples of those used for the synthesis of

environmentally friendly AgNPs (Tripathi, Kumar, & Kumar, 2017).

The raising question is how these prokaryotic and eukaryotic organisms can help producing
metal nanoparticles. The answer lies on the defense mechanisms of these organisms after
exposure to high levels of metals. These mechanisms may involve the alteration of the chemical
nature of the toxic metal into a non-toxic form that results to nanoparticles of the metal
concerned. Evidently, the type of metal plays an important role since most of the organisms
have developed resistance to some metals and therefore the choice of the organism is limited
(Pantidos & Horsfall, 2014).
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Biological synthesis can be subdivided into two categories:

e Bio-reduction, where metal ions are chemically reduced into metal nanoparticles which
are a more stable form that can be more easily removed, by an enzyme in need for

oxidation.

e Bio-sorption, where metal ions bind to the cell wall of the organism, which in many
organisms is able to form stable complexes in the form of nanoparticles (Pantidos &
Horsfall, 2014).

Microbial synthesis of metal nanoparticles can be done either intracellularly or extracellularly.
The intracellular synthesis requires biomass of culture. On the other hand, when only the
culture supernatant is treated with aqueous solution of silver nitrate, then it forms silver
nanoparticles extracellularly without the need for a cell lysis step. The extracellular formation
is therefore cheaper and has a simpler downstream processing, but the intracellular one can
help in the removal of heavy metals from contaminated environments (Tripathi, Kumar, &
Kumar, 2017), (Pantidos & Horsfall, 2014).

The average size of AgNPs synthesized with this method is at the range 50-100 nm. Generally,
AgNPs synthesized using biological reducing and capping agents have shown wide variations
in shape and in size but most of the NPs produced were reported to have a predominantly
spherical shape. Past studies have also shown that green-synthesized nanoparticles are much
less toxic compared to the chemically-synthesized ones (Akter, et al., 2018), (Sabri, Umer,
Awan, Hassan, & Hasnain, 2016).

Despite the many advantages, the exact mechanism of the reduction process is yet to be fully
understood and controlled and therefore there is still a barrier that needs to be overcome for
these methods. Moreover, the maintenance of the culture medium and the stabilization of all
the conditions like the optimum pH, the temperature feasibility, or the salinity of the culture,

are very difficult (Sabri, Umer, Awan, Hassan, & Hasnain, 2016).
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6. Toxicity concerns on silver nanoparticles

Despite the many advantages of nanoparticles due to their applications, there is a growing
concern about their potential toxicity. Although the bulk materials may be harmless, little is
known about their nanoscale toxic characteristics. Due to their small size, when a nanoparticle
enters the human body, it can take almost every possible direction and reach biological
pathways by crossing biological barriers. Therefore, it has access to highly protected organs
such as the brain and the testes. Furthermore, the removal of nanomaterials from tissues seems
to be much slower and more difficult compared to that of the bulk form, because nanomaterials
are poorly taken over by macrophages. That means that nanoparticles may actually injure
biological structures and may reside longer in these compartments (Pietroiusti, Magrini, &
Campagnolo, 2014).

The effects of silver nanoparticles on mammalian cells have been examined in vitro on cell
cultures or in vivo on animals (with oral administration). As far as cell culture is concerned,
this is a technique in which cells are removed from an organism and placed in a fluid medium,
making it easier to be studied. Keeping the appropriate conditions, cells can live and grow with
cell division (mitosis) or differentiation (change into specific types with functions analogous
to tissues or organs of the organism). This technique finds its origins in a Yale University
laboratory in 1907 when Ross Harrison removed nerves of a frog and maintained them in a
simple salt solution for several days (Lynn, 2009).

However, the few available studies that exist on the toxicity of silver nanoparticles cannot offer
a complete comparative analysis. Firstly, they contrast the effect of silver nanoparticles in on
only a few different biological groups (two or three). Secondly, the culture media, the culture
conditions and methodologies are different. Last but not least, the sizes, the shapes, the capping
agent etc. also vary. Therefore, due to the absence of an accurate comparative analysis, the

toxicity of AgNPs has not been determined yet at a full extent (\VVazquez-Mufioz, et al., 2017).

It is proven that AgNPs exposure could induce the changes of cell shape, reduce cell viability,
increase lactate dehydrogenase (LDH: an enzyme indicator of permeabilization of plasma
membrane) release and finally result in cell apoptosis and necrosis (Ka-Ming Chan, Moriwaki,
& De Rosa, 2014). Mitochondrial dysfunction via interruption of mitochondrial membrane
permeability has also been observed in vitro (usually via TEM analysis) (Galandakova, et al.,

2016). As it is mentioned before, AgNPs cytotoxicity is also an outcome of oxidation stress
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caused by AgNPs and the release of silver ions. The very active surface of AgNPs results in
the generation of original free radicals and silver ions release initiates the production of
hydroxyl radicals in acidic endo/lysosomes. AgNPs are associated with genotoxicity as a result
of DNA damage and chromosomes from oxidation stress and may also induce mutagenicity
(Zhang, Wang, Chen, & Chen, 2014). Nanoparticles have the tendency to bind with molecules
present to biological fluids, such as proteins (in the blood) and lipids (in the pulmonary
environment). This formation, otherwise called “corona”, can be an additional aspect to
increase toxicity (Pietroiusti, Magrini, & Campagnolo, 2014). The last phenomenon is the only

one that occurs for all types of NPs.

The above possible mechanisms of toxicity action of AgNPs are presented in Figure 6.1.
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Figure 6.1. Possible uptake process and mechanism of cytotoxicity induced by AgNPs in different cell
lines based on the metadata of several studies (Akter, et al., 2018).

There are processes though, taking place in biological environments, that limit toxicity since
they limit silver ions bioavailability. These processes involve the formation of silver sulfide
(Ag2S) and silver chloride (AgClx) as a result of the presence of sulfide and chloride and their
very low solubility constants. Ag.S is non-toxic and acts as a scavenger in Ag(l) bioavailability
(Marchioni, Jouneau, Chevallet, Michaud-Soret, & Deniaud, 2018). The above forms of

transformation of AgNPs after entering a biological system are represented in Figure 6.2.
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From previous studies it can be reported that a change in the physiochemical characteristics of
AgNPs (e.g., particle size, dose, agglomeration) can result in a subsequent change in their
toxicity level. It also appears that AgNPs toxicity is size and concentration dependent, i.e., the
smaller the particle, the greater the cytotoxicity, since they generate more reactive oxygen
species (ROS) while the minimum concentration level that induces toxicity varies according to
the cell type. The type of coating also plays an important role since it defines the final shape of
nanoparticles and it prevents aggregation and silver ions dissolution. Modification of the
coating, with different capping agents, can affect bioactivity. Citrate- and polyvinylpyrrolidone
(PVP)- coated AgNPs that were tested on cell lines to compare their toxicity with uncoated
AgNPs, were proven to be less cytotoxic than the uncoated ones. In fact, citrate coatings can
improve the stability of colloidal AgNPs and decrease their toxicity (Akter, et al., 2018).

Different sizes and shapes of silver nanoparticles with different exposure doses that were tested
from previous studies on various types of cell lines are presented in Table 6.1. More studies
can be found at the review by Zhang, Shen, & Gurunathan, Silver Nanoparticle-Mediated
Cellular Responses in Various Cell Lines: An in Vitro Model, 2016.
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Table 6.1. Effects of silver nanoparticles on various cell lines according to exposure dose, exposure

time and size.
Exposure ) .
Exposure  Size Type of cell line .
dose of . Major outcomes Reference
time (nm) used
AgNPs
RTL-W1 (a rainbow 1.concentration
trout liver cell line) dependent reduction in
viabilit
93.5 Y
(ppm) RTG-2 (a fibroblast- 2.1Cs values in vitro:
7-25  like gonadal cell line) 10.7 to 75.9 pg/mL (Connolly, et al.,
and 24 h
nm 2015)
3.lysosomal damage as
0.73 . ant indicat
RTH-149 rainbow an important indicator
(Ppm) :
trout hepatoma cell for detecting
line nanoparticle specific
effects
1.concentration- and
size-dependent reduction
in viability
2.greater long-term
toxicity of bigger
particles due to higher
10 Chinese DNA fragmentation _
. . (Souza, Franchi,
0.025-5.0 24and72 and hamster ovary 3.greater induction of ;
Rosa, da Veiga, &
ppm h 100 (CHO) types: CHO- ROS from smaller ;
) Takahashi, 2016)
nm XRS and CHO-K1 particles

4.cells apoptosis from

smaller particles

5.CHO-XRSS5 line is
more susceptible to
damage caused by
AgNPs
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1-400 ppm
24 h
1-10 ppm
0.5-15
24 h
ppm

20-40
nm

10, 40
and
100

nm

Liver primary cells of

mice

Human liver HepG2

cell

Chinese hamster
ovary cells (CHO-9)

Sertoli cells (15P-1)

Murine lung
macrophages
(RAW264.7)

1.Cytotoxic effect of
AgNPs on both cell lines
(1C50 value of HepG2:
2.764 ppm, 1Cso value of
liver primary cells of
mice; 121.7 ppm)

2. stronger inhibitory
effect (44 times) on the
growth of cancerous
cells (HepG2 cell line)
compared to the normal
cells (primary liver cells

of mice)

1.strong cytotoxic
activity at low
concentrations (2+13

ppm)

2.overproduction of ROS
even at lower
concentrations than the

cytotoxic ones

3.oxidative damage of
DNA

4.smaller nanoparticles

more toxic

(Faedmaleki,
Shirazi, Salarian,
Ahmadi Ashtiani, &
Rastegar, 2014)

(Zapér, 2016)

6.1 AgNPs toxicity on Fibroblast cells

Fibroblasts are the most abundant cell type within all the body’s connective tissues. These

cells are extensively used in cell cultures, both for transient primary cell culture or permanent

as transformed cell lines. They are mesenchymal-derived cell types that play an important role

in physiological processes like the synthesis of extracellular matrix (ECM), epithelial

differentiation, regulation of inflammation and wound healing. Moreover, fibroblasts are also

responsible for secretion of growth factors and work as scaffolds for several other cell types,

acting as the main mediator cell for tissue fibrosis and scar formation. Fibroblasts are easy to
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culture and maintain in vitro and they are now well established (Fernandes, et al., 2016). The
way Fibroblasts act for wound repair starts with the disruption of the skin barriers. When this
occurs, pro-inflammatory factors are produced and macrophages begin to form granulation
tissue and release cytokines (IL-1 and IL-6) and growth factors (i.e., fibroblast growth factor
[FGF], transforming growth factor [TGF] and epidermal growth factor [EGF]). Tissue
remodeling involves collagen formation by Fibroblasts, leaving a scar. Generally, prolongation
of the inflammatory phase of this wound healing procedure, results in the formation of non-
healing wounds. Silver nanoparticles have been found to support the wound-healing process
something that is confirmed by their ability to decrease the production of proinflammatory
cytokines and epidermal growth factors (Frankova, Pivodova, Vagnerova, Juranova, &
Ulrichov4, 2016).

It has been observed that topical application of Ag compounds, specifically silver nitrate
(AgNO:s) and silver sulfadiazine, may cause Argyria (blue grey colouration rooted to skin
sulfidation) after high exposure levels or cease the healing process of fibroblast and epithelial
cells because of their toxicity (Galandakova, et al., 2016), (Marchioni, Jouneau, Chevallet,
Michaud-Soret, & Deniaud, 2018). Abnormal elevation of blood silver level and argyria-like
symptoms following the use of AgNPs (15 nm)-coated dressings for burns is also mentioned
in a clinical report (Avalos, Haza, Mateo, & Morales, 2014). Since silver nanoparticles are
being used for epidermal applications in open wounds and burns and because of the previously
mentioned reactions of silver nanoparticles in biological environments, their toxicity on dermal

Fibroblast cells is a vital indicator of their toxicity level.

The phenotype of skin Fibroblasts can change due to a number of parameters like duration of
the cell culture, the location of the skin biopsies and the age of the donor (Moulin, Mayrand,
Laforce-Lavoie, Larochelle, & Genest, 2011). As far as the different body compartments are
concerned, there are topographic differences in the expression of genes, for example they have
a different capacity to express key extracellular matrix proteins such as collagenase and types
I and 111 procollagen. This can even change from their location within the dermis, the layer of
human skin (Mohammad Ali, Bauer, Tredget, & Ghahary, 2004), (Sriram, Bigliardi, &
Bigliardi-Qi, 2015). The ideal site of human body for harvesting Fibroblast cells is still under
investigation. Fernandes, et al., 2016, studied different human body sites for the harvesting of
Fibroblast cells for cell culture. In spite of being from different body parts, their morphology

appeared similar, except from the groin area were cells spreading out was not achieved, as
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presented in Figure 6.3 below. Fibroblasts isolated from abdominal scar presented higher cell
proliferation rates and also higher cells viability after cryopreservation, something that comes

to agreement with fibroblasts activity in wound repair, as mentioned before.

