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Predmluva

Tato prace prezentuje oblasti zdjmu a vybrané vysledky autorky tykajici se jeho
pedagogické a védecké cinnosti. Autorka v pfedlozené praci propojuje oblasti technickych véd
s pfirodnimi védami (biologie, chemie, a biofyziky), coz vedlo k vytvafeni a uskuteciovani
fady zajimavych projektt. V této praci bude predevsim diskutovano studium (i) biorozhrani
nanostrukturovanych materialt z oxida kovi, a (i1) vyroba polymernich flexibilnich sloupkt
pro méieni sily generované buiikkami. Autorkou popsand védecka Cinnost se uskuteciiovala
predev§im na Fakult¢ elektrotechniky a komunikacnich technologii  Vysokého uceni
technického v Brn¢, vyrobni naleZitosti byly feSeny v Cistych prostorach Stiedoevropského
technologického institutu VUT. Préace je rozdélena na dvé hlavni kapitoly (1 a 2) popisujici
specifickou védecko-pedagogickou ¢innost autorky, pficemz publikacni vystupy souvisejici s
habilitacni praci jsou shrnuty v kapitole 4. Tato kapitola je doplnéna Sesti clanky
publikovanymi v impaktovanych c¢asopisech. Kapitola 3 pak struné shrnuje védecko-
pedagogickou ¢innost uchazece do budoucnosti. VSechny publikované prace se zamétuji na
specifické aspekty vyzkumné &innosti autorky. Cast zde uvedenych vysledkd je také podpofena
grantovou agenturou CR v ramci juniorskych projekti (GACR &. 19-04270Y). Dale byly
&innosti podporovany MSMT v ramci vyzkumného centra SIX na FEKT VUT.

Rada bych zde podékovala doc. Jitimu Haze z Ustavu mikroelektroniky na FEKT za
poskytnuti podpory v habilitatnim fizeni a moZnosti vést habilitacni fizeni pod jeho tistavem.
Pod¢kovani patii 1 dalSim kolegim ze skupiny Chytrych nastroji na CEITEC VUT a
LabSensNano na FEKT VUT. Jmenovité bych uvedla pfedev§im Dr. Mozaleva ve spolupraci
s vyrobou nanostrukturovanych povrchti z oxidi kovli, svym nadfizenym, doc. Hubdlkovi a
prof. Neuzilovi za poskytnuti technického a finan¢niho zazemi a Dr. Alexandru Otéhalovi za
celkovou podporu a motivaci.

Zdenka Fohlerova
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Uvod Biorozhrani mikro- a nanostrukturovanych povrchi

Mikro- a nanotechnologie a nanomaterialy jako takové, tvoii v dneSni dob¢ velice Siroké
spektrum moznosti a aplikaci v fadé diverznich obor. V soucasnosti nalézaji uplatnéni v
oblastech bézného zivota jako je elektronika (pamét'ova média, bioelektronika), zdravotnictvi
(cilené dorucovani 1éCiv, tkanové inzenyrstvi, antibakteridlni povrchy), textilni primysl
(nanovlékna, antibakteridlni nanocastice, nesmacivé povrchy), strojirenstvi (samocistici laky),
chemicky primysl (nanotrubice, nanokompozity, selektivni katalyza, kosmetika),
elektrotechnicky primysl (vysokokapacitni zaznamova média, fotomaterialy, palivové ¢lanky),
opticky priimysl (optické filtry, fotonickéa vldkna, integrovana optika), automobilovy pramysl,
kosmicky primysl (katalyzatory, odolné povrchy satelitli), vojensky primysl (nanosenzory,
konstruk¢ni prvky raketoplanit), zivotni prostiedi (biodegradace).

Pokrok v oblasti vyzkumu a vyvoje pokrocilych funk¢nich materidlti na zakladé vzestupu
a dostupnosti fady technik umoznil pfesnou kontrolu a modifikaci povrchu materiali, jak
z hlediska chemického, tak predevSim topografického. Vyroba povrchii s definovanou
topografii v mikro- a nanoméfitku na kovovych oxidech a polymernich materialech nabyla,
mimo jin€ho, velkého vyznamu jako slibna strategie pro kontrolu a modulaci interakce téchto
povrchl s biologickym materialem. Tim se mize dosdhnout napt. vylepSeni povrchovych
vlastnosti pro implantaty a antibakterialni povrchy. Povrchova topografie a chemie materialu
ovlivituje biologické procesy, véetné adsorpce a konformace bilkovin, adsorpce organickych
latek, ma vliv na chovani bun¢k, bakterialni adhezi nebo interakci s krevnimi elementy. Tyto
disledky se pak staly vSeobecné vyznamnymi i1 pro dal§i aplikace vcetné¢ materidlt
pouzivanymi v mikrofluidnich systémech a biosenzorech. Zména povrchové topografie, a s tim
souvisejici 1 urcité vlastnosti ¢i ndsledné interakce, se navic mize dit bez nutnosti ménit
objemov¢ vlastnosti materialu nebo povrchovou chemii.

Ruaznou topografii mikro- a nanopovrchli je mozno vytvofit fadou fyzikalné-chemickych
metod s ndhodnou i organizovanou strukturou v fadé kovovych a polymernich materiala.l'! vV
soucasné¢ dobé bézné dostupné kovové materidly v biomedicing, pouzivané jako zubni a
ortopedické implantaty nebo jako chirurgické nastroje, tvofi titan a jeho slitiny, nerezova ocel
nebo slitina chromu a kobaltu. Velkého vyznamu také nabyvaji dalsi kovové materialy jako je
tantal, zirkon a hafnium. Nicméné fadu téchto materidlii spiSe nachdzime ve formé slitin nebo
tenkych povrchovych vrstev, jelikoz jsou pomérné drahé. Metod modifikace povrchovych
vlastnosti je cela fada, poc¢inaje mechanickym zdrsnénim, plazmatickym oSetienim, leptanim,
anodizaci atd., vedouci k vytvareni poréznich povrchil, nanotrubic¢ek, nanotyc¢inek, nanotecek
¢1 ndhodnych struktur, z nichz n¢které budou probrany v dalSich kapitolach. Vedle téchto
topografickych uprav je mozné modifikovat povrchy dalSimi postupy, vcetné proteinové
adsorpce, UV zafenim, silanizovanim povrchu, adsorpci nanoc¢astic nebo adsorpci bioaktivnich
latek. V soucasné dobé je obecné znamo, Ze chemické vlastnosti a morfologie v mikro- a nano-
méfitku jsou vyznamnou vlastnosti materialu podporujici adsorpci bilkovin, bunéénou adhezi,
proliferaci ¢i diferenciaci; vyzkum také ptesel z kovli a kovovych slitin na jejich oxidy ¢i



kompozity, ¢imz bylo ¢asto dosdhnuto zvySené biokompatibility, a strukturovanim povrchti se
mohly napft. vytvaret povrchy s definovanymi vlastnostmi pro konkrétni aplikaci.

V posledni dobé nabylo velkého vyznamu také pouziti polymert. Mimo jiné, vyuziti
polymernich povrchii v medicing napt. ve form¢ implantovatelnych bioelektronickych zafizeni,
slouzi polymerni strukturované povrchy také jako senzor v oblasti mechanotransdukce, tj.
detekce bunécné sily pomoci flexibilnich polymernich sloupkii. Stejné jako kovy ¢i oxidy kovl
mohou byt polymerni povrchy upraveny tak, aby modulovaly biologické interakce. Tyto Gpravy
se opét muzou tykat vytvarenim mikro- a nanostrukturovanych povrchli, zménou objemovych
vlastnosti ¢i zménou povrchové chemie. Napftiklad oSetfeni polymeru kyslikem v plazmé, jako
je polymetylmetakrylat a polypropylen, mtize indukovat povrchové zmény v rozsahu nano- a
mikroskopickych rozmért, ale také zvySuje mnozstvi polarnich skupin na povrchu, ¢imz se
zdrovenl méni 1 chemické vlastnosti na povrchu polymeru. Alternativn€, pro zpracovani
fluorovanych polymeri se pouziva kyslikova plazma k vytvareni povrch s drsnosti v fadech
nanometri beze zmény povrchové chemie. Proces vytvafeni vysoce uspotradanych
pravidelnych struktur v fadech od stovek mikrometrti po desitky nanometra zacal vyuzivat
litografické techniky spojené s technikami odlévani, nanotisku ¢i leptanim. Definované
struktury byly vytvateny v polymerech jako polydimetylsiloxan (PDMS), SU-8 fotorezist,
polykarbonat nebo parylen, jenz bude dale zminén v souvislosti s vyrobou mikrosloupkt
v kapitole 2.

Cilem této prace je tedy Ctenari ukézat moznosti vyroby nanostrukturovanych povrcht
z oxidl kovu jako je oxid titanu, oxid tantalu, hafnia ¢i zirkonia, jak citlivé mizou tkanové
buniky ¢i bakterie reagovat na tyto nanostrukturované povrchy neboli jak jen velmi mald zména
v topografii mize mit zasadni vliv na chovani bun¢k. VSe je namifeno s cilem modulovat
povrchové vlastnosti  materidli majici potencidl v tkanovém inZenyrstvi nebo jako
antibakterialni povrchy. V druh¢ kapitole bude probirana technologie vyroby pole polymernich
sloupkt jako vertikalnich kantilevert a jejich aplikaci v mechanotransdukci.



1 Nanostrukturované povrchy z oxidu kovi

Historicky byla nanostrukturovana pole nanotrubicek, nanosloupkt ¢i nanotecek z oxidi kovt
vyrabéna za ucelem aplikace v oblastech pocinaje od antikoroznich povrchi, samocisticich
povlaki, solarnich ¢lankd, fotokatalyzy ¢i eletrokatalyzy.?! Na druhé strané ziskaly své misto i
v biomedicinskych smérech jako biokompatibilni materidly se zvySenou osteointegraci, jako
systtm pro doruovani 1é¢iv a v pokroGilém tkanovém inZenyrstvi?! Rada
nanostrukturovanych oxidi prokazala dobrou biokompatibilitu, tj. vykazuji urcité
antibakterialni vlastnosti, nizkou cytotoxicitu, dobrou stabilitu a cytokompatibilitu, véetné
zlep3eni adheze, proliferace a diferenciace bunék &i naopak jako antiadhezni povrch (%), a to i
pravé v zavislosti na geometrii pfislusnych nanostruktur a jejich naslednych modifikaci.
Obecné feceno, materidly z Cistych kovil jako napf. hojné pouzivany titan nemaji dostate¢nou
antibakterialni schopnost nebo bioaktivitu, proto zacalo intenzivni studium oxidu titanu a jinych
kovi ¢i kompoziti véetné jejich nanostrukturovani jako moznost vylepSeni vlastnosti povrchu
biomateriala dle specifickych pozadavk.