Figure 6.3. Body sites selected for the harvesting of fibroblast cells: back of ears, eyelid, cesarean
scar and groin. A) Fibroblast cultured from the back of the ears (otoplasty) and, B) fibroblast
cultured from Eyelid (blepharoplasty), C) fibroblast cultured from Cesarean Scar (abdomen) e, D)
Skin tissue from Groin under cell culture conditions, which did not spread cells (Fernandes, et al.,
2016).

Many studies using Fibroblast cell lines have been conducted till now to examine the minimum
toxic concentration of AgNPs and their mechanism of toxicity action. Some examples are

mentioned below.

» Paknejadi, Bayat, Salimi, & Razavi, 2018, studied AgNPs effect on normal Human Skin
Fibroblasts, at different concentrations 2.17 to 69.5 ppm, for exposure time 24 and 48
hours. Nanoparticles used were mainly spherical with an average size of 6.03 nm. A
significant dicrease in cells viability appeared in a concentration- and time-dependent
manner. ICsp values calculated were 30.64 and 14.98 pg/mL for 24 and 48 hours of

incubation, respectively. No mechanism of AgNPs cytotoxicity action was proposed.

» Galandakova, et al., 2016, reported that the non-toxic concentrations of AgNPs
(synthesis was performed by reduction of AgNO3z with sodium borohydride (NaBH3) )
tested on normal human dermal fibroblasts (NHDF), were estimated to be at the range
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of 0.25-25 pug/mL after a 24 h treatment, whereas for silver ions also tested on NHDF,
non-toxic concentrations were found to be at the range of 0.025-1 pg/mL. Moreover,
for these concentrations, no DNA damage appeared under fluorescence microscope.
Testing the AgNPs wound healing procedure, no increase of the number of pro-
inflammatory markers was observed. The nanoparticles used were a mixture of sizes at
the range of 0—40 nm, with a mean size of approximately 10 nm. Alhtough at this study
silver nanoparticles seemed to be less toxic than silver ions, the size plays an important
role. At this study it was also reported that 5 nm AgNPs were more toxic than Ag™ and

20 and 50 nm AgNPs were found to be less toxic.

Wildt, et al., 2016, tested 50 ppm of 10, 50, 100 and 200 nm silver nanoparticles on
mouse fibroblast cells (L-929). The highest toxicity was reported by the smallest
nanoparticles, likely due to a higher release of silver ions, which is in line with other
studies examining the nanoparticles’ size-dependent toxicity. In this study, it is also
mentioned that all nanoparticles are dissolving extracellularly and the bigger ones are
reformed in smaller particles, which have high dissolution. The greatest dissolution
occurs intracellularly potentially because of the increased acidity of lysosomes where
many AgNPs are mostly gathering. The lower amount of Ag ions release from the larger

particles may be controlled through cellular protective mechanisms.

The same result for the toxicity of the smaller nanoparticles were also obtained at the
study by Avalos, Haza, Mateo, & Morales, 2014, who tested the interactions of AgNPs
of different sizes on Normal Human Dermal Fibroblasts. In fact, 4.7 nm AgNPs
(approximately spherical) showed high decrease in NHDF viability at concentrations
6.72 and 13.45 ppm for all treatment times (24, 48 and 72 h). This study also showed
that oxidative stress is the primarily mechanism of toxicity action and the smaller the
particle the higher the production of ROS.
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7.

Experimental Procedure

The aim of this study is the production of different sizes and/or different shapes of nanoparticles

to subsequently test their antimicrobial efficacy and their possible cytotoxicity effects. A

number of different experimental techniques were utilized in order to achieve that aim. In view

of this, the experimental section will be sub-dived into five different sections as follows:

o > W e

synthesis of the nanoparticles’ dispersions;
purification of the nanoparticles’ dispersions;
characterization;

antimicrobial testing (on Salmonella cells);

toxicity testing (on Fibroblast cells).

7.1 Synthesis

In this section, silver nanoparticles dispersions were obtained through the use of different

bottom-up methods. These methods include various modified versions of the Turkevich

method, wherein reduction of the silver ions is achieved through chemical means and reduction

by atmospheric plasma generation, where physical processes are used to achieve the reduction

of the silver ions.

7.1.1 Materials used

Silver Nitrate AgNO3z (Sigma-Aldrich, Steinheim, Germany, 99.8-100.5 %,
SZBB0340V), used as the source of silver ions

Trisodium Citrate, NasCsHsO7, (Scharlau, Barcelona, Spain, 99.0-101.0%, 1413194)
used as the capping agent

Glycerol, C3HgO3z (Honeywell Riedel-de-Haén™, Seelze, Germany, 99.0-101.0%,
G323L), used as a solvent and stabilizer

Sodium Hydroxide, NaOH (Sigma-Aldrich, Steinheim, Germany, 98-100.5%,
SZBB3480V)

Acetone (Fisher scientific, UK, 1413194)

Glassy carbon (Alpha Aesar, 3 mm in diameter)

Tungsten wire (0.375 mm in diameter and a purity of 99.95%, supplied by Alfa Aesar)
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e 500 mL conical flask
e 500 mL beakers
e A ™**gscale with 0.1 g readability (Sartorius TE601, Gottingen),

¢ An analytical balance with readability 0.1 mg (Sartorius TE64, Géttingen)
e Aluminum foil

e Utility clamps

e Laboratory stirrer (IKA® RW 16, Staufen)

e A hotplate with temperature controller (Wisd WiseStir® MSH-20A).

7.1.2 Modified Turkevich Methods

Various modifications to the Turkevich method were performed with the aim of producing
different sizes and /or different shapes of nanoparticles. The modifications performed were (1)
using glycerol as a solvent instead of water; (2) carrying out the synthesis at room temperature
(with the aid of NaOH) or 70°C instead of 100°C and (3) using different molar ratios of silver

nitrate to trisodium citrate.

Modified Turkevich Method at room temperature

200 g of glycerol (weighed using Sartorius TE601, Gottingen balance) were poured in a 500

mL conical flask. This was followed by the addition of 0.20 g of silver nitrate and 3.47 g of
trisodium citrate as weighed by a duly calibrated analytical balance (Sartorius TEG64,
Gottingen). This results in a system having a 1:10 molar ratio between silver nitrate and
trisodium citrate. The flask was then covered with aluminum foil except for the neck opening,
from which an overhead stirrer was inserted. The flask was immobilized with a utility clamp
and the flask contents were stirred at approximately 510 rpm for 1 hour. 0.50 g of NaOH were
then added and the contents of the flask were stirred for an additional 15 minutes. The setup

used is shown in Figure 7.1.
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Figure 7.1. The setup used for the Modified Turkevich Method at room temperature.

This experiment was then repeated using different molar ratios of silver nitrate: trisodium

citrate as indicated in Table 7.1 below.

Table 7.1. The masses of silver nitrate and trisodium citrate used in order to achieve different molar

ratios.
Repeat number AgNO:s (9) NaszCsHsO7 () AgNOs : NazCsHs07
1 0.20 1.74 15
2 0.20 0.87 2:5
3 0.20 0.43 4:5
4 0.20 0.22 8:5

Modified Turkevich Method at 70°C

200 g of glycerol (weighed using Sartorius TE601, Gottingen balance) were poured in a 500
mL beaker. This was followed by the addition of 0.20 g of silver nitrate and 3.47 g of trisodium
citrate as weighed by a duly calibrated analytical balance (Sartorius TE64, Gottingen). This
results in a system having a 1:10 molar ratio between silver nitrate and trisodium citrate (hence
forth referred to as MTM_70-1:10). The beaker was then covered with aluminum foil except
for its opening, from which an overhead stirrer was inserted. The beaker contents were then

stirred at approximately 510 rpm for 1 hour at a temperature of 70°C, which was maintained
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using a temperature-controlled hotplate (Wisd WiseStir® MSH-20A). The setup used is shown
in Figure 7.2 below.

This experiment was then repeated using a molar ratios of silver nitrate : trisodium citrate of
1:5 (hence forth referred to as MTM_70-1:5) by using 0.20g of silver nitrate and 1.74 g of

trisodium citrate.

Figure 7.2. The setup used for the Modified Turkevich
Method at 70 °C.

7.1.3 Reduction via atmospheric plasma generation

The electrochemical cell used for the production of silver nanoparticles through surface
plasma-glycerol interaction under argon atmosphere at room temperature is shown in Figure
7.3. First, a solution of silver nitrate and trisodium citrate in glycerol was prepared. 200 g of
glycerol (weighed using Sartorius TE601, Géttingen balance) were poured in a 500 mL beaker.
This was followed by the addition of 0.1 g of silver nitrate and 1.73 g of trisodium citrate as
weighed by a duly calibrated analytical balance (Sartorius TE64, Goéttingen). This results in a
system having a 1:10 molar ratio between silver nitrate and trisodium citrate. The beaker was
then covered with aluminum foil except for the upper opening, from which an overhead stirrer

was inserted.

The contents of the beaker were stirred at approximately 510 rpm for 1 hour. This solution was
transferred to a reservoir which was connected to the anodic half cell via a peristaltic pump.
The anodic half cell was composed of a syringe with a glassy carbon (3 mm in diameter) anode.
This was connected to the cathodic half cell through an electrolytic bridge. The cathodic half
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cell was composed of a centrifuge tube (30 mm in diameter) fitted with a quartz tube of 3 mm
inner diameter to which the electrolytic bridge was connected to. The cathode was made of a
tungsten wire which was manually placed at a distance of circa 7 mm above the surface of the
quartz tube. The tungsten and glassy carbon electrodes were connected to a high-voltage power
supply with an output volt-ampere parameters of 3-4kV and 5-10 mA. Before the experiment,
the glycerol solution was pumped from the reservoir to the anodic area (which was kept under
positive pressure by moving the plunger of the syringe down) which then moved to the cathodic
area via the electrolytic bridge to the quartz tube until it reached its top. Furthermore, argon
gas was flushed through the reaction vessel at a flow rate of 1.6 L/min for 10 minutes in order
to remove air from the reaction zone. Argon gas was then left to flow at the same flow rate
during the experiment. During the experiment, the silver nanoparticles formed on the surface
of the quartz tube and were then moved to the centrifuge tube by pumping 1 drop of solution.
This was done in about 5 minutes intervals. All experiments were conducted at room

temperature of 22 °C. No stirring was applied to the solution.

Figure 7.3. Working prototype of electrochemical cell for synthesis of silver nanoparticles, using
surface plasma process under argon atmosphere.

7.2 Purification Process

After synthesis, the nanoparticles dispersions were first washed with Acetone (Fisher scientific,
UK, 1413194) three times, each time using 200 mL of acetone in the case of the modified
Turkevic methods and 25 mL in the case of the plasma method. Each time, the supernatant was

removed with a disposable pipet.
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In the case of the Modified Turkevich method at room temperature, a first centrifugation was
done using a Benchtop Sartorious 2e16P Centrifuge (Goettingen, Germany), at 3500 x5 for 5
minutes. This was done to remove large particles from the suspension (mostly undissolved
NaOH). This step was not needed in the case of the modified Turkevich method at 70°C and

plasma method, as no NaOH was used.

In all cases, the nanoparticles suspensions obtained were subdivide between a number of 50
mL centrifuge tubes so that each tube contained approximately 12 mL of the nanoparticles’
suspension. This was followed by the addition of distilled water (up to 25 mL mark) followed
by the addition of acetone (up to 40 mL mark). Centrifugation followed at 13480 xg for 10
minutes using a bench top Yingtai TG16 Centrifuge (Changsha, China). The supernatant was
then removed and the solid was re-dissolved in 2 mL of water followed by the addition of
acetone (up to 40 mL mark). This procedure was repeated twice. After the last repeat, and after
the removal of the supernatant, the centrifuge tubes were covered with Aluminum foil with

small holes opened at the upper side. These tubes were left to dry overnight.

For each experiment, the solid left in the tubes was then re-dissolved in 5 mL water and all of
them were placed in an EImasonic S 60 (H) ultrasound bath (Singen, Germany) for 30 minutes.
All the contents were then poured in a graduated round glass reagent bottle which was filled
with water up to approximately 100 mL mark in the case of the Turkevich methods and
approximately 30 mL mark in the case of the plasma method. The reagent bottle was then
placed again in Ultrasound for an additional 15 minutes.

The content of the reagent bottle was then slowly taken with a syringe (20 mL per time) and
was filtered with 200 nm microfilters (Kinesis, KX Syringe filters, SFS-PES-25-022,
1706260007) and placed in another reagent bottle, covered with Aluminum foil. The
nanoparticles were stored in a fridge, at 4°C. A summary of the purification method is shown

in Figure 7.4.
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Figure 7.4. The purification steps followed, diagrammatically.

7.3 Characterization methods

After purification, characterization of the sample followed. The instruments used for this

purpose were:

» Ultraviolet-visible (UV-vis) spectrophotometer (Shimadzu Single monochromator UV-
2600, Japan) that was processed in the range of 200-900 nm, to confirm the nature of
nanoparticles and obtain a picture of possible size and shape,

> Inductively Coupled Plasma-Mass (ICP-M) spectrophotometer, to define the
concentrations (the results were obtained from Malta’s Water Services Corporation),

» Transmission Electron Microscopy (TEM), to define with accuracy size and

morphology (the results were obtained from University of Nottingham).
7.4.  Antimicrobial Testing

For the microbiological testing of silver nanoparticles dispersions, Salmonella enterica,
serotype Abony 6017, was used (available at lab of Food Microbiology of the University of
Malta), previously obtained from the National Collection of Types Cultures (Health Protection
Agency, Salisbury, England) in a lyophilised form. The bacterial cultures were stored in vials
in a freezer at -80°C. A bead was taken from the vial and was streaked on Tryptic Soya Agar
(TSA) (Oxoid, UK) plates, which were later incubated for 24 + 2 h at 37°C, to obtain single

colonies. Thereafter, the plates were stored at 4°C for a maximum of one month.
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2 different colonies were picked under sterile conditions from the stock with a 10 uL loop and
were transferred to 2 different tubes with 9 mL of Tryptic Soya Broth without dextrose (TSB-
D) (Scharlau, Spain). The tubes were then incubated again for 24 £ 2 h at 37°C, allowing the
bacteria to reach stationary phase (108-109 log CFU/mL).

To obtain the final inoculum, 5 mL of the suspension of each tube (after stirring it with VVortex)
was centrifuged (6400 g) for 20 min (Benchtop Centrifuge 2e16P, Sartorious, Goettingen,
Germany) and the supernatants were discarded. The same volume of sterile water was added
in each centrifuge tube, under sterile conditions, resulting in a concentration of 10° CFU/mL.

1 mL of each inoculum was transferred to 9 mL of nanoparticles’ dispersion and another 1 mL
of each inoculum was transferred to 9 mL of distilled water. The tubes with the nanoparticles’
dispersion are covered with Aluminum foil. Duplicated samples from each inoculum (the blank
and the one with the nanoparticles’ dispersion) were diluted and were plated (spread on TSA
plates with an L-shaped disposable spreader to create a confluent lawn) for time intervals: 0,

2,4, 6 h. The dilutions were made with Ringer’s solution (Scharlau, Sentmenat, Spain).

The whole procedure was followed for all the nanoparticles’ dispersions, from every method
of synthesis, for 2 different concentrations: 3.9 ppm and 6.2 ppm for the samples of Modified

Turkevich Method and 0.39 ppm and 3.9 ppm for the sample of Plasma generation Method.

After the plating of the samples and their incubation for 24 + 2 h at 37°C, visual counting of
the colonies on plates followed. Based on the dilution factor, the volume plated (0.1 mL), and
the number of colonies on the plate, the count of microorganisms was calculated using the

following equation (1) (Yousef & Carlstrom, 2003):

CFU CFU) number of colonies M

Count ( or

ml g ~ dilution factor X volume plated

The number of colonies is the average of duplicate plates in each case and therefore the standard

deviation was also calculated.
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Figure 7.5. Antimicrobial Testing. (a) Inoculum after centrifugation, (b) Dilutions with Ringer’s
solutions and nanoparticles’ dispersions of the final inoculum, (c) Plating (TSA).

7.5 Cytotoxicity testing

A cell culture flask of Normal Human Dermal Fibroblasts (NHDF) (Passage number: P=12,
already subcultured), incubating with DMEM (Dulbecco's Modified Eagle Medium,
Invitrogen, California, USA), in 37°C was received. Firstly, a macroscopic observation of the
media was done to examine possible signs of contamination (the media would have changed
colour from phenol red to yellow or purple due to pH shifts, or would have been cloudy). A
microscopic observation was then done with an inverted microscope at low temperature (Motic,
Hong Kong) to confirm there is no contamination (movement is a sign, since fibroblasts are
adherent cells and do not move, as well as shimmering black dots or rounded particles) and to
examine their confluency (must be at least 80% confluent). The media, DMEM was emptied
from the flask, under sterile conditions, and the flask was washed with PBS (Phosphate Buffer
Saline, Sigma Aldrich, Germany). 3-5 mL of Trypsin (Invitrogen, California, USA) were then
added (to suspend the cells) and the flask was left again in the incubator (37°C) for 2-3 min.
The flask was then examined under the microscope to confirm the suspension of all cells (by
the movement). The content of the flask was then collected in a centrifuge tube of 15 mL, under
sterile conditions, and the flask was washed with PBS that was then also added in the centrifuge
tube.

Centrifugation followed (Eppendorf, Italy) at 1500 rpm for 5 minutes. After discarding the
supernatant, under sterile conditions, 5 mL of PBS were added, and a second centrifugation
followed. After discarding the supernatant, 10 mL of media were added, under sterile
conditions. Mixing followed.
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A small amount of cell suspension (a drop) was added to the edge of a counting chamber of a
hemocytometer. The hemocytometer was then placed under the inverted microscope and was
viewed at 40x magnification. The number of cells was counted at 4 quadrants and the average
number was calculated and multiplied by the dilution number (10* cells/mL). 2x10° was needed
per well, in 100 uL. The appropriate amount of complete media (DMEM media supplemented
with 10% fetal bovine serum and 0.1% penicillin and streptomycin), for all wells needed, was
added in the centrifuge tube, under sterile conditions, and after mixing, it was discarded in a

clean waste container.

The cell suspension was then taken and added in three 96-well tissue culture plates, one for
each day of AgNPs exposure study (24, 48, 72 h), with a multipipette (Gilson, Middleton,
USA). The outer wells, the ones at the perimeter of the plates, were filled with distilled water
instead, to prevent contamination. 5 wells in the center of a fourth multiwell plate were also
filled with the suspended cells, to test the conditions used (positive and negative controls) at

day 0. The plates were incubated again overnight at 37°C under 5% CO.: 95% conditions.

The next day, the cells were dose the four synthesized AgNPs dispersions, at a range of
concentrations, for 72 h (3 replicates in each days’ plates for each concentration were tested).
Nanoparticles’ dispersions were diluted at least 1:10 with media, so that the water will not
affect the cells. Media was used as a negative control and DMSO (Sigma Aldrich, Germany)
and AgNOs 250 uM (Sigma Aldrich, Germany) were used as positive. Silver nitrate at this
particular concentration (250 uM) has been proven cytotoxic to H-ras transformed 5RP7 cells,
from a previous study (Kaplan, Ciftci, & Kutlu, 2016). The plates with the nanoparticles’
dispersions were left in the incubator, whereas the plate with the negative and positive controls

(day 0) proceeded with the MTT assay.

20 puL of 10 mM MTT (Sigma Aldrich, Germany) were added in each well, under sterile
conditions, and the plate was left in the incubator for 4 h. The initial colour of MTT solution is
yellow, and the colour changes to purple (cause 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a tetrazole, is reduced to purple formazan in the mitochondria of
the living cells). The plate was afterwards taken from the incubator and was balanced with
another plate for centrifugation. After centrifugation, at 2000 rpm for 10 min, the plate was
turned upside-down on a dry tissue, so that both media and MTT are removed (sterile
conditions not obligatory). 120 uL of DMSO were then added in each well, under sterile
conditions. The plate was then shaken on a plate shaker (Eppendorf, Italy), at 570 rpm for 5
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min. Finally, the plate was placed in a spectrophotometer (SPECTROstar nano, BMG
LABTECH GmbH, Ortenberg, Germany), that read the absorbance in a wavelength of 562 nm.
This procedure was repeated for every multiwell plate, at day 1, 2 and 3.
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Figure 7.6. Microscopic observation of Normal Human Dermal Fibroblasts with an inverted
microscope, at low temperature.
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Figure 7.7. Cytotoxicity testing. (a) 96-well tissue culture plates after AgQNPs dose at a range of
concentrations, (b) wells after MTT addition (0 h), (c) wells after MTT addition (4 h), (d)
centrifugation, (e) shaking of the cells on plate shaker, (f) Optical Density reading at a
spectrophotometer.
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8. Results

8.1 Visual observation

For all methods of synthesis used in this study, (Modified Turkevich Method at room
temperature, Modified Turkevich Method at 70°C and Reduction via atmospheric plasma
generation), formation of silver nanoparticles (and thus reduction of Ag* to AgP®) was initially
established by the characteristic colour change, expected when a suspension of silver
nanoparticles is formed. In fact, the reaction mixture changed from colourless to green, yellow
or red (depending on the methodology employed), as shown in the following figures (Figure
7.1, Figure 7.2 and Figure 7.3).

() (b) (©)

Figure 7.1. Colour change, from colourless to green, for AgNPs dispersion synthesized by

the Modified Turkevich Method at room temperature. (a) Colourless, before the addition of

NaOH, (b) Green, after the addition of NaOH, and (c) all ratios of silver nitrate: trisodium
citrate (1:10, 1:5, 2:5, 4:5, 8:5).

(@) (b)

Figure 7.2. Colour change, from colourless to red, for AgNPs dispersion synthesized by the
Modified Turkevich Method at 70°C. (a) Colourless, at the beginning (b) Yellow, after the
passing of half an hour.
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Figure 7.3. The final reaction mixture of AgNPs,
synthesized by reduction via atmospheric plasma generation,
coloured yellow.

8.2 Characterization and quantification of silver nanoparticles

As discussed in the “Experimental Procedure” section (Chapter 7), three different methods
(UV-Vis, ICP-Ms, TEM) were used to obtaining the necessary information on the nature,
concentration, morphology and size of the nanoparticles’ dispersions produced in this study.

The results obtained using each method will be discussed in detail below.

8.2.1. UV-Vis analysis

UV-Vis analysis is a useful tool to confirm nanoparticles’ formation and determine some of
their properties. As mentioned in Chapter 2, radiation in the UV-Vis region interacts with the
nanoparticles due to the Surface Plasmon Resonance (SPR). The absorbance of the
nanoparticles is influenced by many factors like size, shape, interparticle interactions, free
electron density and surrounding medium (Desai, Mankad, Gupta, & Jha, 2012). Therefore, the
shape of the UV-Vis spectrogram may be used for characterization of the silver nanoparticles
obtained.

In the case of the experiments conducted during this study, all UV-Vis spectra obtained (see
Figure 8.4) show a strong absorbance peak in the range of 350-600 nm. This absorbance is
characteristic for the SPRs of colloidal silver nanoparticles (Saeb, Alshammari, Al-Brahim, &
Al-Rubeaan, 2014), thereby confirming the presence of silver nanoparticles. The UV-Vis

spectra obtained for each methodology used will be discussed in more detail below.
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Figure 8.4. Representative spectra of UV-Vis analysis for each of the method used (a) MTM-

Modified Turkevich Method at room temperature

R_1:10, (b) MTM-70_1:10, (c) MTM-70_1:5, and (d) PL_1:10.

As detailed in the “Experimental Procedure” section (Chapter 7), 5 different experiments

were conducted using this methodology, whereby different ratios of silver nitrate to trisodium

citrate were used. When using molar ratios of 1:10 and 1:5, a homogeneous dispersion of

silver nanoparticles was obtained. However, for the other 3 molar ratios used (2:5, 4:5 and

8:5), agglomerated nanoparticles appeared in the reaction vessel, as it is shown in Figure 7.5.

Thus, further analyses were only done for molar ratios of 1:10 and 1:5 (silver nitrate:

trisodium).
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Figure 8.5. Agglomerated nanopartiles appeared at AgNPs dispersion, synthesized by the Modified
Turkevich method at room temperature, for molar ratios 2:5, 4:5 and 8:5 of silver nitrate: trisodium
citrate.

The raw data and normalized data obtained for these two ratios are shown in Figures 8.6 and
8.7 below.

1.4
® samplel (ratio 1:10,

dilution 1:5)
® sample2 (ratio 1.5,
dilution 1:10)
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Figure 8.6. UV-Vis absorption spectrum of AgNPs synthesized by the Modified Turkevich Method at
room temperature, for molar ratios 1:10 (sample 1) and 1:5 of silver nitrate : trisodium citrate
(sample 2), after dilution with water 1:5 of nanoparticles’ suspension: water for sample 1 and 1:10 of
nanoparticles’ suspension: water for sample 2.
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Figure 8.7. UV-Vis absorption spectrum of AgNPs synthesized by the Modified Turkevich Method at
room temperature, for molar ratios 1:10 (sample 1) and 1:5 (sample 2) of silver nitrate : trisodium
citrate, after normalization of the experimental data at 300-600 nm. (a) the complete absorbance
spectrum band at 200-900 nm (b) the absorption peaks at 380-430 nm.

The maximum absorbance for sample 1, the one with a ratio of 1:10 of silver nitrate to trisodium
citrate, appears at 400 nm, whereas the maximum absorbance for sample 2, the one with ratio
1:5 of silver nitrate to trisodium citrate, appears at 398.9 nm. Since the two samples followed
different dilutions (for absorbance to be below 1-1.2 max), no conclusions can be made in
regards to the nanoparticles’ concentration (the stronger the absorbance, the bigger the
concentration of nanoparticles synthesized (Desai, Mankad, Gupta, & Jha, 2012)).
Furthermore, when normalized, the spectrographs of both experiments follow the same curve
profile. This indicates that both experiments resulted in very similar nanoparticles in terms of
size and shape. For that reason, only the sample with molar ratio 1:10 (sample 1) was further
tested (hereby named as MTM_R-1:10).