Z hlediska interakce nanostrukturovanych povrchii s butikami fada in vitro a in vivo
studii prokazala, Ze bunky vcetné kmenovych bunék, osteoblastl aj. vykazuji selektivni
odpovéd’ na délku, primér, tvar a vzdalenost nanotrubicek, nanosloupkt a jinych, topograficky
se odlisujicich struktur.[**! Tyto studie déle pokracovaly v modulaci téchto parametr(i s cilem
optimalizovat vyslednou topografii nanostruktur tak, aby spliiovala pozadovanou funkci. Tim
je mysleno zlepSeni napf. antibakterialnich vlastnosti nebo zlepSena adheze, proliferace,
metabolicka aktivita ¢i diferenciace bun¢k, modulace za ti¢elem snizené nebo zvysené adsorpce
biomolekul atd. Zde existuje nespoCet studii vtomto sméru, nicméné jednoznacné
konstatovani, ktery povrch je nejoptimalnéj$i neexistuje, jelikoz fada praci byla provadéna na
riznych, topograficky odliSnych nanostrukturach, materidlech, liSily se v syntetickych
procesech ¢i bunécénych systémech, a je tedy obtizné srovnat a vyvodit konkrétni zavery.
Chemické vlastnosti materidli, véetné jejich nanostrukturovani v podstaté také souvisi se
smacivosti t&chto povrchdl ve srovnani s nestrukturovanym povrchem.”” ' Zde je vyhoda
v tom, ze pouhou zménou napf. priméru nanostruktury miizeme ménit jeho smacivost, aniz
bychom meénili povrchové chemické vlastnosti. Zde mizeme obecné fici, ze bunky maji
tendenci Iépe interagovat a adherovat s hydrofilnimi povrchy. Dalsi optimalizace povrchovych
vlastnosti nanostruktur miize byt v disledku navéazani rtiznych bioaktivnich latek, jako je
hydroxyapatit zlepsujici osteointegraci implantat.l''! Na druhou stranu bylo také prokazano,
ze napt. samotné nanotrubicky z oxidu titani¢ité¢ho (TiO2) podporuji rist apatitu piirodni cestou
v simulovanych t&lnich tekutinach ve srovnani s ,hladkym* povrchem.['?l Taktéz preména
amorfni formy TiO> na anatdzovou ¢i smés anatasu a rutilu podpofila bioaktivitu TiO»
nanotrubicek.[!]

Z hlediska antibakterialnich vlastnosti, samotné nanostruktury ve srovnani s nestrukturovanym
povrchem vykazuji vice ¢i méné antibakteridlni vlastnosti. Nicméné fada téchto nanostruktur
byla dale modifikovana pro vylepseni antibakterialniho u¢inku.l'3! Na zacatku Ize opét Fict, Ze



samotna geometrie nanostruktur ma vyznamny vliv na interakci s gram pozitivnimi a gram
negativnimi bakteriemi. Dalsi modifikace podporujici antibakterialni vlastnosti zahrnuji napf.
naplnéni TiO2 nanotrubicek antibiotiky, jejichz postupné uvolilovani bylo dosazeno modulaci
jejich priméru a délky.l'¥ Z obecného hlediska lze nanostrukturované povrchy déle dekorovat
nanocasticemi majici antibakterialni vlastnosti. Pfikladem jsou nanocastice zinku, stiibra nebo

(15, 18] Nicméné pokud tyto dekorované povrchy maji byt aplikované jako potencialni

selenu.
biomaterialy, je nezbytnou soucasti optimalizovat a ¢asto tedy najit urCitou rovnovahu mezi
antibakterialnimi ucinky a netoxickymi u€inky na tkanové bunky.

V dalsich kapitolach se zamétime na ptipravu a aplikaci povrchii tvofenych polem nanotrubicek
z oxidu titanu, a dale na ,,nanotyCinky* z oxidu tantalu, hafnia a zirkonia.

1.1 Nanotrubicky z oxidu titanicitého

V poslednich letech byla vytvofena fada rtznych strategii pro piipravu poli nanotrubicek
z oxidu titani¢itého, které lze zhruba rozd¢lit na templatové (tj. za vyuziti Sablony),
hydrotermalni a anodickou oxidaci (Obr. 1 A-D).

Sablonami pro vytvofeni trubi¢kovych struktur mohou byt napf. definovana organizovana
nanostruktura porézniho oxidu hlinitého ¢i jiné Sablony ve form¢ napt. membran, micel, ZnO»
nanodratt apod.['”) Tyto $ablony jsou poté vyplnény riznymi metodami (sol-gel metoda nebo
depozice atomové vrstvy (ALD)) oxidem titani¢itym za vzniku TiO, nanotrubicek.!'¥! Takovéto
kompozitni struktury 1ze pouzit, kdyz je TiO> v/na Sablong, ale nejcastéji je Sablona odstranéna
(selektivné rozpusténa) za vzniku ,,volnych* nanotrubic¢ek nebo trubi¢kového prasku o praméru
10 - 500 nm a délky v nm - um. Na druhou stranu mtize byt Sablona potazena fyzikalni depozici
z plynné faze platinou, stiibrem nebo zlatem a TiO> muze byt elekrodeponovan z prekurzoru.
Tim se ziskaji nanotrubicky stojici na kovovém substratu. Pfistupy bez Sablon jsou zaloZeny na
(1) hydrotermalnich metodach, kde se obvykle ¢astice oxidu titanicitého autoklavuji v hydoxidu
sodném (NaOH) za vzniku nanoplati, které se pak sestavuji do tvaru nanotrubicek, netvoficich
viak pole trubicek, ale ziistavaji ,,volné“.!'”) Timto zplisobem jsou vytvaieny trubicky
spruimérem 2 - 20 nm a délky do nckolika pm. (ii) Vyznamnéji, piiprava pole
samouspofadanych nanotrubicek, které vznikaji elektrochemickou anodizaci kovii jako je praveé
titan, probihd obvykle ve vodnych elektrolytech obsahujici fluoridové ionty. Timto lze vytvaiet
amorfni ¢i krystalické formy nanotrubic¢ek pifimo z kovu o délce 100 nm - 100 um a priméru
10 - 500 nm.%
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Obr. 1 Prehled rizné ptipravovanych nanotrubi¢ek z TiO,: Nanotrubicky TiO» pfipravené (A) hydrotermalni
metodou, (B) pomoci $ablony, (C) anodickou oxidaci a (D) elektrospiningem. Pfevzato a upraveno podle [21].

1.1.1 Elektrochemicka anodizace TiO2 nanotrubicek

Ve srovnani s jinymi metodami ptipravy TiO> nanotrubicek, se ptima anodickd oxidace titanu
ukazuje jako jednoducha technika, pii niz lze kontrolovatelné vytvafet pozadované
nanostruktury s urCitou délkou, primérem, tvaru a mirou uspotradani na zéklad¢ optimalizace
parametrt oxidace, jako je aplikovany potencial, Cas, teplota, pH a slozeni elektrolytu.[22-24]
Diky vysoce organizované struktute trubicek a velkému poméru plochy povrchu viici objemu,
muzou ziskat samouspotfadana pole nanotrubicek z oxidi kovi jedineéné vlastnosti.
Elektrochemicka anodizace je navic nizkonakladovy proces, ktery se neomezuje pouze na titan,
ale mtze byt vhodny 1 pro jiné piechodné kovy vcetné hatnia, zirkonu, niobu, tantalu, vanadu
nebo jejich slitin.[2>-28]

Samouspotradané TiO; nanotrubicky pfipravené elektrochemickou anodizaci jsou nejcastéji
vytvareny pfimo z titanové folie jako zékladniho substratu. Nicméné je mozné vytvaret TiO2
nanotrubicky 1 z titanové vrstvy deponované na jiném, nejcastéji kiemikovém substratu. Miru
uspofadani TiOz nanotrubicek ovliviiuji zhruba tyto dilezité faktory, a tim je (i) vysoka Cistota
Ti substratu nebo mechanické, chemické ¢i elektrolesténi Ti substratu, (ii) aplikované napéti,
(ii1) opakovand anodizace, ktera mize byt dvou- i tfi-krokova a také (iv) pred-texturovani Ti
substratu pied samotnou anodizaci (napt. nano-imprintingem nebo pomoci mikroobrabéni).

Jak jiz bylo naznaceno, nanotrubicky z oxidu titanu lze vytvaret za specificky definovanych
podminek anodické oxidace. Samotny anodicky proces mize predstavovat jednoduchy systém
(1) se dvéma elektrodami, a to titanové folie jako anody a inertni kovové elektrody jako katody,
(i1) elektrolytem obsahujici fluoridové ionty, chloridové ionty, ionty chromu, bromidové ionty
nebo perchlorat; a (iii) stejnosmérnym napajecim zdrojem. Optimalizaci podminek anodizace
a samotné formovani TiO; nanotrubicek muize tedy ovlivnit nasledné aplikace téchto
nanotrubicek, tj. ve smyslu jejich geometrie (velikost, tvar, stupen fadu, krystalickou fazi atd.)
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a jejich fyzikalné-chemické vlastnosti a pouziti v biomedicing.*” Jinymi slovy, kontrolou
parametra elektrochemické anodizace (aplikovany potencial, doba trvani anodizace, sloZeni
elektrolytu, teplota elektrolytu, pH elektrolytu), 1ze vyrobit rizné nanostruktury z oxidu titanu,

200 porézni vrstval®,

jako je rovnomérna kompaktni vrstva oxidu (bez piitomnosti fluoridd)!
neuspoiadané vrstvy nanotrubicek TiO: rostoucich ve svazcich®*”, nebo vysoce organizované
TiO2 nanotrubicky®!! & pokrocilé nanotubularni vrstvy: rozvétvena trubice a bambusova
struktura®?!, dvousténnal*!, nebo dvouvrstval®# struktura (Obr. 2). Obr. 3 zobrazuje snimky z

elektronové mikroskopie piikladi vyse zminénych morfologii nanotrubicek. V soucasné dobé

1ze ziskat pole nanotrubicek z TiO; s primérem v rozmezi od 10 do 500 nm, tloustkou vrstev
35]

v rozmezi od n&kolika set nanometrd do 1000 pum a tloustkou stény v rozmezi od 2 do 80 nm.!

neusporadana usporadand samouspoiadané
porézni struktura porézni struktura nanotrubicky

kompaktni oxid

Obr. 2 Morfologie, které 1ze ziskat elektrochemickou anodizaci kovl - kompaktni oxidovy film, neusporadana
nanoporézni vrstva, uspofadana nanoporézni nebo samouspofadana nanotrubickova vrstva. Pfevzato a upraveno
podle [36].

Obr. 3 SEM snimky anodizovanych vrstev nanotrubic¢ek z TiO, riznymi anodizanimi procesy titanu. A) Vysoce
uspotfadané nanotrubicky TiO,. B) Bambusova struktura nanotrubicek. C) Pfechod od hladkych k bambusovym
nanotrubickdm. D) 2D nanokrajkové struktury. E) Neuspofadané nanotrubicky z TiO,. F) Dvousténné
nanotrubicky. G) Rozvétvené nanotrubic¢ky. H) Dvouvrstvé nanotrubi¢ky se stejnymi nebo dvéma rdznymi
praméry trubicek. Pievzato z [37].
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V procesu elektrochemické anodizace se pole nanotrubicek z TiO» tvoii samoorganizaci oxidu
titanu diky tfem relativné nezdvislym procestim: elektrochemickd oxidace Ti na TiO,
elektrickym polem indukované rozpousténi TiO; a rozpusténi TiO> chemicky za pfitomnosti
nejcastéji fluoridovych ionti. Vznik nanotrubicek 1ze pozorovat v Case, méfenim proudové
hustoty.’¥! V prvni ¢asti dochazi k poklesu proudové hustoty zplisobenému nové vytvorenym
bariérovym oxidem. Ve druhé ¢asti zacind proud opét stoupat vlivem zvétSujiciho se povrchu
anody a vytvareji se pory budoucich nanotrubicek. V posledni fazi proud dosahne ustaleného
stavu a vzniku samouspoiadané vrstvy TiO; nanotrubic¢ek. Vysledné nanotrubicky jsou ve
tvaru pismene V, to znamena, ze vrchni €ast stén je podstatné tenci nez jejich spodni ¢ast (Obr.
4).37]

Obr. 4 SEM snimky TiO; nanotrubicek v polyetylenglykol elektrolytu s fluoridovymi ionty vytvofené opakovanou
anodizaci titanu. a) Horni ¢ast nanotrubic¢ek. b) Rez nanotrubiek uprostfed jejich délky. c¢) Spodni cast
nanotrubicek. Pfevzato z [37].

1.1.2  Vliv anodiza¢nich podminek na pripravu TiO2 nanotrubicek

1. Typ elektrolytu

Slozeni, koncentrace a pH elektrolytu siln¢ ovlivituje délku a primér vyslednych nanotrubicek
za ur€itych anodiza¢nich podminek. Na zdklad¢ pouzitého elektrolytu mize byt vytvareni poli
nanotrubicek v zasadé rozdélen do tfi skupin. Prvni skupinou je pouziti vodnych roztoku
obsahujici kyselinu fluorovodikovou (HF). V HF vodném roztoku elektrolytt, kde je pH
relativné nizké, coz znamena vysokou koncentraci vodikovych iontil, hraje v anodizacnim
procesu dominantni postaveni chemické rozpousténi TiO» indukované fluoridy iontil, ¢imz bylo
dosahnuto nizké uspofddanosti a maximélni délky nanotrubi¢ek okolo 500 nm.*°! Druhou
skupinou je pouziti pufrovanych elektrolytl, ¢imz se napt. dosahlo delSich samouspofadanych
nanotrubicek v fadu okolo 5 um pridanim fluoridu sodné¢ho nebo draselného, a tipravou pH na
slabé kyselé (pH ~ 4,5), popt. neutralni pH.!*" Tteti skupinou jsou polarni organické elektrolyty
jako glycerol, dimetylsulfoxid, formamid nebo etylenglykol obsahujici fluoridové slouc¢eniny
(fluorid amonny NH4F, fluorid sodny NaF ¢i fluorid draselny KF) a malé mnozstvi vody. Pti
vyrobé v téchto elektrolytech bylo dosazeno vysokého poméru délky vs. pramér (L/D)
nanotrubicek, tj. byly syntetizovany samouspotfadané trubicky v rozmezi délek 7 — 130 um a
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priméru od 40 — 160 nm, resp.!*"#?1 Bylo tedy prokazano, Ze nanotrubicky TiO; s vys§§im L/D
mohou byt pfipraveny v polarnim organickém elektrolytu diky spravné kontrole pH elektrolytu
snizujicim chemické rozpousténi oxidu titani¢itého. Kromé slozZeni elektrolytu a pH hraje v
procesu piipravy nanotrubi¢ek obsah vody. Bylo zjiSténo, Ze snizeni mnozstvi vody na mén¢
nez 5% vede k tvorbé dlouhych nanotrubicek a snizeni obsahu vody pod 2% je zarukou k
vytvofeni dobfe organizovanych nanotrubidek z TiO,.[**! Ctvrtou skupinou elektrolytti pak
predstavuji elektrolyty bez ptitomnosti fluoridovych iontl. Tyto vodné elektrolyty jsou tvofeny
napt. kyselinou chlorovodikovou, peroxidem vodiku, perchlorovou kyselinou ¢i jejich smési.[*+
41 Obecné tedy miizeme fici, e optimalizaci sloZeni elektrolytu, obsahu vody, a pH lze
modulovat geometrii vyslednych nanotrubicek, miru organizovanosti ¢i tvorbu jednosténnych

¢1 dvousténnych nanotrubicek.

2. Aplikované napéti

Anodizaéni napéti je kritickym faktorem, ktery ma zasadni vliv na primér trubicek.[*®) Rozméry
nanotrubicek l1ze predpovédét jednoduse pouhym pouzitim vhodného rozsahu napéti zvaného
nap&tové okno.'*”! P¥i nizkém napéti dochazi k tvorbé nanotrubicek s mensimi priméry. Pokud
je napéti ale priliS nizké, vrstva TiO, se stava kompaktni, a nelze pozorovat zadnou
nanotubularni strukturu. Na druhou stranu, pokud je napéti ptili§ vysoké, 1ze ziskat houbovitou
porézni strukturu. Obecné ale plati, ze v urCitém rozsahu aplikovaného napéti je primeér
nanotrubitek umérny napéti.[**) Dale se ukazalo, Ze dany rozsah napéti souvisi také s pouzitym
elektrolytem. Ve vodnych elektrolytech by napét'ové okno mélo byt kontrolovano v rozsahu od
10 do 25 V, pficemz v organickych elektrolytech je mnohem $irSiho rozsahu, mezi nékolika
volty az stovkami volt(.[*®]

3. Doba anodizace

Doba anodizace ovlivituje formaci nanotrubicek predev§im ve dvou aspektech, a to zda viibec
dojde k tvorbé nanotrubicek, a pak v délce trubic¢ek. To znamena, Ze v prvni fazi anodizace se
vytvoii kompaktni film TiO>. Pokud je doba trvani ptili§ kratkd lze misto nanotrubicek
dosahnout pouze neusporadané porézni vrstvy.*”] Se zvysujici se dobou anodizace porézni
struktura postupné roste hloubégji a prechazi na nanotubularni pole TiO,. Pokud jsou ostatni
elektrochemické parametry ponechdny konstantni, bylo pozorovano zvySovani délky
nanotrubicek v pribc¢hu casu, aniz by to mélo vyznamny vliv na primér a tloustku stény

nanotrubi¢ek dokud nedoslo k ustalenému stavu.[*]

4. Teplota elektrolytu

Teplota snizuje rychlost rlstu a kvalitu poli nanotrubicek, jelikoz mé ptimy vliv na rychlost
ristu oxidu, délku a tloustku stény nanotrubic¢ek.l*”) Napiiklad ve vodném elektrolytu bylo pfi
zvySovani teploty pozorovano mirné zmenseni vnitfnich priméri, zatimco vnéjsi praméry
trubicek ziistaly stejné.’!! V nevodném elektrolytu obsahujicim fluoridové ionty bylo napf.
zjisténo, ze vnéjsi primér nanotrubicek je zvétiujici se se zvysujici se teplotou elektrolytu.[*8]
Nicméné Ize fici, ze pro stabilni pole nanotrubicek z TiO: je nejbéznéjsi ptiprava pii pokojové
teplote.
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1.1.3 Modifikace vlastnosti TiO2 nanotrubicek

Vyuziti pole TiO2 nanotrubicek je zejména studovano vzhledem k jejimu
fotoelektrochemickému a biomedicinskému vyuziti. V pritbéhu let doslo k modifikaci téchto
polovodicovych struktur za ucfelem napf. zvySeni rychlosti pienosu elektroni a
fotoelektrochemické aktivity = nebo modifikace za ucelem zvySeni biokompatibility
nanotrubicek.

1. Tepelné zZihani

Krystalickd struktura nanotrubicek a jejich vodivost, ¢i optické vlastnosti zavisi hlavné na
teploté zihani a pfitomné atmosféfe.[’?! Bézné piipravené nanotrubicky z TiO, jsou amorfni
povahy, ale mohou byt Zihany na anatasovou nebo rutilovou fazi nebo na smés obou fazi pfi
specifické teploté. Bylo prokazano, ze amorfni fazi trubicek lze pfevést na anatazovou fazi za
vyssi teploty (nad 300 °C) na vzduchu nebo na smés anatasu a rutilu pfi teplotach vyssich nez
500 °C. Anatasova faze TiO: se jevi jako nejvyhodnéjsi krystalicka struktura s nejlepSimi

jevila jako nejvice biokompatibilni.