The stability of the obtained silver nanoparticles dispersion was then tested using UV-Vis
analysis. This was important as different tests on the nanoparticles were conducted at different
times. The complete absorbance spectrum band at 200-900 nm and the absorption peaks after

normalization are presented in Figure 8.8 below.
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Figure 8.8. Stability test on 4 different dates (22/05/18, 01/06/18, 22/06/18 and 02/07/18) via UV-vis
analysis, of silver nanoparticles’ dispersion synthesized by Modified Turkevich Method at room
temperature, with molar ratio 1:10 of silver nitrate to trisodium citrate, after normalization at 300-
600 nm. (a) the complete absorbance spectrum band at 200-900 nm (b) the absorption peaks at 380-
430 nm.

Referring to Figure 8.8 above, it is evident that silver nanoparticles produced via this method

are stable, with UV-Vis profile remaining constant even after one month.

Modified Turkevich Method at 70°C

As detailed in the “Experimental Procedure” section (Chapter 7), two molar ratios of silver
nitrate to trisodium citrate, namely 1:10 (MTM_70-1:10) and 1:5 (MTM_70-1:5), were used
for this procedure. The UV-Vis spectra obtained for the latter experiments are shown in Figure
7.9 (a), whilst the data after normalization is shown in Figure 8.9 (b).

From the normalized data (Figure 8.9b) one may note that there is a difference in the secondary
band area (above 600 nm) between the two samples which is an indication that different shapes
of nanoparticles might have been produced. The secondary band area above 600 nm, could be
attributed to quadrupole plasmon resonance and therefore its arising is a sign of nonspherical
particles (Desai, Mankad, Gupta, & Jha, 2012). For that reason, since nanoparticles synthesized
with a molar ratio 1:5 silver nitrate to trisodium citrate have a higher absorbance in the

secondary band, they are expected to be non-spherical.
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Figure 8.9. UV-vis absorption spectrum of AgNPs synthesized by MTM_70-1:10 and MTM_70-1:5,
after dilution with water 1:10 of nanoparticles’ suspensions: water (a) before normalization and (b)
after normalization of experimental data.

Since the dilution factor in both cases was 10, the concentration of the synthesized
nanoparticles’ suspension obtained using a 1:5 and 1:10 molar ratios of silver nitrate to
trisodium citrate can be compared, according to figure 8.9 (a). In this case, when using a 1:5

ratio, larger amounts of nanopartilces were produced (nearly double).

These samples were also further tested for their stability (see Figures 8.10).

From Figures 8.10 (a), (b), (c) and (d), a good stability of both samples is observed even after
the passing of one month. Only a small transposition of the peak appears in Figure 8.10 (d) for
AgNPs synthesized by MTM_70-1:5 on the last date (02/07/2018).
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Figure 8.10. Stability test on different dates (22/05/2018-02/07/2018), via UV-vis analysis, of silver
nanoparticles’ dispersion synthesized by (a), (b) MTM_70-1:10 and by (c), (d) MTM_70-1:5, after
normalization at 300-600 nm. (a), (c) the complete absorbance spectrum band at 200-900 nm (b), (d)

the absorption peaks at 380-425.

Reduction via atmospheric plasma generation (plasma)

The sample obtained, after the purification procedure, was analyzed with UV-vis

spectrophotometer. The results are shown in Figure 8.11.
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Figure 8.11. UV-vis absorption spectrum of AgNPs synthesized via atmospheric plasma generation,
for molar ratio 1:10 of silver nitrate: trisodium citrate. No dilution was needed.

From Figure 8.11, it seems the absorbance peak appears at 405.3 nm.

Stability test was also performed, as shown in Figures 8.12 (a) and (b) below.
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Figure 8.12. Stability test on different dates (01/06/2018-02/07/2018) via UV-vis analysis, of silver
nanoparticles’ dispersion synthesized by reduction via atmospheric plasma generation with molar
ratio 1:10 of silver nitrate to trisodium citrate, after normalization at 300-600 nm. (a) the complete
absorption spectrum band at 200-900 nm (b) the absorption peaks at 385-435 nm.

From Figures (8.12 (a) and (b)) it seems that AgNPs synthesized by reduction via atmospheric
plasma generation remained stable during the passing of one month, with only a small
transposition of the tailing on the last date (02/07/2018) and a small broadening of the
bandwidth. That means that the shapes of the synthesized AgNPs slowly change and the size

distribution grows.
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*It must be stated that in all samples, from all methods of synthesis, in the last stability test

(date: 02/07/2018), a different rate of absorbance was used in UV-vis analysis.

Comparison of all methods

Figures 8.13 (a), (b) and (c) below, contain the absorption spectrum band of all methods at 200-

900 nm for better comparison.
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Figure 8.13. UV-Vis absorption spectrum band for all methods of synthesis of silver nanoparticles
(MTM_R-1:10, MTM_70-1:10, MTM_70-1:5 and plasma) (a) the complete absorption band at 200-
900 nm before normalization, (b) the complete absorption band at 200-900 nm after normalization of
experimental data and (c) the absorption peaks at 385-425 nm after normalization of experimental
data.
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From Figure 8.13 (a), no conclusions can be made since the samples followed different
dilutions with water. On the other hand, after normalization of the experimental data, it is clear
that the absorption peaks, the bandwidth as well as the secondary absorption band after 600
nm, are different in all cases (see Figures 8.13 (b) and (c)). Therefore, different sizes, size

distributions and shapes can be expected among all methods.

More specifically, the smallest sizes are expected in the case of silver nanoparticles synthesized
by Modified Turkevich Method at room temperature with a molar ratio of 1:10 (silver nitrate
to trisodium citrate), whereas the biggest sizes are expected in the case of silver nanoparticles
synthesized by Modified Turkevich Method at 70°C with molar ratio of 1:5. This is due to the
fact that a blue shift is a sign that smaller particles are being produced. Note that by term ‘red
shift’ one understands a change in absorbance to a longer wavelength whereas by the term ‘blue

shift’ one understands a change in absorbance to a shorter wavelength.

Moreover, spherical nanoparticles are expected in the case of AgNPs synthesized by Modified
Turkevich Method at 70°C with molar ratio 1:10 of silver nitrate to trisodium citrate (low
absorbance above 600 nm) whereas different shapes are expected in all the other cases. The

narrowest size distribution is expected in the former method too.

Other tests with UV-vis analysis

One of the factors that can strongly influence the stability of the samples is light. This is why
for one of the samples made, (using the modified Turkevich Method at room temperature with
a 1:10 ratio molar ratio of silver nitrate to trisodium citrate), the effect of light on the stability

of silver nanoparticles was investigated. The results obtained are shown in Figure 8.14.
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Figure 8.14. Change of maximum absorbance peak for AgNPs synthesized by Modified Turkevich
method at room temperature, according to sample’s exhibition to light, at 2 days’ time.

From this figure, it seems that in all cases, the maximum absorbance is about 400 nm. However,
the samples which were in light exposure, show a slight increase in the maximum absorbance
peak, while the overall profile of the spectrogram remains approximately constant (1.3534 for
the one with light at day 1, 1.0938 for the one without light at day 1, 1.4043 for the one with
light at day 2 and 1.1165 for the one without light at day 2). This may indicate that a
photochemical reduction of silver ions to silver nanoparticles is taking place in the light
(Babaahmadi, Montazer, Toliyat, & Ghanbarafjeh, 2011). Because of this possible
photochemical process, all samples were kept refrigerated in the dark (with aluminum foil)

between all stability tests.

Other factors that may influence the profile of the curve are the presence of silver ions and
trisodium citrate (which may be present in small concentrations). These two factors were tested
separately, by measuring the UV-Vis absorption of an AgNO3z solution in glycerol and a
Trisodium Citrate solution in glycerol. The spectrographs obtained are shown in Figures 7.15
(@) and (b).
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Figure 8.15. UV-vis absorption spectrum of (a) Glycerol-AgNO; solution and (b) Glycerol-
NasCsHsO7 solution.

From these Figures it seems that the effect of trisodium citrate (NasCsHs07) is very strong for
UV-Vis absorbance at 200-250 nm, although in the region of interest for silver nanoparticles
(350 nm to 800 nm), no peaks are observed. This means that these two reagents are not

interfering with the identification of silver nanoparticles using UV-Vis.

64



8.2.2 ICP-MS analysis

ICP-Ms analysis is a precise and analytical method that exhibits limits of detection in the parts-
per-trillion range (Poitras, et al., 2014). This analysis was used for the quantification of the

AgNPs samples and the results are shown in Table 8.1 below.

Table 8.1. ICP-MS analysis results for diluted AgNPs samples, 1:10 of AgNPs dispersions: water,
except Plasma sample where no dilution was done. (1) MTM_R-1:10 (2) MTM_70-1:10 (3) MTM_70-
1:5 (4) Plasma.

Concentration

Number Sample
(Ppm)
1 MTM_R-1:10 6.2261
2 MTM_70-1:10 3.9361
3 MTM_70-1:5 8.1543
4 Plasma 3.9000

It may be observed that sample MTM_70-1:5 had the highest concentration, followed by
MTM_R-1:10, MTM_70-1:10 and the sample synthesized by reduction via plasma generation.
The concentration of AgNPs synthesized at 70°C with molar ratio 1:5 of silver nitrate to
trisodium citrate is twice the concentration of those synthesized at 70°C with molar ratio 1:10,
exactly how it was expected from their UV-Vis spectrum band in Figure 8.9 (a) (these samples

followed the same dilution).

Since samples MTM_R-1:10, MTM_70_1:10 and MTM_70_1:5 were diluted 10 times before
the ICP-MS analysis, their initial concentration is 10 times more. The same does not apply to
AgNPs sample synthesized by Reduction via plasma generation, since nanoparticles’

dispersion prepared was much less concentrated and thus no dilution was needed.
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8.2.3 TEM analysis

To obtain more information on the surface morphology and on the size of the colloidal AgNPs

prepared, TEM analysis followed for all samples.

Modified Turkevich Method at room temperature

The morphology and size of the AgNPs dispersion prepared with this method and with a molar

ratio of 1:10 of silver nitrate: trisodium citrate, is much clearer in the figure below, Figure 8.16.

(© (d)

Figure 8.16. TEM images of AgNPs dispersion synthesized by Modified Turkevich Method at room
temperature with molar ratio 1:10 of silver nitrate: trisodium citrate (MTM_R-1:10). (a) 20 nm (b) 5
nm (c),(d) 100 nm (more diluted sample) magnification.

From Figures 8.16 (a)-(d), it is clear that MTM_R-1:10 sample of AgNPs dispersion, consists
of a mixture of shapes, but mostly spherical, with a size distribution in the range of 18-57 nm.

This is as expected from the UV-vis profile. Thus, the two methodologies are in agreement.
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Modified Turkevich Method at 70°C

The morphology and size of the AgNPs dispersion prepared with this method and with molar

ratio 1:10 of silver nitrate to trisodium citrate, are shown in Figure 8.17 below.

(@) (b)

Figure 8.17. TEM images of AgNPs dispersion synthesized by Modified Turkevich Method at 70°C
with molar ratio 1:10 of silver nitrate: trisodium citrate. (a) 20 nm (b) 5 nm magnification.

From the images above, it is obvious that the MTM_70-1:10 sample of silver nanoparticles’
dispersion consists of spherical shaped particles, as it was predicted with UV-Vis analysis, with

a size distribution in the range of 7-15 nm.

The morphology and size of the AgNPs dispersion prepared with the same method and with

molar ratio 1:5 of silver nitrate: trisodium citrate, are shown in Figure 8.18 below.

(b)

Figure 8.18. TEM images of AgNPs dispersion synthesized by Modified Turkevich Method at 70°C
with molar ratio 1:5 of silver nitrate: trisodium citrate, for (a) 50 nm (b) 5 nm magnification.
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From Figures 8.18 (a) and (b), it is obvious that the MTM_70-1:5 sample of silver
nanoparticles’ dispersion consists of a mixture of shapes, mostly pyramidal, with a large size

distribution in the range of 6-84 nm.

As far as synthesis by Reduction via Plasma generation is concerned, the sample could not be

properly analysed due to time constrains.

Comparing these results with the results that were expected with UV-Vis analysis, it seems that
in the end, the smallest nanoparticles produced were those synthesized by Modified Turkevich
method at 70°C with molar ratio 1:10 of silver nitrate to trisodium citrate and not those
synthesized at room temperature. The former were indeed spherical shaped particles and had
the narrowest size distribution. Nevertheless, nothing specific is known for nanoparticles

synthesized by atmospheric plasma.

8.3 Antimicrobial testing

ICP-MS analysis results were used to decide on the concentrations that were tested on
Salmonella enterica cells for each sample prepared by all methods of synthesis and these were:

v' 3.9 ppm and 6.2 ppm (for the samples of Modified Turkevich Method),
v"0.39 ppm and 3.9 ppm (for the sample produced with Plasma generation Method),

as mentioned above in the “Experimental Procedure” section (Chapter 7).