2. Dopovani

Dopovanim ionty nebo atomy do miizky TiO>  opét mize piispét ke zlepSeni
fotoelektrochemickych vlastnosti nanotrubicek ¢i vlastnosti vyznamnych pro biomedicinské
aplikace. Nanotrubicky z TiO2 byly dopovany nejcastéji kovy jako je niob, Zelezo, zinek,

54-57

zirkonium a vanad P**71 nebo nekovovymi materidly jako je dusik, fluor, bor, uhlik, sira ¢i jod

[58-60]

3. Povrchové modifikace

Povrchovou modifikaci se rozumi dekorace povrchu nanotrubi¢kovych poli z TiO2 riznymi
nanocasticemi nebo depozici tenkych vrstev materidlu (kovy, polovodice a organicka barviva)
za ucelem vylepseni jejich vlastnosti. Nanotrubicky lze také modifikovat mapt. elektrodepozici
nanodrétki.!®!) Témito modifikacemi se dosahuje napt. zlepseni elektrokatalytickych vlastnosti
TiO2 nanotrubicek a zlepSeni vlastnosti pro biomedicinské aplikace. Ptikladem lze uvést
dekoraci nanotrubitek nanogasticemi stiibral®?l, kvantovymi nanoc¢asticemil®, nanoc¢asticemi
z TiO2 a oxidu wolframového!®* % nebo depozice paladia, oxidu zine&natého, oxidu hlinitého
(ALLO3) pomoci ALD techniky!®¢-68],

1.1.4 Védecké prace v oblasti TiO2 nanotrubicek

V ramci védecké prace jsem se se svymi studenty zameéfila na pfipravu a pfedevsim modifikaci
TiO2 nanotrubic¢ek vzhledem k vylepSeni antibakteridlnich vlastnosti a interakce s tkanovymi
bunkami. V bakalafské praci Katefiny Poldkové byly optimalizovany podminky anodické
oxidace ptipravy nanotrubicek (BP 2016; Studium chovani bunék na nanostrukturovanych TiO:
povrsich) a se studentem Ing. Ondiejem Bilkem jsem se zaméftila predevsim na modifikace

14



TiO, nanotrubicek. Jeho diplomova prace (DP 2017: Priprava a charakterizace TiO:
nanotrubicek dekorovanych stribrem pro biomedicinské ucely) navazovala na poznatky
Katetiny Poldkové, nicméné byla nadstavena elektrodepozici stiibrnych nanocastic na TiO;
nanotrubicky a studiem antibakteridlnim vlastnosti a kompatibilitou téchto povrcha
s tkanovymi bunkami. TiO> nanotrubicky byly pfipraveny pomoci anodické oxidace v
dvouelektrodovém zapojeni a v elektrolytu na organické bazi. V ramci optimalizace podminek
anodizace jsme ziskali nanotrubicky o priméru okolo 60 nm. Nanotrubi¢ky byly poté Zihany
pii 450 °C. Dale byly optimalizovany podminky elektrodepozice stiibra na TiO, povrchy,
s cilem ziskat uniformni nanocastice a pokryti povrchi riiznym poc¢tem nanocastic na plochu.

Poznatky z této diplomové prace student dale vyuzival v ramci svého doktorského
studia. Zde jsme se jako prvni zaméfili na optimalizaci dekorovani TiO» nanotrubicek,
pripravenych anodizaci, chemicky syntetizovanymi nanocasticemi selenu. Optimalizace
dekorovani povrchii na 50 nm TiO; nanotrubic¢ky byla zaméfena na ziskani povrchii s riznym
poctem selenovych nanocéstic na plochu povrchu (Obr. 5). Nanocastice byly o velikosti kolem
80 nm. Povrchy byly déle studovany z hlediska kompatibility s nddorovymi, nenddorovymi a
bakterialnimi bunkami. Vysledek této studie naznaCuje, Ze nanocastice selenu zlepSuji
antibakterialni vlastnosti nanotrubicek z oxidu titani¢itého a potvrzuji protinadorovou aktivitu.
Antibakterialni 1 protinddorova aktivita se zvySovala se zvySujicim se poCtem nanocastic na
plochu. Vedle toho bylo zjisténo, ze vysoky pocet nanocastic na plochu mél zhorSujici se vliv
na bunécnou adhezi a zivotaschopnost nenadorovych bunck, coz mize komplikovat integraci
téchto potencidlnich biomateriali do hostitelské tkan¢. Optimalizace povrchovych vlastnosti
biopovrchti by méla byt tedy nezbytnou soucasti vyzkumu, aby byla zajisténa urc¢ita rovnovaha
mezi kompatibilitou vi¢i tkdnovym bunkam a antibakteridlni aktivitou. Tato prace byla
publikovdna mym studentem v impaktovaném casopise a je uvedena jako soucast této
habilita¢ni prace v kapitole 4 (Clanek 1; Enhanced antibacterial and anticancer properties of
Se-NPs decorated TiO:z nanotube film. PLoS ONE, 2019).

Obr. 5 TiO; nanotrubicky dekorované selenovymi nanocasticemi v rizném poctu nanoc¢astic na plochu. Prevzato
z (Clanek 1:  Enhanced antibacterial and anticancer properties of Se-NPs decorated TiO, nanotube film. PLoS
ONE, 2019).
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Druhé prace studenta Ing. Bilka v této oblasti studia vyuziti TiO> nanotrubicek se
zamgéiila opét na dekorovani nanotrubicek, ale komerénimi nanocasticemi stiibra a studia
antibakterialnich vlastnosti takto piipravenych povrchii. Zde jsme vzali v potaz predevsim vliv
riznych stabiliza¢nich ¢inidel stfibrnych nanocastic (polyvinylpyrolidon, rozvétveny
polyetylenimin, citrat, lipoova kyselina a polyetylenglykol) pti zachovani parametri geometrie
nanotrubicek a velikosti nanocastic. Nase vysledky ukazaly, Ze dekorace nanocasticemi
s ruznym stabilizaénim ¢inidlem hraje dtlezitou roli v antibakterialnich vlastnostech TiO»
nanotrubicek, jelikoz tento synergicky efekt prokéazal rGzny vliv na adhezi a zivotaschopnost
selektovanych G- a G+ bakterii. Tato zjisténi by mohla védcim pomoci optimalné navrhnout
jakékoli povrchy, které maji byt pouzity jako antibakteridlni, v¢etné¢ implantovatelnych
titanovych biomateridli. Prace byla opét publikovana v impaktovaném casopise a je soucasti
této prace v kapitole 4 (Clanek 2; Antibacterial activity of AgNPs-TiOxmanotubes: influence of
different nanoparticle stabilizers. RSC Advances, 2020).

1.2 Templiatova metoda pripravy ,,nanoty¢inek* z oxidu kovi

Jak jiz bylo zminéno, elektrochemicka anodizace se neomezuje pouze na titan, ale mize byt
vhodna 1 pro piechodné kovy jako jsou hafnium, zirkonium, niobium, tantal, vanad ¢i jejich
slitiny. Kromé nanotrubi¢ek z TiO» byly zpohledu studia biorozhrani dale pfipraveny
nanotyCinky z oxidu tantalu, hatnia a zirkonia. Pfedevsim nanoty¢inky z oxidu hafnia a zirkonia
byly jako prvni vyrobené a charakterizované v ramci nasi skupiny, tak jako vliv téchto
nanostruktur na bunécné systémy. Nize bude tedy popséna technologie vyroby téchto struktur.
Z diavodii podobnosti a optimalizace specifickych podminek jak bylo popsano u TiO>
nanotrubicek, nebudou jiz tyto kapitoly popsany vice dopodrobna.

Templatové metody nesouvisi pouze s piipravou nanotrubicek, ale hraji vyznamnou roli
ve vyrobé dalSich nanostruktur, jako jsou nanotecky, nanoty€inky, nanodraty, membrany apod.
Jako Sablona se nejvice pouziva porézni anodickd alumina (PAA nebo také v literatuie
oznacovana jako anodicky oxid hlinity AAO), ktera tvoifi v podstaté¢ jednoduchou, dobie
kontrolovanou a tedy i reprodukovatelnou metodu pro vytvaieni nanostruktur.!” Tento
nanoporézni templat 1ze snadno pfipravit dvoukrokovou anodizaci hliniku za stejnych a
definovanych podminek anodizace. Kromé toho, pfi anodické oxidaci je mozné vytvofit v
jednom procesu jak aluminovou Sablonu, tak zoxidovanou nanostrukturu z jiného kovu ve
stejném elektrolytu (tzv. PAA asistovana anodizace na substratu).[’’! PAA se v podstaté vytvaii
obdobné jako porézni nebo tubularni struktury napt. z TiO, av§ak je méné citliva na parametry
elektrolytu. Napéti a elektrolyt, které jsou pouzity pii vytvaieni aluminové Sablony ovliviiuje
velikost pord. Odstranéni PAA po vyrobé nanostruktur 1ze dosahnout chemickym leptanim
pomoci kyselych nebo alkalickych roztokid. Definované, periodicky uspotfddané nanopory
aluminy tedy poskytuji Sablony pro rist nanostruktur, jejichz primér a délku, stejné jako
vzdélenost mezi dvéma sousednimi strukturami, lze fidit zménou odpovidajicich rozmért
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Sablony, coZ je realizovano zménou podminek anodizace.’!! Vedle toho miiZze byt i samotna
PAA pouzita jako porézni filtracni membrana.

1.2.1 Elektrochemicka vyroba PAA Sablony

Obecné existuji dve rozsifené metody tvorby vysoce uspotfadané Sablony PAA: (1) dvoukrokova
anodizace a (ii) ptred-texturovani povrchu s ndslednou anodizaci hliniku vedoucimu k vysoce
usporadanému uskupeni nanopoért.l’?! Pied-texturovani povrchu hliniku lze provést piimo
pomoci hrotu mikroskopu se skenovaci sondou ¢i mikroskopu atomarnich sil nebo specialnimi
litografickymi technikami, nicméné se jedna o ¢asoveé narocné techniky piipravy PAA. Proto
se pro pred-texturovani hliniku Castéji pouziva litografické¢ techniky pro vyrobu ,razitka“
s definovanou topografii a ta se otiskne do hlinikového substratu (Obr. 6). Razitka jsou obvykle
vyrobena z karbidu kiemiku, nitridu kfemiku nebo niklu.

pred-texturovani anodizace
o _ o
Obr. 6 Vyroba idealné usporadaného anodického porézniho oxidu hlinit¢ho pomoci razitka. Pfevzato a upraveno
podle [72].