The results (microbial counts expressed in logarithmic scale), for each time interval
representing the exposure time, for all methods of synthesis of silver nanoparticles’ dispersion,
are presented in Figure 8.19 for a concentration of 3.9 ppm (including plasma generated

nanoparticles) and Figure 8.20 for 6.2 ppm.
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Figure 8.19. Antimicrobial action of AgNPs synthesized by different methods on Salmonella enterica,
for 3.9 ppm concentration and 0-6 h time exposure. Blanks: inoculum in distilled water. Detection
limit: 2.3 log(CFU/mL).
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Figure 8.20. Antimicrobial action of AgNPs synthesized by different methods on Salmonella enterica,
for 6.2 ppm concentration and 0-6 h time exposure. Blanks: inoculum in distilled water. Detection
limit: 2.3 log(CFU/mL).
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From Figures 8.19 and 8.20, a strong inhibition of bacterial levels can be observed for all silver

nanoparticles’ dispersions synthesized by all methods. On one hand, the strongest antibacterial

action at a concentration of 3.9 ppm was achieved with the plasma sample of AgNPs dispersion,
followed by MTM_70-1:10 sample. On the other hand, AgNPs of 6.2 ppm of MTM_70-1:10

sample, still presented the strongest antibacterial action followed by MTM_R-1:10 sample of

AgNPs dispersion of the same concentration. The latter concentration was not tested for AgQNPs

synthesized by plasma, as it is mentioned in the “Experimental Procedure” section (Chapter 7).

At Table 8.2, the microbial counts in logarithmic scale, for AQNPs synthesized by all the above

methods, except plasma, are tabulated.

Table 8.2. Salmonella enterica counts in logarithmic scale (log CFU/mL) for a) MTM_R-1:10, b)
MTM_70-1:10 and, c) MTM_70-1:5 samples of AgNPs dispersions at concentrations: 6.2 ppm, 3.9
ppm and 0 ppm (blank sample).

Cnps Exposure time (h)
Method (opm)
0 2 4 6
0 7.991 (+0.25) 787 (£0.27)  7.85 (+0.37) 7.711 (£ 0.18)
MTM_R-1:10 3.9 7.99' (+0.25) 5.019 (£ 0.11)  4.43%9(£0.20)  3.67°° (+ 0.65)
6.2 7.99' (+0.25) 4.13% (£ 0.39) 3.77%% (+0.37)  3.63% (+ 0.00)
0 7.99' (+0.25) 7.87(+0.27)  7.85(+0.37) 7.711 (+ 0.18)
MTM_70-1:10 3.9 7.99' (+0.25) 3519 (£ 0.58)  3.22'¢(+0.19)  2.46% (+ 0.00)
6.2 7.99' (+0.25) 2.61% (+0.00) <2.30°(+0.00) < 2.30%(+0.00)
0 7.99' (+0.25) 7.87(+0.27)  7.85 (£0.37) 7.71 (+ 0.18)
MTM_70-1:5 3.9 7.99' (+0.25) 6.21" (£ 0.03)  5.299(+0.19)  4.46° (+ 0.18)
6.2 7.99' (+0.25) 4620 (£0.22) 3.92%%f (+0.00)  3.85%f (+ 0.00)

The different letters among samples show statistical differences (p<0.05) according to post-hoc Tukey's test.

These results show that there is statistical difference on microbial survival among the methods

of nanoparticles synthesis, as well as among concentrations and time intervals, and therefore

all factors affect the inhibition of Salmonella enterica (significance level p<0.001). More
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specifically, the mean values of log(CFU/mL) for each method, show that the greatest
inhibition of Salmonella enterica is achieved by silver nanoparticles produced by Modified
Turkevich Method at 70°C with molar ratio 1:10 of silver nitrate: trisodium citrate, followed
by AgNPs synthesized at room temperature with the same molar ratio. As far as concentration
is concerned, the increase of nanoparticles concentration results in subsequent increase in the
inhibition of the microorganism. This decrease, following exposure to twice the concentration
of silver nanoparticles, is not proportional (5.18 log(CFU/mL) for 3.9 ppm and 4.59
log(CFU/mL) for 6.2 ppm). Last but not least, increase of the exposure time of Salmonella
enterica cells to silver nanoparticles, increased the inhibition of the microorganism, resulting
in almost half of the initial population after 6 hours, i.e., 7.99 log(CFU/mL) at 0 hours to 4.83
log(CFU/mL) in 6 hours.

At the lower concentration of 3.9 ppm, it appears that Salmonella enterica exposed to two
AgNPs samples, i.e., MTM_R-1:10 and MTM_70-1:5, has not been inactivated after 6 hours.
For that reason, the exposure time was extended to 26 hours to assess whether these samples
could inhibit Salmonella enterica similarly to the inhibition achieved at 6.2 ppm concentration.

The results are presented at Figure 8.21.
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Figure 8.21. Antimicrobial action of AgQNPs synthesized by different methods on Salmonella enterica,
for concentration 3.9 ppm and time exposure of 0, 2, 4, 6, 26 h. Blanks: inoculum in distilled water.
Detection limit: 2.3 log(CFU/mL). The different letters among samples show statistical differences
(p<0.05) according to post-hoc Tukey's test.

It is clear that after 26 hours, both samples achieve a good inhibition of Salmonella enterica

growth.
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The statistical analysis of the obtained results revealed that each design factor individually (the
different methods used — Blanks, MTM_R-1:10 and MTM_70-1:5 —, nanoparticles’
concentration — 0 and 3.9 ppm — and time of exposure) had a significant effect on the inhibition
of Salmonella enterica (p<0.001) whereas the interaction of all design factors exhibited no
significant effect. The sample that resulted in the greatest inhibition of Salmonella enterica is
MTM_R-1:10, according to the mean values of log(CFU/mL). Moreover, as the time of
exposure to silver nanoparticles increases, the inhibition of the microorganism also increases,
i.e., from 7.99 log(CFU/mL) at 0 hours to 2.3 log(CFU/mL) at 26 hours.

For AgNPs synthesized by the reduction via plasma generation method, two concentrations
were tested: 3.9 ppm and 0.39 ppm. Table 7.3 summarizes all the results for all samples at 3.9

ppm concentration.

Table 8.3. Salmonella enterica counts in logarithmic scale (log(CFU/mL)) for a) MTM_R-1:10, b)
MTM_70-1:10, ¢c) MTM_70-1:5 and, d) plasma samples of AgNPs dispersions at concentrations: 3.9
ppm and 0 ppm (blank sample).

Exposure time (h)

Method Chnps (ppm)
0 2 4 6
0 7.999 (£0.25) 7.879 (£ 0.27) 7.859 (£ 0.37) 7.719 (£ 0.18)
Samplel
3.9 7.999 (£0.25) 5.01¢ (£ 0.11) 4.43% (£ 0.20) 3.67° (+ 0.65)
0 7.999 (£0.25) 7.879 (£ 0.27) 7.859 (£ 0.37) 7.719 (£ 0.18)
70 _1:10
3.9 7.99¢ (£0.25) 3.51° (x 0.58) 3.22" (+0.19) 2.46% (+ 0.00)
0 7.999 (£0.25) 7.879 (£ 0.27) 7.859 (£ 0.37) 7.719 (£ 0.18)
70 _1:5
3.9 7.999 (£0.25) 6.21f (+ 0.03) 5.29¢ (£ 0.19) 4.46% (+ 0.18)
0 7.999 (£ 0.25) 7.879 (£ 0.27) 7.859 (£ 0.37) 7.719 (£ 0.18)
Plasma
3.9 7.999 (£ 0.25) <2.30*(x0.00) <2.30%(x0.00) < 2.30%(%0.00)

The different letters among samples show statistical differences (p<0.05) according to post-hoc Tukey's test.

These results show that there is statistical difference between the microorganism levels among

the methods of nanoparticles synthesis, as well as between concentrations and among time
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intervals, and therefore all factors affect the inhibition of Salmonella etnerica (significance

level p<0.001).

More specifically, the mean values of log(CFU/mL) for each method, show that the greater
inhibition of Salmonella enterica is achieved by plasma sample of AgNPs, followed by
MTM_70-1:10. Last but not least, as the time of exposure to silver nanoparticles increases, the
inhibition of bacteria also increases, i.e., 7.99 log(CFU/mL) at 0 hours to 2.3 log(CFU/mL) at
6 hours).

Regarding the antimicrobial effect of AgNPs synthesized with plasma, which is resulted in a
concentration of 0.39 ppm, this leads to the microbial levels presented in Figure 8.22, according

to the values tabulated in Table 8.4.
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Figure 8.22. Antimicrobial action of silver nanoparticles synthesized by Reduction via plasma
generation, for AgNPs concentration 0.39 ppm and time intervals 0, 2, 4 and 6 hours (Blanks:
inoculums in distilled water). Detection limit: 2.3 log(CFU/mL).
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Table 8.4. Salmonella enterica counts in logarithmic scale (log(CFU/mL)) for AgNPs synthesized by
reduction via plasma generation with molar ratio 1:10 of silver nitrate: trisodium citrate, for
nanoparticles concentrations: 3.9 ppm and 0 ppm (blank sample).

Exposure time (h)
Method ~ Cnes (PPM)

0 2 4 6
0 7.99° (£0.25)  7.87°(x0.27)  7.85°(£0.37) 7.71° (£ 0.18)

Plasma 0.39 799 (£0.25) 279 (£0.00) <2.30°(£0.00) < 2.30%(+0.00)

3.9 7.99° (£0.25) <2.30°(+0.00) <2.30°(£0.00) < 2.30%(+0.00)

The different letters among samples show statistical differences (p<0.05) according to post-hoc Tukey's test.

These results show that the exposure time had a significant impact to the microbial levels.
When comparing the two tested concentrations, no significant effect was observed. There is a
great reduction to Salmonella enterica levels during the 2 hours exposure after which, bacteria

reach the detection limit.

8.4 Cytotoxicity testing

After measuring the Optical Density (OD) in spectrophotometer, having as control samples
Untreated cells only with media (DMEM, negative control), AgNOz 250 uM (positive control)
and DMSO 1.6 % (positive control), as mentioned before in the “Experimental Procedure”
(Chapter 7), cells viability in 3 days time can be examined. For that reason, the OD percentage
of the negative control (Untreated) on day O was calculated in each case of AgNPs sample. The
percentages derive from the mean value of 3 replicates. It must be stated that a decrease in

optical density can be interpreted as loss of cells viability.
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Modified Turkevich Method at room temperature

The cell viability of human Fibroblasts after exposure to AgNPs synthesized by Modified
Turkevich Method at room temperature with molar ratio 1:10 of silver nitrate to trisodium

citrate, at a range of concentrations, over 3 days, is presented in Figure 8.23.
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Figure 8.23. Fibroblast cells viability, as percentage of Untreated (negative control) £ SD (3
replicates measured), after exposure to MTM_R-1:10 sample of AgNPs dispersion, at a range
of concentrations, over a 3 day period. AgNOz 250 M and DMSO 1.6 % were used as
positive controls. Statistical significance with the Untreated is annotated by black stars (*)
and the level of significance is given as follows: * p<0.05, **p<0.01, *** p<0.001 and
****p<0.0001. Significant differences over time are annotated by capital letters and
significance is given below the graph in the legend. Letter (a) signifies that SD was taken
from only 2 replicates. Data were analyzed by Two-way Anova and Tukey’s post-hoc multi-
comparison test. Cell viability is measured by MTT assay.

From figure 8.23, it seems that both time and treatment had a significant effect on % viability
(p<0.0001). More specifically, a time-dependent reduction in % viability can be observed,
especially in the first 2 days of AgNPs exposure. AgNOs solution is the only exception to that
observation since it remained stable at all exposure times. It must be stated of course, that the
significant reduction of cells viability of the Untreated (p<0.05), from the 1% to the 2" day of
exposure, could have been caused from small experimental errors, like the scratching of the
wells or small pipetting errors resulting to slightly smaller number of cells seeded in that
particular well, since it does not follow the overall behavior of Untreated in the rest 2 days. As

far as cells viability from the 2" to the 3" day of exposure is concerned, no significant reduction
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can be observed, except in the cases of DMSO and 3.9 ppm concentration of MTM_R-10
AgNPs. As far as AgNPs concentration is concerned, all concentrations presented a significant
reduction of cells viability compared to the Untreated of the same day (significance is presented
in all cases at the legend below 8.23 graph), but this reduction does not seem to be in accordance
with concentration. That means, that even when concentration increases, the reduction of cells
viability caused, remains stable at a certain point, namely in the range of 15-21% at all
concentrations on the 1% day and 53-55% at all concentrations on the last day of exposure.
Exception is 0.49 ppm concentration that did not show a significant reduction of cells viability
compared to the Untreated on the 1% day of exposure (p<0.05), and it did not follow the same
% viability reduction with the rest of the concentrations. Therefore, all MTM_R-1:10 AgNPs

concentrations are assumed to be cytotoxic, during the whole exposure time.