Al substrat

plgivnl odstranéni druha
anodizace 0x1du anodlzace
vylesteny Al

Al s konkavnim vzorem

Obr. 7 Dvoukrokova anodizace hliniku za vzniku porézni aluminy. Pfevzato a upraveno podle [72].

Pfi procesu vyroby samoorganizované PAA Sablony dvoukrokovou anodizaci hliniku v
elektrolytu, ktery rozpousti oxid hlinity, se vytvari vrstva oxidu s jedinecnou porézni strukturou
na kovovém povrchu (Obr. 7). Vysoce uspoiadané pory jsou kolmé k zékladné a prochazeji
témef celou tloustkou vrstvy oxidu. Na rozhrani s kovem nicméné roste neporézni bariérova
vrstva, kterd ma obvykle tloustku nékolik desitek nanometrii. Pfi pouziti hlinikového substratu
s vysokou Cistotou a uniformni strukturou, 1ze kontrolou parametra elektrochemické oxidace
dosahnout homogenni distribuce port v hexagondlnim uspofadani. Priméry pora jsou
uniformni; zalezi na oxidac¢nich podminkach a lze jej regulovat v rozmezi od 10 do n¢€kolika
set nanometra. Celkova tloustka vrstvy oxidu je urcena dobou oxidace. Obvykle se pohybuje v
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rozmezi desetin po desitky mikrometrii.’?! Schematicky nakres struktury PAA je uveden na
Obr. 8. Mechanismus procesu anodické oxidace hliniku a vytvareni porézni oxidové vrstvy je
stale predmétem vyzkumu. Predpokladd se, ze porézni struktura je vysledkem dvou
konkurencnich reakci: tvorby Al,Os3 a rozpusténi tohoto oxidu. Oxidova vrstva s porézni
strukturou se ziskd za pouziti roztokl dvojsytnych a trojsytnych kyselin, ve kterych je oxid
snadno rozpousStén (napi. kyselina fosfore¢na, Stavelova, oxaloctova, sirova, chromova).
Porézni anodickou vrstvu lze také ziskat z roztokii mnoha organickych kyselin, zejména
vicesytnych kyselin, jako je kyselina vinna, citronova, sulfosalicylova, maleinova a jantarova.
Tloustka bariérové vrstvy, prumeér port, vzdalenost mezi pory a jejich povrchova hustota, se
znacn¢ liSi v zavislosti na typu elektrolytti, napéti a teploté. Pro dany elektrolyt jsou
geometrické parametry poru fizeny zménou napéti béhem anodické oxidace. Tloustka
bariérové vrstvy a prumeér pora jsou viceméné umeérné pouzitému napéti. Pory majici veétsi
prumér lze ziskat z roztoka kyseliny fosforecné nebo organickych kyselin pfi vysokém

napéti.l’4l
A vzdalenost HiPOL c———
bunka 3 z . 4 mezi p(’)ry 100V 200V
Q—P H,C204 (e
H L 30V 8oV
T H;S04 @
15-25V
Al O, porézni oxidova
Vl.stva ] 50 100 150 200 250 300
C Primér poru (nm)
| * . l ....... H3;PO,
4 100V 200V
bariérova
vrstva H2C204 (S ]
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Obr. 8 (A) Schematické zndzornéni struktury PAA piipravené elektrochemickou oxidaci Al. (B, C) Vliv
elektrolytu (kyselina sirova H»>SOs, Stavelova HoC,04 a fosforecnd H3POs4) na primér porG a mezipoérovou
vzdalenost pii uritém napéti. Pfevzato a upraveno podle [71, 72, 74].

1.2.2 Priprava ,,nanotyCinek* PAA asistovanou anodizaci

Jak jiz bylo zminéno, Sablonu z PAA a vytvafeni nanotecek az po riizné veliké nanotyCinky

zoxidl kovl lze realizovat souCasné¢ vice-krokovou anodizaci na substratu. Klicovym

parametrem pro dosazZeni ,,nanoty¢inek* je pouzité napéti a také Cas potiebny k priirazu spodni

bariérové vrstvy aluminové Sablony. Obecné Ize fici, Ze se zvySujicim se napetim roste prumér
2

pora Sablony a nasledné dal$im zvySenim napéti ¢i regulaci Casu anodizace Ize ovliviiovat
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vyslednou velikost ,, teCek ¢i ty¢inek*. Teplota pii procesu by se méla pohybovat pod 25 °C.
NiZz8i teplota totiz zajist'uje veEtsi stabilitu vysledné struktury. Zavérem muizeme konstatovat, ze
vytvareni nanostruktur pomoci PAA Sablony, tzv. bottom-up technikou, je ovlivnéno pouzitym
elektrolytem, teplotou, napétim a ¢asem anodické oxidace. Jde o jednodussi piistup vyroby
nanostruktur, nevyzadujici zadné nakladné procesy a techniky, jako v ptipadé top-down technik
s pouzitim ruznych litografickych metod (elektronova, iontova atd.).

Anodickou oxidaci pfipravy vysoce usporadané struktury ,,nanoty¢inek* na substratu
pomoci PAA $ablony Ize obecné znazornit na ptikladu TiO2 nanoty¢inek (Obr. 9).I°! Oxidace
probihala v elektrolytu tvofeném kyselinou $tavelovou pii chlazeni na 10 °C. Aluminova
porovita Sablona byla vytvarena pii napéti 40 V. Poté bylo napéti zvySeno na 80 V, aby doslo
k priirazu bariérové vrstvy na dné aluminy. Po nariistu nanotyCinek byla aluminova Sablona
odleptana ve smési oxidu chromového, kyseliny fosfore¢né a vody. Piipravou TiO2 nanotyc¢inek
se ve své¢ diplomové praci také zabyvala studentka Katetina Poldkova (DP 2016: Studium
chovani bunék na nanostrukturovanych TiO: povrsich).

Porézni oxid hlinity TiO, nanotyCinky

500 nm

TiO, nanotyCinky

hlinik

Si02
Kfemikovy substrat

Sio2
Kremikovy substrat

(b) ()

Obr. 9. Priprava nanoty¢inek z TiO, anodickou oxidaci za pomoci PAA Sablony na kfemikovém substratu.
Ptevzato a upraveno z [75].

1.2.3 Veédecka ¢innost v PAA asistované anodizaci

Elektrochemické anodizace procesu tvorby ,,nanoty¢inek* z oxid kovii pomoci PAA Sablony
se neomezuje pouze na titan, ale miize byt vhodny i pro jiné ptechodné kovy jako je hafnium!>),
zirkonium!”®!, niobium[26], tantal[27], vanad!’"! nebo jejich slitiny!’®]. Nejenomze tada t&chto
kovi je biokompatibilnim materidlem vyuzivanym v biomediciné, jejich strukturovdnim a
vytvafenim jejich oxidl lze mimikovat komplexni bionanostruktury a vylepSovat jejich
vlastnosti pro specifické aplikace vzhledem k neoxidovanym a nestrukturovanych kovovym
materialim. V posledni dob¢ se biologicky souvisejici aspekty nanomateridlovych aplikaci
zam¢fily na bioseparaci, pro dorucovani 1é¢iv a vyvoj novych pokrocilych bioimplantitovych
materiald. Z posledné zminéného vychézely dalsi védecké prace, které byly zaméteny na PAA
asistovanou anodickou oxidaci organizovaného pole ,,nanoty¢inek z oxidu tantalu, hafnia a
zirkonia, jez byly nésledné otestované z hlediska jejich biokompatibility a antibakterialnim
vlastnostem. N&§ zajem piedevSim vychazel z faktu vlivu topografie nanostrukturované¢ho
povrchu na bunééné systémy ve srovnani s ,,nestrukturovanym® povrchem.
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Vyroba a biorozhrani nanotycinek z oxidu tantalu

Ackoliv je titan a TiO2 v poslednich letech nejvice prostudovanym materidlem, v posledni dobé
se do poptedi dostavaji 1 vzacnéjsi kovy veetné tantalu a jeho oxidu, ktery mize slouzit jako
alternativni materidl pro implantaty nebo jako povlak, vzhledem k jeho vynikajicim
antikoroznim vlastnostem a dobré biokompatibilit¢. My jsme se zaméfili na vyrobu samo-
organizované¢ho filmu ,nanotyCinek” z oxidu tantalu (Ta;Os) pomoci elektrochemické
anodizace Al/Ta vrstvy na kfemikovém substratu (Obr. 10A). Nejsvrchnéjsi vrstva hliniku byla
prvné anodizovana pii pokojové teploté v kyselin€ sirové za vzniku porézni aluminy, obsahujici
samoorganizovanou porézni strukturu dosahujici k vrstvé tantalu. Pfi stejném potencialu
nasledn¢ dochazelo 1 k oxidaci tantalové vrstvy. Poté byla vrstva re-oxidovana, pficemz
vznikajici oxid tantalu piekonal bariéru porézni aluminy a prostoupil do jejich pora.
V zévislosti na slozeni elektrolytu a hodnoté anodizacniho a re-anodiza¢niho napéti byla
regulovana velikost nanoty¢inek. Porézni alumina byla odstranéna v horkém roztoku kyseliny
chromové a kyseliny fosforecné. Timto zplisobem byly vytvoieny ,,nanotyCinky* z oxidu
tantalu o priméru 10, 20 a 40 nm. Cilem bylo nésledné studovat, zda tyto rozdily v geometrii
tyCinek ma vliv na chovani bun¢k. Nase vysledky mohou pfispivat k lepSimu porozumeéni
biorozhrani mezi zivo¢iSnymi buitkami a nanostrukturovanymi povrchy z oxida kovd, a jejich
uplatnéni v tkanovém inzenyrstvi. Tato prace byla publikovana v impaktované Casopise a je
soudasti této habilitaéni prace v kapitole 4 (Clanek 3: Tuning the response of osteoblast-like
cells to the porous-alumina-assisted mixed-oxide nano-mound arrays, Journal of Biomedical
Materials Research - Part B Applied Biomaterials, 2018).

Vyroba a biorozhrani nanotycinek 7 oxidu hafnia

Dalsi ze zajimavych materialt, ktery byl studovan, byl oxid hafnia (HfO2). Hafnium (Hf) je
prechodny kov, podobné jako titan nebo zirkon. Hafnium mé vybornou mechanickou odolnost,
je termostabilni, tvrdy a vysoce biokompatibilni kov. Dosavadni vyzkumy, které byly
publikovany, pracuji pouze s ¢istym hafniem, a to in vivo (tj. jeho implantaci do zivych zvirat)
nebo se studuji jeho antikorozni vlastnosti v biotekutinach. Vice Casto se mizeme setkat se
studiem hafnia jako soucasti slitin titanu, tantalu nebo niobu. Doposud byl oxid hafnia
syntetizovan riznymi metodami ve formé nanoporéznich filma ¢i nanotrubicek. V této praci
jako prvni pracujeme s nanotyCinkami z oxidu hafnia, o vySce ~250 nm a priméru mezi 200
-350 nm (Obr. 10B). Nanoty¢inky byly ptipraveny metodou elektrochemické anodizace
pomoci porézni aluminy obdobné¢ jako v pfipad€ nanostruktur z oxidu tantalu. In vitro interakce
strukturovaného a nestrukturovaného povrchu oxidu hafnia s butkami MG-63 (osteoblastova
linie) a Gram-negativnimi bakteriemi E. coli byla studovana poprvé. Soucasné poznatky
prohlubuji znalosti biologickych procesi na biorozhrani zivych bunék/oxidu kovu,
vychézejicich z role povrchové chemie a morfologie povrchii. Prace opét byla publikovana
v impaktovaném &asopise a je uvedena v kapitole 4 (Clanek 4: Anodic formation and
biomedical properties of hafnium-oxide nanofilms, Journal of Materials Chemistry B, 2019).
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Vyroba a biorozhrani nanotycinek 7 oxidu zirkonia

Biokeramika na bazi ZrO, se dnes aktivné zavadi do komercniho vyuziti diky své vynikajici
stabilité¢, antikoroznim vlastnostem a biokompatibilit¢. Strukturovani keramiky z oxidu
zirkonia v nanoméfitku muze dale vylepSit jejich uzitecné vlastnosti. Pfiprava vysoce
organizovanych nanostruktur ZrO» prostfednictvim anodizace vrstvy zirkonu pomoci porézni
anodické aluminy vedla k vyrob¢ tfi typt nanostruktur vy¢nivajicich nad tenkou vrstvu oxidu,
a lisicich se tvarem, velikosti, rozestupy a hustotou (struktury byly oznaceny jako nanotecky (~
70 nm), nanosloupky (~ 150 nm) a nanopatezy (~ 250 nm)). Tyto nanostrukturované povrchy
byly srovnavany k ,nestrukturovanému® anodickému filmu ZrO> ve smyslu interakce
s tkanovymi bunkami a tedy jako potencialni biomaterial (Obr. 10C). Prdce je momentdilné
v procesu zaslani do casopisu k jeho posouzeni, a je soucasti jako manuskript v kapitole 4
(Clanek 5: Nanostructured ZrO: bioceramic coatings derived from the anodically oxidized
Al/Zr metal layers).

%5V (10 nm) 3=

500 nm ; 500 NM w— 1um

B nanotyc¢inky oxidu hafnia nanoty¢inky oxidu hafnia s bunkami

o nanoty¢inky z oxidu zirkonia rizné geometrie

Obr. 10 SEM mikroskopie nanostruktur z oxidu tantalu (A), hafnia (B) a zirkonia (C). Pfevzato viz kapitola 4
(Cléanek 3,4,5).
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2 Mikrostrukturované povrchy z polymert

Polymerni mikro- a nanosloupky, a to pfedevsim s vysokym ,,aspect ratio*“ (AR; pomér vysky
k priméru sloupku), s definovanou geometrii nabyly vyznamu v fad¢ aplikaci, véetné¢ modulace
smacivosti povrchl, dorucovani 1é¢iv, vytvareni biomimetickych povrcht (gekon, lotosové
listy aj.), jako substraty pro méfeni bun&ené sily, ¢i jako MEMS aktudtory.[?-83 Nabizeji
vyhody, jako je velka povrchova plocha, dobra linearita odezvy v mechanické transdukci a efekt
povrchové topografie. Rada polymert je také transparentnich, poddajnych a biokompatibilnich
a/nebo biologicky odbouratelnych, coz opét nese vyhody pro specifické aplikace. Navic,
polymery jsou levné, coz je velmi zZadouci pro nizkonékladové aplikace.

Sloupky s AR hodnotou vys§i nez 10 byly vyrobeny pro tvrd$i materidly, vcetné
kovovych a uhlikovych. 34861 Vyzvou viak ziistidva vyroba polymernich sloupkd s vysokou AR
hodnotou a vysokou hustotou jejich distribuce na povrchu substratu. Polymerni sloupky s
vysokym AR (az 15) byly vyrobeny pomoci litografickych technik s rozméry struktur v rozmezi
desitek az stovek mikrond.®” 8] Pokud se rozméry struktur snizi na stovky nanometrii a zvysi
se hustota usporadani, vysoké a husté uspotadané polymerni nanosloupky mutizou mit tendenci
ke kolapsu, pfedevsim u ,,mek¢ich* polymert jako je polydimetylsiloxan (PDMS). A pravé
PDMS je nejcastéji pouzivanym materidlem ve vyrob& pole sloupkl pro méteni bunécné sily,
o které¢ budeme nize dale mluvit. PDMS polymerni sloupky s vysokym AR maji tendenci
kolabovat z divodu pomérné nizkého Youngova modulu pruznosti, velké povrchové adhezni
sile mezi sousednimi sloupky a vznikaji problémy pfi soft litografii v rdmci de-moldingu, tj.
odlupovani polymernich struktur od $ablony.!% %"

I kdyz existuji relativné jednoduché zplisoby vyroby sloupkli v mikroskopickém
méfitku, k vyrobé sloupkovych poli s vysokou hodnotou AR a prostorovou hustotou s rozmeéry
v nanom¢éfitku se pouzivaji pokrocilé vyrobni techniky. Obecné lze ale fici, ze vyroba je vzdy
spojena s pouzitim litografickych technik. V nasledujici ¢asti si uvedeme nékolik nejbéznéjsich
piikladi  vyroby ohebnych sloupkovych poli zPDMS polymeru pro aplikace
v mechanotransdukci, tj. jako flexibilni substrat pro méteni sily generované zivymi bunkami,
kde vertikalni sloupky funguji podobné jako horizontalni kantilevery (,,jazycky*). PDMS je
pomérné dost ,,mékkym* polymerem (napi. pomér sitovadla a monomeru 1:10 vytvrzeného pti
65 °C po dobu cca 12 hodin dava Youngltv modul kolem 2 MPa), a vyroba sloupkii s vysokym
AR a hustotou je pomérné¢ komplikovand v rdmci Casto pouzivanych tzv. ,replica molding
technik*, jelikoZz je obtizné ho odloupnou od $ablony.®!! Nicméné& tyto techniky i pfesto
umoziuji vyrobu PDMS mikrosloupkll riizné tuhosti, a to modulaci AR hodnoty, geometrie,
UV svétlem ¢i stupném polymerace.
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2.1 Vyroba PDMS sloupki

»Replica molding® je Casto brana jako zlaty standard pro vyrobu poli mikrosloupkt. Pti této
technice se do Sablony s pozadovanou geometrii a rozméry struktur odlije polymer a po
vytvrzeni polymeru se vysledné pole sloupkt odloupne od Sablony. I kdyz jsou zakladni
principy protokoli pro ,,replica molding* v publikované literatufe podobné, existuji riizné
techniky pro vyrobu $ablon sloupk.[*?

a) Standardni postup vytvareni Sablony byl pouzit v literatufe pro vyrobu mikrosloupkt s
rozméry v rozmezi od 2 do 10 um v praméru a 3 um az 50 pm na vysku a vzdalenosti mezi
sloupky az 9 pm; tj. s nizkou hodnotou AR a prostorovou hustotou sloupki.”>-*3! Piikladem
muze byt vyroba Sablony z negativniho SU-8 fotorezistu deponovaném na kiemikové desticce,
do néhoz se pomoci fotolitografie vytvoii diry dle pfisluSného motivu masky s naslednym
procesem vyvijeni. Hloubka litografického procesu je v podstaté limitovana vinovou délkou
ozateni a tloustkou fotorezistu. Nasledné je PDMS nalit na sloupy z SU-8, vytvrzen a odloupnut
za vzniku Sablony. Tato Sablona je oSetfena povrchovou oxidaci v plazmé a silanizovana ve
vakuu, aby se usnadnila snadna separace PDMS sloupkti od Sablony. Poté je opét PDMS nalit
na Sablonu, odplynén ve vakuu, vytvrzen a odloupnut. Obr. 11 znazornuje schéma typického
,replica molding® procesu.

PDMS
vytvrzovani

UV maska

U Uil
l-]— esist

@ 111t (iv) '

kiemikovy (V)
substrat )
PDMS liti

(i1)
vyvijeni (vi)
PDMS
vytvrzovani
(i) (vi)
pole sloupki

PDMS liti

Obr. 11 Vyroba mikrosloupkd pomoci ,replica molding* techniky. (i) Vytvafeni obrazcti pomoci fotomasky na
fotorezistnim materidlu (napt. SU-8) prostiednictvim fotolitografie; (ii) vyvijeni fotorezistu; (iii) odlévani PDMS;
(iv) vytvrzovani PDMS; (v) druhy odlitek PDMS; (vi) vytvrzeni PDMS a (vii) finalni sloupkové pole. Pievzato a
upraveno podle [92].
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b) ,,Replica molding* proces byl také pouzit k ziskani mikrosloupkti o vyssi AR a prostorové
hustoté (napf. o rozmérech od 1 um do 2 pum v priiméru, 3 um az 8 wm na vysku a vzdalenosti
sloupkti od 2 pm do 4 pm).*® 71V t&chto studiich byla vytvoiena negativni §ablona, pomoci
kontaktni fotolitografie dle designu fotomasky, s pozadovanym vzorem a hloubkou na
kiemikovych destickach procesem hlubokého iontového leptani (DRIE, Bosch proces). Po
silanizaci Sablony byl PDMS vylit, vytvrzen a odloupnut od této Sablony (Obr. 12).

design fotomaska

mikropilart R :
ﬂ ] UV litografie a DRIEV 7
vyvijeni

leptani

Si substrat
s fotorezistem

silanizovany Si substrat PDMS liti a odloupnuti PDMS
s vyleptanymi sloupky vytvrzeni mikrosloupkt od
substratu

Obr. 12 Vyroba PDMS sloupkti pomoci ,,replica molding™ metody a DRIE leptani. Pfevzato a upraveno podle
[98].