DMSO seems to have effectively killed half the population of cells over the 3 day period and
challenge with AgNO3z was as cytotoxic as nanoparticles (no significant difference in %
viability was observed among them) over the first 2 days of exposure. Exception to that, is 0.49
ppm concentration that presented significantly higher cells viability than AgNOs on the 1% day
of exposure (p<0.01) and 1.95 ppm concentration that presented significantly lower cells
viability than AgNO3 on the 2" day of exposure (p<0.05). On the 3" day though, all AgNPs
concentrations, except 0.49 ppm, had significantly reduced % viability compared to AgNOs

solution (p<0.05).

Modified Turkevich Method at 70°C

Cells viability of human Fibroblasts after exposure to AgNPs synthesized by Modified

Turkevich Method at 70°C with molar ratio 1:10 of silver nitrate to trisodium citrate, at a range

of concentrations, over 3 days, is presented in Figure 8.24.

From this figure (8.24), it seems that both time and treatment had a significant effect on %
viability (p<0.0001). More specifically, a time-dependent reduction in % viability can be
observed in the case of the Untreated and DMSO (as before), and in the cases of 1.95, 3.9 and
6.2 ppm concentrations. All the other treatments did not show a significant reduction of %
viability over time. As far as AgNPs concentration is concerned, there is a clear concentration-
dependent reduction of cells viability. 1.95, 3.9 and 6.2 ppm concentrations, presented
statistical significance with the Untreated at all exposure times (significance is presented on

the graph). On the last day of exposure (3™ day) in particular, 6.2 ppm reduced viability more
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than 50% (71%, specifically), followed by 3.9 ppm concentration that reduced viability almost
up to 50% (48% reduction of the Untreated). 0.49 and 0.98 ppm concentrations, presented a
significant difference with the Untreated on the 1% and the 3™ day of exposure (significance is
presented on the graph) but no significant difference was observed on the 2" day. However,
having in mind the possible experimental errors related to the Untreated on the 2" day, as
mentioned before, this non-significant reduction would in other case be significant.
Paradoxically, on the 3" day, 0.49 ppm concentration of AgNPs, not only it did not reduce %
viability but viability actually increased, something that could be explained from the natural
variations of cellular metabolism or from small pipetting errors leading to slightly more cells
seeded in that well. Therefore, all MTM_70-1:10 AgNPs concentrations are assumed to be

cytotoxic, during the whole exposure time.
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Figure 8.24. Fibrablast cells viability, as percentage of Untreated (negative control) £ SD (3
replicates measured), after exposure to MTM_70-1:10 sample of AgNPs dispersion, at a range of
concentrations, over a 3 day period. AgNOs 250 uM and DMSO 1.6 % were used as positive controls.
Statistical significance with the Untreated is annotated by black stars (*) and the level of significance
is given as follows: * p<0.05, **p<0.01, *** p <0.001 and ****p<0.0001. Significant differences
over time are annotated by capital letters and significance is given below the graph in the legend.
Letter (a) signifies that SD was taken from only 2 replicates. Data were analyzed by Two-way Anova
and Tukey’s post-hoc multi-comparison test. Cell viability is measured by MTT assay.

Challenge with AgNOs on the 1% day presented a significantly higher reduction of % viability
compared to AgNPs with concentrations 0.49, 0.98 and 1.95 ppm (p<0.05). On the 2" day
though, AgNOs solutions presented a significantly higher reduction of % viability only

compared to 0.98 ppm concentration of AgNPs (p<0.05), whereas it presented a lower
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reduction of cells viability compared to 3.9 and 6.2 ppm concentrations of AgNPs (p<0.05).
On the 3™ day, AgNO;3 presented a significantly higher cells viability than 3.9 and 6.2 ppm
concentration of AgNPs (p<0.001), but no significant difference was observed for all the other
nanoparticles dispersions.

Cells viability of human Fibroblasts after exposure to AgNPs synthesized by Modified

Turkevich Method at 70°C with molar ratio 1:5 of silver nitrate to trisodium citrate, at a range

of concentrations, over 3 days, is presented in Figure 8.25.
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Figure 8.25. Fibroblast cells viability, as percentage of Untreated (negative control) = SD (3
replicates measured), after exposure to MTM_70-1:5 sample of AgNPs dispersion, at a range of
concentrations, over a 3 day period. AgNO3 250 uM and DMSO 1.6 % were used as positive controls.
Statistical significance with the Untreated is annotated by black stars (*) and the level of significance
is given as follows: * p<0.05, **p<0.01, *** p <0.001 and ****p<0.0001. Significant differences
over time are annotated by capital letters and significance is given below the graph in the legend.
Letter (a) signifies that SD was taken from only 2 replicates. Data were analyzed by Two-way Anova
and Tukey’s post-hoc multi-comparison test. Cell viability is measured by MTT assay.

From this figure (8.25), it seems that both time and treatment had a significant effect on %
viability (p<0.0001). More specifically, a time-dependent reduction in % viability can be
observed. Exceptions to that observation though are AgNO3 solution and concentration 0.49
ppm of MTM_70-1:5 AgNPs sample, that did not present a significant reduction in % viability
over time. Furthermore, there is a clear concentration-dependent reduction of cells viability,
with 6.2 ppm concentration having reduced viability more than 50% (56 % reduction of the
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Untreated), on the 3" day. 3.9 ppm concentration of AgNPs also presented a significant
reduction of cells viability compared to the Untreated on all days of exposure (significance is
presented on the graph at all days). 1.95 ppm concentration significantly reduced cells viability
compared to the Untreated only on the 3" day (p<0.05). However, bearing in mind the possible
experimental errors related to the Untreated of the 2" day, as mentioned before, this non-
significant reduction would in other case be significant. 0.98 ppm concentration, also presented
a significant reduction of cells viability only the 3" day, with a possible cytotoxic effect on the
2"d day also, for the same reason. 0.49 ppm concentration did not present a significant reduction
of cells viability compared to the Untreated at any day of exposure. Therefore, all MTM_70-

1:5 concentrations are assumed to be cytotoxic, except 0.49 ppm.

A significantly lower cells viability appeared when cells were challenged with AgNOs solution
compared to the challenge with 0.49 ppm (p<0.05), 0.98 ppm (p<0.01) and 1.95 ppm (p<0.05)
of AgNPs on the 1% day. On the 2" day, AgNO; presented a significantly lower viability than
0.49 and 0.98 ppm concentration of AgNPs (p<0.05), but significantly higher than 6.2 ppm
concentration (p<0.05). On the 3™ day, cells viability when challenged with AgNO3s was
significantly higher than that one in the cases of 3.9 and 6.2 ppm concentration of AgNPs
(p<0.05 for both).
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Reduction via atmospheric plasma generation

The cell viability of human fibroblasts after exposure to AgNPs synthesized by Reduction via
plasma generation with molar ratio 1:10 of silver nitrate to trisodium citrate, at a range of
concentrations, over 3 days, is presented in Figure 8.26.
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Figure 8.26. Fibroblast cells viability, as percentage of Untreated (negative control) = SD (3
replicates measured), after exposure to plasma sample of AgNPs dispersion, at a range of
concentrations, over a 3 day period. AgNO3 250 uM and DMSO 1.6 % were used as positive controls.
Statistical significance with the Untreated is annotated by black stars (*) and the level of significance
is given as follows: * p<0.05, **p<0.01, *** p <0.001 and ****p<0.0001. Significant differences
over time are annotated by capital letters and significance is given below the graph in the legend.
Letter (a) signifies that SD was taken from only 2 replicates. Data were analyzed by Two-way Anova
and Tukey’s post-hoc multi-comparison test. Cell viability is measured by MTT assay.

From figure 8.26, it seems that both time and treatment had a significant effect on % viability
(p<0.0001). More specifically, a time-dependent reduction in % viability can be observed
except for AgNOs solution. 0.39 ppm concentration of AgNPs presented a significant reduction
of cells viability compared to the Untreated on the first two days of exposure (p<0.05 in both
days). Paradoxically, it did not present a significant difference with the Untreated, on the 3™

day of exposure.

Challenge with AgNO3 solution presented a significantly lower cells viability on the 1 day
compared to 0.39 ppm concentration of AgNPs (p<0.001). On the other two days, the two
samples presented no significant difference, as far as cells viability is concerned.
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Concentration 3.9 ppm of all AgNPs samples (except plasma)

Cells viability of human fibroblasts after exposure to AgNPs synthesized by all the above
methods (except plasma), at 3.9 ppm concentration, over 3 days, is presented in Figure 8.27

below.
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Figure 8.27. Fibroblast cells viability, as percentage of Untreated (negative control) £ SD (3
replicates measured), after exposure to a)MTM_R-1:10, b)MTM_70-1:10 and ¢) MTM_70-1:5
samples of AgNPs dispersions, at 3.9 ppm concentration, over a 3 day period. AgQNO3 250 xM and
DMSO 1.6 % were used as positive controls. Statistical significance with the Untreated is annotated
by black stars (*) and the level of significance is given as follows: * p<0.05, **p<0.01, *** p <0.001
and ****p<0.0001. Significant differences over time are annotated by capital letters and
significance is given below the graph in the legend. Letter (a) signifies that SD was taken from only 2
replicates. Data were analyzed by Two-way Anova and Tukey’s post-hoc multi-comparison test. Cell
viability is measured by MTT assay.

From figure 8.27, it seems that both time and treatment had a significant effect on % viability
(p<0.0001). A time-dependent reduction in % viability can be observed in all cases, except
cells challenge with AgNOs solution. Furthermore, all AgNPs samples presented a significant
reduction of cells viability, compared to the Untreated, during the whole time of exposure.

Hence, all AgNPs samples are cytotoxic at 3.9 ppm concentration.

Challenge with AgNOs solution on the 1% day of exposure, presented significantly lower cells
viability than MTM_70-1:5 (p<0.05) but significantly higher cells viability than MTM_70-
1:10 and on the last 2 days, it presented significantly higher cells viability than all AgNPs
samples (p<0.05 on the 2" day and p<0.001 on the 3" day).

81



All AgNPs samples on the 3™ day (except plasma)

Cells viability of human fibroblasts after exposure to AgNPs synthesized by all the above
methods (except plasma), at a range of concentrations, on the 3" day of exposure, is presented
in Figure 8.28.

From this figure (8.28), it seems that both AgNPs concentration and method of treatment had
a significant effect on % viability (p<0.0001). More specifically, there is a clear concentration-
dependent reduction of % cells viability in all cases (Untreated, DMSO and AgNO3 remained
constant since they change only according to time, as controls). At all concentrations, all
AgNPs samples seem to have significantly lower % viability compared to the Untreated
(significance is presented on the graph), except MTM_70-1:5 at 0.49 ppm concentration.
MTM_70-1:10 at 0.49 ppm concentration not only did not present a reduction of cells viability
but it actually presented a significant increase compared to the Untreated (p<0.0001). This
increase, as mentioned before, could either be explained from the natural variations of cellular
metabolism or from small pipetting errors leading to slightly more cells seeded in that well. In
conclusion, on the 3 day, all samples are cytotoxic, except for 0.49 ppm of MTM_70-1:10
and MTM_70-1:5.

Challenge with AgNOs solution showed a significantly lower cells viability than 0.49 ppm
concentration of MTM_70-1:10 (p<0.0001) and a significantly higher cells viability than 0.98
ppm of MTM_R-1:10 (p<0.0001). Compared to all the other concentrations of all AgNPs
samples, it presented significantly higher % viability (p<0.0001).
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Figure 8.28. Fibroblast cells viability, as percentage of Untreated (negative control) £ SD (3
replicates measured), after exposure to a)MTM_R-1:10, b)MTM_70-1:10 and ¢) MTM_70-1:5
samples of AgNPs dispersions, at a range of concentrations, on the 3™ day of exposure. AgNO3 250
#M and DMSO 1.6 % were used as positive controls. Statistical significance with the Untreated is
annotated by black stars (*) and the level of significance is given as follows: * p<0.05, **p<0.01, ***
p <0.001 and ****p<0.0001. Significant differences over concentration are annotated by capital
letters and significance is given below the graph in the legend. Letter (a) signifies that SD was taken
from only 2 replicates. Data were analyzed by Two-way Anova and Tukey’s post-hoc multi-

comparison test. Cell viability is measured by MTT assay.
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ICso values

To compare all AgNPs dispersions better, the 1Cso’ values for all AgNPs samples according to
their % viability at all time exposures (1%, 2" and 3" day), were also calculated and they are
presented at the table below (Table 8.5).

Table 8.5. ICs values of a) MTM_R-1:10, b) MTM_70-1:10 and ¢) MTM_70-1:5 of Fibroblast
viability, after 24, 48 and 72 h exposure. A linear curve was used as a dose-response curve to fit the
data.