¢) Dalsim piikladem vyroby sloupk, a to i v nanoméiitku je imprinting nanolitografie.””! Tato
technika vyuziva fadi piistupli vyroby sloupkti. Na Obr. 13 je znazornéna imprinting litografie
indukovana teplem a UV zafenim, pficemzZ je nutno brat v potaz vlastnosti polymeru, jako
termoplastické ¢i UV vytvrzovaci polymery, resp. Jako piiklad zde uvedu vyrobu nanosloupkt

1001 pozadovana silikonovd Sablona byla vyrobena standardnim

z polykarbonatu.!
fotolitografickym procesem a DRIE leptanim, jak jiz bylo zminéno vySe v bod¢ b). Tato Sablona
byla chemicky oSetiena silanem pro findlni odlepeni polymeru. Otisk Sablony byl proveden
pomoci nanoimprinteru po naneseni substratu na Sablonu, v tomto piipad¢ polykarbonatu o
urcité tloustce v fadech stovek mikrometra. K otisku doslo pii 180 °C a tlaku 6 barti po dobu
20 minut. Poté doslo k vychladnuti vrstev na 80 °C a bylo provedeno odloupnuti polymeru od

Sablony.
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Na zavér je také nutné zminit, Ze ackoliv s rozvojem technologii existuje celd fada vyroby
mikro- a nanosloupkl z polymernich materiali, tyto sloupky Ize dale modifikovat pro
specifické aplikace. Napiiklad je 1ze modifikovat ptidanim magnetickych nano¢astic!!°!! nebo

nanodratki z kobaltu®, povrch téchto sloupkii 1ze dekorovat pomoci proteinti &i zlatem!!'%%,

Teplem indukovana UY'iﬂdl.lk(.)Vané
imprinting litografie imprinting
litografie

Sablona Sablona
| termoplasticky polymer | UV-vytvrzovaci polymer

zahfivani otisknuti

f

vystaveni UV svétlem

otisknuti
_
ochlazeni odloupnuti
odloupnuti

|

Obr. 13 Vyroba polymernich mikro- a nanosloupkii metodou UV- a teplem indukovaného imprintigu. Pfevzato a
upraveno z [99].

2.2 Védecka ¢innost v oblasti vyroby polymernich mikrosloupkii

V této Casti prace se zaméiim na vyrobu ohebnych mikrosloupkli z parylenu C a jejich
povrchovou dekoraci tenkou vrstvickou oxidu kiemicitého (SiOz). Tyto sloupky byly navrzeny
pro biofyzikalni aplikaci v oblasti mechanotransdukce, tj. k méteni sily generované buiikami.

Sila generovand bunkou (tzv. trakéni sila) vlivem plsobeni riznych fyzikalnich a
biochemickych podnéti je zndmy jev, tak jako studie méfeni této sily pomoci ohybu
polymernich mikro-/nanosloupkii, nej¢astéji vyrobenych z PDMS polymeru. Tyto mechanické
sily v podstat¢ hraji zasadni ulohu v bunééném vyvoji, interakci bunek s okolim, v diferenciaci
kmenovych buné&k, za patologickych stavii véetné aterosklerézy, rakoviny atd.’* 1031 Mgyit
pfesné trakéni silu bunék v redlném Case je docela slozité. Méteni pomoci ohybu flexibilnich
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sloupkti se zd4a byt uritym pfiblizenim a feSenim. Mikro- a nanosloupky jsou vertikalni
adaptaci horizontalnich kantilevra neboli jazycki, které jsou modifikovany bilkovinami tak,
aby v podstaté tvofily substrat pro adhezi bun&k.['° Buiiky mohou adherovat a migrovat na
povrchu sloupkii plisobenim taznych laterarnich sil, jez jsou vysledkem interakce bunécéného
cytoskeletu ptes fokalni kontakty a povrchu substratu (sloupkit). Tato sila ma za nasledek ohyb
sloupku, ktery se chova v podstaté jako pruzina. V ramci usnadnéni a na zakladé parametri
sloupkti, tj. definovanim poméru délky a priméru sloupkli (L/D nebo také AR pomér) Ize
spocitat jejich konstantu pruznosti a vyslednou silu na zakladé Hookova zakona [1%%:

3 rt
F=k x A = ZTL’EF X A6,

kde F je sila, kje konstanta pruznosti a A§ je mira ohybu sloupku, £ je Younglv modul
polymeru, L je délka sloupku a 7 je jejich polomér. Trakeni sily bunék jsou podélné, a miizou
byt velmi slabé, v tadech pN az uN. Vyhodnoceni této sily se provadi analyzou
mikroskopickych obrazi, pfi¢emz u sloupkt s riznym L/D pomérem a Youngovym modulem
polymeru, se bere v potaz linearni platnost Hookova zakona. Nicméné¢, z praktického hlediska
se ur¢itym zpusobem zanedbava napt. mozné smykové napéti na sloupcich a vliv tohoto stresu
a ohybu sloupkt na zakladni substrat (membréanu), na kterém jsou sloupky ukotveny (Obr. 14).
Pokud vezmeme v ivahu nejcastéji vyrabéné sloupky z mékkého PDMS polymeru, a tedy i
membrany z PMDS jako jednoho celku a velmi nizky AR pomér sloupku, je vhodné urcita fakta
brat v uvahu a provést moznou korekci. Proto je nasnadé vyrabét sloupky s vysokou hodnotou
AR, kde smykové napéti a vliv deformace membrany na vyslednou silu je nejmensi.
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Obr. 14 Mikrosloupky a butika s fluorescenéné znacenou bunéénou membranou (A). Ohyb mikrosloupku vlivem
sily kolmé k ose sloupkti (B). Schéma ohybu, smykového napéti a deformace membrany vlivem puisobeni sily
kolmé k ose mikrosloupki (C). Pfevzato a upraveno podle [106].
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Ze simulac¢nich vysledka provadénych na PDMS mikrosloupcich, s L/D pomérem od 0.1 do
10, bylo zjisténo, Ze u vysokych hodnot L/D je dominantni ohyb sloupkt. Naopak u nizkych
hodnot dominuje smykové napéti sloupkti. Okolo hodnoty L/D 1 se také projevuje nejvétsi vliv
deformace podkladové membrany. Tento prispévek membrany, tak jako smykové napéti
sloupkil nezanedbatelné zkresluji vyslednou métenou silu (az do 40%), coZ se téméf vzdy ve
studiich zanedbava. To znamend, ze Hooklv zakon by mél byt doplnén o korekéni faktor, jehoz

hodnoty pro PDMS material, L/D pomér a Poissonovu konstantu byly vypocteny v publikaci
[106]:

F = kor. Xkohyb X AS

Poptipadé je 1ze odhadnout z grafu Obr. 15 (demonstrovano pro Poissonovu konstatu 0,45).
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Obr. 15 Snimek ohybu mikrosloupki bunkou zachycenym elektronovym mikroskopem (vpravo). Korekéni
faktor uplatiiovany pro ohyb mikrosloupkt z PDMS (vlevo). Pfevzato a upraveno podle [106].

Pfi méfeni bunécné sily na flexibilnich sloupcich se ve velké mife provadi
mikrokontaktni tisk bilkovin.”®! Tato metoda umoznuje ,.tisknout* na povrch sloupkii bilkoviny
podporujici bunéénou adhezi a dalSim chemickym modifikovanim stran sloupki se dosahuje
adheze bunék ,,pouze* na povrchu sloupkt, a tim i pfesnéjsi méfeni sily generované bunkou.
Z praktického hlediska je to krok vyzadujici litografii pro vytvotreni PDMS razitka, pficemz se
poté necha razitko kratce inkubovat s bilkovinami a nasledné se otiskne na kyslikovou plazmou
aktivovany povrch pole sloupktl. Z hlediska metodiky mize byt neptesny, nekontrolovatelny a
nereprodukovatelny, jelikoz tisk vyzaduje aplikaci urcité sily, coz mize zptusobovat kolaps
struktur razitka i sloupkti. Déle, ne vzdy vSechny bilkoviny lze tisknout. Tisk je ¢asto omezen

jen na bilkoviny, které 1ze sorbovat na hydrofobni povrch PDMS a tisknout se na povrchy
hydrofilni.l!%7)
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Z dalsiho pohledu aplikace téchto PDMS sloupkil pro méteni bunécné sily vyplyva, ze
by bylo vhodné vyrabét sloupky s vysokou hodnotou AR a s vysokou hustotou sloupki, coz
z pohledu PDMS polymeru je problematické i ptesto, Ze Ize zvysit tuhost PDMS pomoci UV

[198] Navic, vytvofit gradient tuhosti z PDMS je limitovano a pokud by

zéfeni €1 polymerizaci.
se méla meéfit sila bunck na zaklad€ rizné tuhosti substratu, za konstantnich podminek AR
hodnoty by nemusela pokryvat velky rozsah tuhosti biologického materidlu véetné tvrdych
kosti. Proto je dobré hledat dalsi biokompatibilni polymery, které by mohly poskytovat tuzsi
substrat a vyrabét se s vysokou hodnotou AR a nejlépe na pevném substratu, kde by se

neuplatiovala deformace membrany.