1Cso values
Number Method
24 h 48 h 72 h
1 MTM_R-1:10 - - -
2 MTM_70-1:10 8.96 8.11 4.40
3 MTM_70-1:5 13.54 9.09 5.66

The linear regression used, was not a good model for all samples at all time exposures,
especially for MTM_R-1:10. At this AgNPs sample, it seems that there is a linear reduction of
cells viability according to concentration only at the lowest concentrations used (0.49-1.95
ppm). At the highest concentrations used, cells viability remained stable and the behavior of
the sample at even higher concentrations cannot be predicted. Therefore, the range of
concentrations tested, was not wide enough to obtain an exact dose-response model. From
Figure 8.23 though, it is clear that a higher concentration than 6.2 ppm is needed for a 50%
drop of viability for MTM_R-1:10, at all exposure times. From the other 2 samples, the smallest
ICso value appeared from MTM_70-1:10, at all exposure times. It seems that ICso values
decreased as the time of exposure increased. These values come in agreement with figures
8.24-8.25, since it is clear that a higher concentration than 6.2 ppm is needed for a 50% drop
of viability for MTM_70-1:10 and MTM_70-1:5 on the first 2 days, whereas a concentration
between 3.9 and 6.2 ppm is needed on the 3" day for a half maximal inhibition, for both
samples. It is also clear that all ICso values are lower than 100 ppm. Even ICso value of
MTM_R-1:10 is expected to be in the range of 6.2-100 ppm.

" Half maximal Inhibitory Concentration

84



9. Discussion

After the discovery that size influences the physicochemical properties and that, therefore,
nanoparticles differ from the bulk material and demonstrate unique properties, nanoparticles
started being used in a variety of applications, such as, but not limited to, bioimaging, drug
delivery and food packaging (see Figure 2.1, Chapter 2) (Zaman, Ahmad, Qadee, Rabbani, &
Khan, 2014) . Their properties change in accordance to size and shape variations, since their
morphology change. This is why narrow size distribution and uniform shape of the particles
are required for their applications and it is one of the most difficult tasks of nanoparticles
production, along with high yield, low energy consumption and low environmental and cyto-
toxicity. The capping agent used, as well as the ratio between capping agent and %
nanoparticles concentration, play also a vital role in nanoparticles’ final properties (Inmaculada
Lopez-Lorente & Valcarcel, 2014), (Khan, Saeed, & Khan, 2017).

Metal nanoparticles, have been used in many applications due to their large surface-area-to-
volume ratio. This property makes them highly reactive and therefore more favorable to be
used in many applications (see Figure 3.1, Chapter 3) (Christian, \Von der Kammer, Baalousha,
& Hofmann, 2008). Silver nanoparticles in particular, are extensively studied and used, mostly
due to their proven antimicrobial efficacy against both Gram-positive and Gram-negative
bacteria, viruses and other eukaryotic micro-organisms (Rai, Yadav, & Gade, 2009) (for

applications and consumer products see Figures 4.1, 4.2, Chapter 4).

The exact mechanism of their antimicrobial action has not yet been completely understood.
There are many contradictive studies, reporting that it is due to either silver-ions release from
their oxidized surface (Bondarenko, Ivask, Kakinen, Kurvet, & Kahru, 2013) or mechanical
disruption of bacteria cell wall by AgNPs itself (Mosselhy, et al., 2015) or a combination of
both. Many studies have also reported that Ag* (by the form of AgNQ3), has higher toxicity
than AgNPs (Mosselhy, et al.,, 2015), (Seong & Lee, 2017), (Mallevre, et al., 2016).
Nevertheless, DNA damage, formation of ROS and intracellular increase of Ca* levels have
been observed (Radzig, et al., 2013), (Lee, Kim, & Lee, 2014), (Seong & Lee, 2017).

As far as silver nanoparticles antimicrobial effect on Salmonella enterica is concerned,
depolarization of the inner membrane without disruption of the outer membrane (only
penetration) and eventually cell death, were observed in small concentration. At exposure in

high concentrations, membrane disruption was also observed (Seong & Lee, 2017). Also, some
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serotypes of Salmonella enterica seem to be more sensitive comparing to AgNPs effect on
them, with S. Enteritidis to be one of them (Berton, et al., 2014). From previous studies, MICs
of AgNPs on Salmonella enterica have been found in a range of 3.12-16 ppm for various
serotypes (see Table 4.4, Chapter 4).

From the methods of synthesis used till now (physicochemical and biological), biological
methods are preferable, mostly due to the restriction of use of hazardous and toxic solvents that
sometimes lead to toxic byproducts (Zhang, Liu, Shen, & Gurunathan , 2016). Nevertheless,
with careful selection of chemicals (reducing/stabilizing/capping agents), chemical reduction
can be “greener”. This careful selection involves eco-friendly chemicals that work for both
charge repulsion and steric stabilization of NPs, to keep them in a standard shape and size and
prevent agglomeration (see Figure 5.2). Many chemicals have been used in the past, resulting
in the production of a variety of AgNPs sizes (see Table 5.2, Chapter 5).

In this study, Modified Turkevich Methods were used for AgNPs chemical synthesis.
Turkevich Method initially involved the reduction of a metal solution by a citrate at boiling
temperature, a procedure that is followed by color change of the solution depending on the
morphology of the obtained particles (Pacioni, Borsarelli, Rey, & Veglia, 2015), (Pifiero,
Camero, & Blanco, 2017), (Mazzonello, Valdramidis, Farrugia, Grima, & Gatt, 2017).
Previous studies had also tried to alter this method for AgNPs synthesis by the addition of
Glycerol, which appeared to have a good stabilizing activity (Pacioni, Borsarelli, Rey, &
Veglia, 2015), the addition of NaOH, which seemed to facilitate the reduction of AgNOs by
changing the pH (when higher it deprotonates citrate, enabling its capping ability), and by
changing the temperature (Caswell, Bender, & Murphy, 2003). At room temperature, more
uniformly stabilized particles were found. The reaction rate when trisodium citrate was used as
a capping agent, was also found to have an Arrhenius-like exponential relation to the
temperature but with bigger nanoparticles’ size synthesis at higher temperatures and bigger
size distributions (Mazzonello, Valdramidis, Farrugia, Grima, & Gatt, 2017). The
modifications of Turkevich Method in this study were: the use of only Glycerol (without water)
as stabilizing and reduction agent, synthesized at room temperature with the addition of NaOH
(MTM_R-1:10) and at 70°C (lower than boiling temperature) by changing the ratio of the
capping agent with % nanoparticles concentration (MTM_70-1:10 and MTM_70-1:5) (see
Chapter 7, Experimental procedure). In all cases, AgNO3z was used as metal precursor and

Trisodium Citrate as capping agent.
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Synthesis of AgNPs by Reduction via plasma generation was also achieved in this study with
the creation of an electrochemical cell through surface plasma-glycerol interaction under argon
atmosphere at room temperature (see Chapter 7). AgNO3z was used again as metal precursor
and Trisodium Citrate as capping agent. Previous studies also achieved AgNPs production
using different configurations (see Table 5.3, Chapter 5) with small nanoparticles’ sizes (less
than 10 nm in most cases) and mostly spherical. The main mechanism of plasma reduction is
the solvated electrons but other reactive species may also play role in the whole procedure
(ions, radicals, VUV photons) by producing H and OH atoms (Kondeti, Gangal, Yatom, &
Bruggeman, 2017). This method is generally considered as green since no harmful byproducts
are generated. Nevertheless, there are limitations to it concerning its expense and safety
(Kondeti, Gangal, Yatom, & Bruggeman, 2017), (Misra, Schluter, & Cullen, 2016).

The obtained nanoparticles of this study were characterized via UV-Vis, ICP-Ms and TEM
analysis. From UV-Vis analysis, the absorbance peaks appeared in all cases at the range of
350-600 nm confirming the AgNPs synthesis. According to the secondary band area, above
600 nm, where curve arising is a sign of nonspherical nanoparticles synthesis, MTM_R-1:10
and MTM_70-1:10 were expected to be spherical and MTM_70-1:5 and plasma samples were
expected to be nonspherical. Furthermore, according to the absorbance strength, at samples
where the same dilution was used, MTM_70-1:5 were expected to have almost double the
concentration of MTM_70-1:10 AgNPs suspension. The smallest sizes were expected in the
case of MTM_R-1:10 (blue shift) whereas the biggest ones were expected from MTM_70-1:5
sample (red shift). Finally, the stability of all samples was satisfying after being tested on 4
different dates in a one month time range, after protecting them with aluminum foil from light
exposure (it was also tested with UV-Vis that strongly affects AgNPs stability). From ICP-Ms
analysis, the concentrations found for MTM_R-1:10, MTM_70-1:10, MTM_70-1:5 and
plasma samples were 6.2, 3.9, 8.2 and 3.9 ppm accordingly (after a 10-fold dilution of all
samples except plasma), thus confirming the UV-Vis analysis results for MTM_70-1:5 and
MTM_70-1:10 (double the concentration of the former). From TEM analysis, MTM_R-1:10
was found to consist of a mixture of shapes, but mostly spherical (in agreement with UV-vis),
with a size distribution in the range of 18-57 nm. MTM_70-1:10 were found spherical (in
agreement with UV-Vis) with a size range of 7-15 nm. MTM_70-1:5 were found to consist of
a mixture of shapes, mostly pyramidal, with a large size distribution in the range of 6-84 nm.

Finally, for plasma, no results could be obtained.
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To investigate the obtained AgNPs antimicrobial properties in this study, the effect of a range
of concentrations on Salmonella enterica was tested with exposure time of 0 (only the control
sample with the inoculum), 2, 4 and 6 hours. The results (log(CFU/mL)-time) revealed that at
3.9 ppm, the plasma sample had the strongest antimicrobial action followed by MTM_70-1:10.
The other 2 samples (MTM_R-1:10 and MTM_70-1:5) achieved a satisfying inhibition of
Salmonella enterica after a 26 h exposure. At 6.2 ppm, the strongest action appeared from
MTM_70-1:10 followed by MTM_R-1:10 sample (plasma was not tested at this
concentration). The statistical analysis of the results, showed that the inhibition of Salmonella
enterica was time, method and concentration-dependent (see Chapter 8). These concentrations
that inhibited the microorganism growth in all samples (bigger inhibition by plasma and
MTM_70-1:10) is in agreement with the aforementioned studies that found inhibition of
Salmonella enterica by AgNPs in a concentration range of 3.12-16 ppm (e.g., (Omara, Zawrah,
& Samy, 2017), (Mallevre, et al., 2016), see Table 4.4, Chapter 4, for more). Evidently, the
spherical nanoparticles had a greater antimicrobial activity. One could expect that since edge-
like and corner-like regions of nanoparticles have high-electron confinement and therefore are
more chemical reactive, the nonspherical ones should have a greater effect on the
microorganism (Sau, Rogach, Jackel, Klar, & Feldmann, 2010), (Fedlheim & Foss, 2001), as
Ral, Yadav, & Gade, 2009 also suggested. Plasma sample was also tested for its antimicrobial
action on Salmonella enterica at 0.39 ppm concentration and a very high inhibition was
observed even at this very low concentration. This leads to the hypothesis that there might be

radical species in the sample which may also be of high toxicity when exposed at human cells.

However, AgNPs satisfying antimicrobial activity is not sufficient if their cytotoxicity is not
tested. There is a rising concern regarding nanoparticles’ toxicity worldwide, despite their use
in many current applications. This concern is due to their small size as they can have access to
highly protected organs such as the brain and the testes, after entering the human body, and
their removal from tissues seems to be a very difficult task (Pietroiusti, Magrini, &
Campagnolo, 2014) . Cell culture has helped in in-vitro analysis of AgNPs but a complete
comparative analysis does not exist due to the many parameters that change in each case
(culture conditions and methods of synthesis of AgNPs) (VVazquez-Mufioz, et al., 2017). It is
proven though, that AgNPs reduce cell viability. Their mechanism of cytotoxicity is found to
be cell apoptosis and necrosis (Ka-Ming Chan, Moriwaki, & De Rosa, 2014), mitochondrial
dysfunction via interruption of their membrane permeability (Galandakova, et al., 2016), ROS

generation and DNA damage (Zhang, Wang, Chen, & Chen, 2014) (see also Figure 6.1,
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Chapter 6). The “corona” formation of AgNPs with biological molecules is also considered an
important factor of their cytotoxicity (Pietroiusti, Magrini, & Campagnolo, 2014). Defense
mechanisms of cells though tend to eliminate their impact (formation of silver sulfide (Ag.S)
and silver chloride (AgClx)) (Marchioni, Jouneau, Chevallet, Michaud-Soret, & Deniaud,
2018) . Of course, AgNPs cytotoxicity is concentration- and size-dependent with the smaller
particles having been found more toxic in the past. The capping agent also plays an important
role with citrate-coated AgNPs having been found less cytotoxic (Akter, et al., 2018). Many
AgNPs (sizes 7-100 nm, concentrations 0.025-400 ppm) have been tested on various types of
cell lines from previous studies (see Table 6.1, Chapter 6). Since it has been found in the past
that Ag compounds may cause Argyria after high exposure levels, or cease the healing process
of fibroblast and epithelial cells, and since AgNPs are used for epidermal applications in open
wounds and burns (Galandakova, et al., 2016), (Marchioni, Jouneau, Chevallet, Michaud-
Soret, & Deniaud, 2018), their toxicity on Normal Human Dermal Fibroblast cells is vital.
AgNPs with size range of 1-200 nm have been tested in the past on Fibroblast cells. 1Cso values
for 6.03 nm AgNPs (mostly spherical), after a 24 and 48 h exposure, were found 30.64 and
14.98 ppm respectively, from a study by Paknejadi, Bayat, Salimi, & Razavi, 2018. From a
study by Galandakova, et al., 2016, non-toxic concentrations for AgNPs with a mixture of sizes
and a mean size of 10 nm, were found at a range of 0.25-25 ppm and 5 nm AgNPs were found
more toxic than AgNO3 whereas 20 and 50 nm were found to be less toxic than AgNOs. Wildt,
et al., 2016, also found that smaller nanoparticles were more toxic on mouse fibroblast cells
due to silver-ions release. Avalos, Haza, Mateo, & Morales, 2014, revealed that 4.7 nm AgNPs
(approximately spherical) at concentrations 6.72 and 13.45 ppm had high decrease in NHDF
viability.

In this study, the effect of AgNPs on Normal Human Dermal Fibroblasts (NHDF) was tested
after a 24, 48 and 72 h exposure, at a range of concentrations. The results were interpreted as
viability (%) of control (Untreated) on day 0. Generally, both time and method of treatment
had a significant effect on % viability (p<0.0001). Comparing to % viability of untreated,
MTM_R-1:10 showed significant reduction of viability overall, at all concentrations, except at
0.49 ppm concentration that showed no toxicity effect on the 1% day (see Figure 8.23, Chapter
8, for significance). No more than 35% reduction of viability though, compared to the
Untreated, was occurred at all concentrations, up to the 3 day of exposure. Therefore, cells
viability was not strongly concentration-dependent. MTM_70-1:10, also reduced cells viability

at all concentrations used and in a time dependent manner, except for concentrations 0.49 and
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0.98 ppm where no reduction of cells viability over time was observed. Cells viability in this
case, seems to be strongly concentration-dependent and the reduction of viability reaches 62%,
compared to the Untreated, at the last day of exposure and at the highest concentration (6.2
ppm) (see Figure 8.24, Chapter 8). 0.49 ppm concentration of MTM_70-1:10 showed toxic
effects only on the 1% day but due to possible experimental errors related to the Untreated of
the 2" day and the great increase of viability on the 3™ day, this concentration should be
repeated fro confirmation. MTM_70-1:5 at 0.49 ppm concentration, showed non toxic effect
on Fibroblasts at all exposure times, whereas at 0.98 ppm was found toxic only on the 3" day.
Cells viability in this case is also concentration-dependent and the highest reduction achieved
on the last day of exposure was up to 49% at the highest concentration (6.2 ppm). All
concentrations used, also significantly reduced viability over time (see Figure 8.25, Chapter 8,
for significance), except 0.49 ppm that no effect on % viability over time was observed. Plasma
sample of AgNPs at 0.39 ppm concentration was found non-toxic only on the 3 day, whereas
on the other 2 days was found toxic with low significance (p<0.05) and a significant reduction
of % viability over time can also be observed (see Figure 8.25, Chapter 8, for significance).
When comparing all 3.9 ppm concentrations of all AgNPs samples, all of them presented
toxicity effect during the whole time of exposure. When comparing all AgNPs samples only
on the 3 day, they also significantly reduced cells vibility at all concentrations, except
MTM_70-1:10 at 0.49 ppm concnetration that in fact presented a significantly higher %
viability than the Untreated (p<0.001). However, this concentration of MTM_70-1:10 sample
should be repeated, due to possible experimental errors. As far as the control samples are
concerned, DMSO appeared to have effectively killed half the populaton of cells throughout
the study and AgNO3 showed significantly lower viability than the Untreated during the whole
time exposure, and its reduction remained constant over time. Its significant difference with
the AgNPs samples depends on both time and concentration at all cases (see Chapter 8.4).
However, it could be noted, that on the 1% day of exposure, all AgNPs samples (except plasma),
showed no significant difference with AgNQO3, as fas as cells viability is concerned, except at
the lowest concentrations where AgNPs were less cytotoxic. After the 2" day of exposure,
AgNPs at the highest concentrations used (3.9 and 6.2 ppm), presented a more toxic behaviour
than AgNOs. Therefore, it could be assumed that the cytotoxicity action of AgNPs during the
first 24 hours of exposure, is mostly connected to silver ions release, whereas in a longterm

exposure (up to 72 h), 3.9 and 6.2 ppm AgNPs appear to be more toxic than AgNO:s.
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ICso values were found in the range of 4.40-13.54 ppm, after the 24-72 h exposure, for
MTM_70-1:10 and MTM_70-1:5 AgNPs samples, with MTM_70-1:10 having the lowest
value (see Table 8.5, Chapter 8). The ICso value of MTM_R-1:10 could not be calculated since
the range of concentrations tested on NHDF was not wide enough for a good dose-response
model. It is estimated though to be in the range of 6.2-100 ppm. Despite the many efforts for a
standardized method for nanoparticles toxicity assessment, there is not still a complete study
on the matter, due to the change of many parameters. The basic thing changing is the in vivo
to in vitro calculation of the results that change the toxicological data of nanoparticles.
According to their dispersion, their behavior changes (agglomeration and aggregation and
protein bio-corona at physiological fluids) (see Chapter 6) and the higher and upper limits of
NPs exposure change. There is therefore, a need for estimation of realistic human exposure to
NMs via the dermal, oral or respiratory route (Drasler, Sayre, Steinhauser, Petri-Fink, &
Rothen-Rutishauser, 2017). The lower limit, according to the UN Globally Harmonized System
of Classification and Labelling of Chemicals, for oral route of exposure, can be taken at 100
ppm (Lee, et al., 2017). At the study by Farcal, et al., 2015, 1Cso values below 100 ppm were
also considered as the most toxic ones, especially 1Cso values below 30 ppm. Therefore,

nanoparticles produced in this study can be characterized as cytotoxic.

In conclusion, plasma AgNPs samples were found to have the highest antimicrobial efficacy at
3.9 and 0.39 ppm. Nevertheless, despite the very low concentration, this concentration was
found cytotoxic at the first 2 days of exposure on NHDF cells. This result strengthens the
previously made hypothesis that there might be radical species in the sample that harm
Salmonella enterica but also human cells. Furthermore, their production was of very low yield
and still nothing is known about their morphology and their cytotoxicity at higher
concentrations. Therefore, the matter demands further studies. MTM_70-1:10 AgNPs sample,
with spherical nanoparticles of sizes 7-15 nm, was also found very antimicrobial against
Salmonella enterica but also presented the lowest ICso value. MTM_70-1:5 (6-84 nm) was non-
cytotoxic only at 0.49 ppm concentration. At 1.95 ppm concentration showed cytotoxic effects
only on the last day of exposure. Comparing all AgNPs samples (except plasma) with AgNO3,
their cytotoxicity way of action on the 1 day of exposure seems to be similar, at the highest
concentrations of AgNPs (3.9 and 6.2 ppm), whereas on the 3™ day, AgNPs at the same
concentrations appear to be more cytotoxic than AgNOz. This comes in contradistinction with
a previously mentioned study by Galandakova, et al., 2016, since after 24 h, even the bigger

AgNPs (MTM_70-1:5) at 6.2 ppm concentration were found more cytotoxic than AgNOs.
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Also, the same study mentioned non-toxic concentrations in the range of 0.25-25 ppm after a
24h exposure, which seems to be the case for only MTM_R-1:10 and MTM_70-1:5 samples
of AgNPs (size range in accordance with the one mentioned in the study). ICso values obtained
in all nanoparticles cases of this study are in the same range with those mentioned from the
study by Paknejadi, Bayat, Salimi, & Razavi, 2018 (< 30 ppm). Since ICso values were below
100 ppm it is likely to be toxic when accessing the human body (e.g., via oral or dermal route
of exposure). The smallest value in particular, derived from the smaller and spherical
nanoparticles, something that also confirms previous studies that the smaller the nanoparticles,
the more sensitive the human cells to nanoparticles’ exposure (Souza, Franchi, Rosa, da Veiga,
& Takahashi, 2016), (Zapor, 2016) and it comes with agreement with Avalos, Haza, Mateo, &
Morales, 2014, that stated that concentration near 6.2 ppm of spherical nanoparticles showed
high toxicity. Of cource, MTM_R-1:10 and MTM_70-1:5 had the widest range of sizes and
therefore more replicates are required for these AgNPs samples to account for the variation in
NPs sizes, as well as a wider range of concentrations to be tested on NHDF, for a better dose-

response model in all cases.

It is also important to be noted, that AgNPs can interact with MTT and skew the results.
Additionally, the MTT assay tests the ability of the cells to convert MTT to formazan by
NADP(H) reductions through mitochondrial enzymes. Mitochondrial stress due to NP
exposure can cause lower reading in the MTT assay even when live cells are present (Kaplan,
Ciftcl, & Kutlu, 2016). Another possible AgNPs interaction that may interfere with the results,
is nanoparticles interaction with antibiotics (reported by many studies, e.g., (Katva, Das, Moti,
Jyoti, & Kaushik, 2017), (Deng, et al., 2016), (Jamaran & Rahimian Zarif, 2016)), since the
media used was complete. Therefore, more studies with different methods of reading of cell
viability and the use of a not complete media will be needed.
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10. Conclusions

In this study, silver nanoparticles were synthesized by the use of different bottom-up methods.
These methods include various modified versions of the Turkevich method and reduction via
plasma generation (3.9 ppm, no morphological characteristics were obtained). The
modifications of the Turkevich method used were: the use of only Glycerol (without water) as
stabilizing and reducing agent, at room temperature with NaOH (62 ppm, mixture of shapes,
but mostly spherical, in a range of 18-57 nm) and at 70°C by changing the ratio of the capping
agent and % nanoparticles concentration to 1:10 (39 ppm, spherical at a range of 7-15 nm) and

1:5 (82 ppm, mixture of shapes, mostly pyramidal at a range of 6-84 nm).

When these AgNPs dispersions were tested on Salmonella enterica, they were found to have a
very satisfying antimicrobial action at both concentrations tested (3.9 and 6.2 ppm). The most
antimicrobial of all was the AgNPs sample obtained by plasma reduction that inhibited
Salmonella growth even at 0.39 ppm, followed by the AgNPs sample synthesized by Modified
Turkevich Method at 70°C with molar ratio 1:10 of silver nitrate to trisodium citrate.
Nevertheless, AgNPs sample obtained by plasma reduction, were found to be cytotoxic on the
first 2 days of exposure, when AgNPs were tested on Normal Human Dermal Fibroblasts, even
at this very low concentration, and AgNPs synthesized by Modified Turkevich Method at 70°C
with molar ratio 1:10 showed the lowest ICso value, at all days of exposure (4.40-8.96 ppm).
When 0.49 ppm concentration was tested from the latter sample though, they showed very low
cytotoxicity (only on the first day). AgNPs synthesized by Modified Turkevich Method at 70°C
with molar ratio 1:5, showed low cytotoxicity action only at low concentrations also (0.49 ppm
and 0.98 ppm), and its 1Cso values were also very low (5.66-13.54 ppm). The ICs values of
AgNPs synthesized at room temperature with molar ratio 1:10 of silver nitrate to trisodium
citrate, could not be calculated, but they are also estimated to be in the range of 6.2-100 ppm.
Last but not least, AQNPs seem to be equally toxic and perhaps follow the same cytotoxicity
action with AgNOs on the 1% day of exposure and at high concentrations (3.9 and 6.2 ppm),
whereas after 24 h exposure, AgNPs of the same concentration appear to be more toxic than
AgNOs. The ICso values, after 24, 48 and 72 h exposure, revealed that the smallest

nanoparticles had the biggest cytotoxic effect.

From the above results, it seems that despite their antimicrobial efficacy, the silver
nanoparticles synthesized were found to be cytotoxic. For that reason, their use in applications

that allow their access to human body may lead to a high risk at human health. However, the
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cytotoxicity results of this study were obtained by using only the MTT assay. A confirmation
of these experimental data with a different method of reading of cell viability is needed. Also,
the range of concentrations tested on NHDF cells was not sufficient to obtain the best fitted
curve, and therefore the best model for cells viability’s reduction according to concentration,
in all cases. Furthermore, the suspension of AgNPs plays an important role in their cytotoxicity.
AgNPs were initially suspended in water that has its own impact on cells and the culture media
used was supplemented with FBS and antibiotics. Therefore, the behavior of AgNPs, their
agglomeration, “corona” formation and their synergistic effect with antibiotics, change. The in
vitro to in vivo studies also differ for the same reason. Being so, a thorough study of all the
above factors that may alter the cytotoxic results obtained from this study, is needed before

excluding their possible future use in applications.

Lower concentrations than 3.9 ppm of AgNPs could also be tested on Salmonella enterica in
the future, to examine their antimicrobial action at concentrations that showed very low or no
cytotoxicity effects (e.g., 0.49 and 0.98 ppm, for the rest of the samples except plasma).
Furthermore, more studies to obtain the morphological characteristics of AgNPs synthesized
by plasma reduction are needed, in order to obtain more information about their antimicrobial
and cytotoxicity way of action. When changing the parameters of their production, perhaps it

could lead to a very good antimicrobial agent that has low cytotoxicity effects.
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