Ve védeckém piispévku v této oblasti, ktery je financovan GACR agenturou v ramci
juniorského vyzkumu uchazecky, pfichazim s alternativnim pfistupem vyroby sloupkti pro
méieni bunécné sily, na rozdil od bézné vyrabénych PDMS sloupkil. V praci jsme se zaméfili
na ,,top-down* vyrobu vysoce uspotadané¢ho pole mikrosloupkti z parylenu C, dekorovanych
tenkou vrstvou SiO; na povrchu sloupkt, a stojicich na kiemikovém substratu. Sloupky byly
vyrobeny s vysokou a niz§i AR hodnotou 6 a 3,5 a konstantou pruznosti 4.7 uN um 'a 28 uN
um~!, resp. Pispévkem této prace je jednak moZnost vytvofit sloupky spomémé vyssi
hodnotou AR a eliminovat piispévek deformace polymernich membran vlivem ohybu sloupkai,
jelikoz naSe sloupky stoji na pevném kiemikovém substratu. Déle, SiO> vrstva umoznuje
kovalentn¢ vazat jakékoliv adhezivni bilkoviny a nemusi se vyrabét PDMS razitko pro
mikrokontaktni tisk téchto bilkovin. Parylen C je polymer s n¢kolika ndsobn¢ vyssi hodnotou
Youngova modulu, coz by mohlo umoznovat vyrabét sloupky ve velkém rozmezi AR hodnot,
a ve vysledku mtze poskytovat i tuzsi substrat pro buniky ve srovnani s PDMS. Detaily této
prace, ktera byla publikovéna v impaktovaném Casopise, 1ze najit jako soucast této habilitacni
prace v kapitole 4 (Clanek 6: SiOs-decorated Parylene C micropillars designed to probe
cellular force, Advanced Materials Interfaces).
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3 Perspektiva uchazece

Pedagogicka perspektiva

V tomto sméru bych rada, po diskuzi s garantem, 1 naddle inovovala piednasky a cvi€eni
k pfedmétu Elektronika a biosenzory (BSN). Mym cilem je obohatit ptednasky o moderni
trendy v této oblasti, véetné technologickych ptistupti vyroby mikrofluidnich MEMS a lab-on-
chip systémt, jejich bioaplikace a tim udé€lat pfednasky studentiim zazivnéjsi, a z mého pohledu
mnohem zajimavé¢js$i. V ramcei akreditace nového oboru na FEKT, ktery za¢ne probihat
v dohledné dobg, jsem se také stala garantkou anglické verze BSN: Electronics and Biosensors.
I nadéle planuji se aktivné podilet na vzdélavani studentll v ramci bakaldiskych a
diplomovych praci. V tomto roce také mam uspésn¢ dokoncené¢ho Ph.D. studenta (Ing. Ondfej
Bilek) a jeden student, ktery momentalné pro mé pracuje na pozici technického pracovnika,
nastoupi v akademickém roce 2021/2022 na doktorské studium (Mgr. Zuzana Koselova).

Védecka perspektiva
Zde bych nastinila n€¢kolik vizi do budoucna tykajici se mé védecké prace:

1.V ramci svého GACR projektu (Mapovani trakéni sily bunék) budu nadale rozvijet toto

zajimavé téma predevSim v ramci vyrobniho procesu a zajimat se o limitace a vyhody vyroby
nami navrhnutych sloupki. Urcitym cilem je vyrobit tyto sloupky v nanométitku s vysokou AR
hodnotou. Dale bych rada pokraCovala v bioaplikacich téchto sloupkii, na nichz usilovné

2.V ramci nové piijatého MVCR projektu na FEKT VUT na detekci SARS-Covid se budu
podilet se na feSeni tohoto projektu jako ¢len tymu, tak jako manazer tohoto projektu.

3. Dale budu pokracovat v charakterizaci biorozhrani nanostrukturovanych povrchti z oxidu
kovti. Chtéla bych se zaméfit na nanostrukturované povrchy z oxidu kovii dopovanych dalsimi
materidly vyznamnymi pro piedevSim biomedicinské aplikace. V souCasnosti pracujeme
s kolegou Dr. Mozalevem na myslence dopovani zirkoniovych nanostruktur selenem.

4. Poslednim tématem mého zajmu jsou biosenzory. JiZz v soucasnosti s Mgr. Zuzanou

Koselovou rozvijime téma enzymového biosenzoru s impedancnim pievodnikem a vlivu
adsorbovanych nanocéstic na povrchu elektrody na vyslednou odezvu.

Celkové bude ale mym hlavnim ukolem snaha pro ziskdvani novych projektd, a to nejen
tuzemskych, ale i evropskych.
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Zavér

Prace shrnuje teoretické a experimentdlni poznatky uchazeCky zaméfené na vybrané
nanostrukturované povrchy z oxidu kovii (oxid titanu, oxid tantalu, oxid hafnia a oxid zirkonia)
a jejich biomedicinskou aplikaci. V druhé ¢asti se autorka zaméfuje na vyrobu flexibilnich
polymernich mikrosloupku a jejich biofyzikalni aplikaci jako substratu a senzoru pro méteni
sily generované buiikami.

Prvni dvé publikace jsou vénovany vyrobé TiO, nanotrubi¢ek dekorovanych

nanocasticemi selenu a sttibra. I kdyz bylo prokazano, ze TiO> nanotrubicky vykazuji v urcCité
mife antibakterialni vlastnosti, v synergickém plisobeni se selenovymi nanocasticemi byla
antibakterialni aktivita nékolikanasobné zvysSena. Taktéz doSlo ke snizené adhezi a mnozeni
nadorovych bunék. Ackoliv selenové nanocastice byly prezentovany v fad¢ publikaci jako
netoxické vic¢i nenddorovym bunkdm v Sirokém rozsahu koncentraci, v kombinaci
s nanotrubi¢kami byla zpozorovana snizena adheze a mnoZzeni pfi vyS$im poctu nanocastic na
plochu pole nanotrubicek. Z hlediska vyvijeni pokrocilych funkénich materidlti pro tkanové
inZzenyrstvi je toto informace nutnosti optimalizovat parametry nanotrubi¢ek a nanocastic,
véetné poctu nanocastic na plochu, k vybalancovani jejich antibakteridlniho ucinku,
protinadorového ucinku a zaroven nebyt toxicky vii¢i nenadorovym bunkam.
V druhém piipadé byly nanotrubicky dekorovany nanoc¢asticemi stiibra s riznym stabilizacnim
¢inidlem. V naSem pfipad¢ to byl polyvinylpyrolidon, rozvétveny polyetylenimin, citrat,
polyetylenglykol a kyselina lipoova. K této praci vedla fada podnéti; Casto v podobné
zam¢eienych publikacich s vyuzitim  antibakteridlnich nanocastic se nefeSilo stabilizacni
¢inidlo. Proto jsem se se svym studentem zaméfila na antibakteridlni aktivitu TiO;
nanotrubicek dekorovanych riznymi stfibrnymi nanocasticemi vici gram pozitivnim a gram
negativnim bakteriim. Ukézali jsme, ze stabiliza¢ni ¢inidlo nanocastice hralo dilezitou roli v
antibakteriadlnich vlastnostech takto dekorovanych nanotrubi¢ek. Pro detailnéjsi studium je
nicméné¢ nutné dale zhodnotit rizné pocty nanocastic na plochu, vliv velikosti nanocastic,
zkombinovat to s geometrii nanotrubi¢ek a také zhodnotit kompatibilitu vici tkanovym
buitkam.

Pfi vyrob¢ ,nanotyCinek zoxidu kovli jsem se smym kolegou zameéfila na
nanostrukturované povrchy z oxidu tantalu, hafnia a zirkonia. VSechno tyto oxidy jsou
z medicinského hlediska biokompatibilnimi a mym z4jmem bylo hlavné studovat vliv
topografie na chovani bunck, popt. bakterii. Z hlediska chemie bylo zpozorovano, ze
riznorodost v typu biomateridlu nema podstatny vliv na buniky, nicméné zména topografie je
vnimana bunikkami zcela vyznamné. Proto byly vytvofeny rizné geometrie nanotyCinek a
studoval se vliv topografie na chovani bun¢k. Z tad naSich vysledki bylo prokazano, ze
nanostrukturovani mize mit pozitivni vliv na buiiky ve srovnani s nestrukturovanym povrchem.
Nicméné byly 1 strukturované povrchy, které se nejevily pro builky jako pfiznivé. Na zékladé
toho je opét nutné optimalizovat strukturovani téchto povrchi tak, aby se dosahlo
pozadovanych vlastnosti.
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Druhé cast prace je vénovana vyrob¢é pole polymernich mikrosloupkti z parylenu C a jeho
aplikaci pro méfeni bunécné sily. Tyto sloupky se vyrabéji bézné z polydimetylsiloxanu, jako
polymeru s nizkym Youngovym modulem pruznosti. Problematické je vyrobit z tohoto
polymeru vysoké a tenké sloupky, také podkladova membrana ze stejného polymeru mize mit
nezadouci vliv na vyslednou méfenou silu. Vzhledem k tomu jsem se zaméfila na vyrobu
vysokych sloupkt z parylenu C, stojicich na kiemikovém substratu, ¢imz se eliminoval vliv
deformace membrany. Dale jsou sloupky dekorované tenkou vrstvou oxidu kiemicitého, coz
umoznuje kovalentné¢ vazat proteiny, pficemz neni nutnd vyroba polymerniho razitka pro
mikrokontaktni tisk bilkovin na povrch sloupki. Dale je parylen pomémné tuz§im polymerem,
coz teoreticky umoznuje biomimikovat tvrdsi substraty pro bunky.

VysSe zminéné prace jsou shrnuty v Sesti publikacich a jsou soucasti této habilitacni prace.
Timto d€kuji 1 svym spoluautortim, ze mi pomohli v urcitém rozsahu realizovat tyto myslenky.
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Abstract

Selenium nanoparticle modified surfaces attract increasing attention in the field of tissue
engineering. Selenium exhibits strong anticancer, antibacterial and anti-inflammatory prop-
erties and it maintains relatively low off-target cytotoxicity. In our paper, we present the fabri-
cation, characterization and cytocompatibility of titanium oxide (TiO,) nanotube surface
decorated with various surface densities of chemically synthesized selenium nanopatrticles.
To evaluate antibacterial and anti-cancer properties of such nanostructured surface, gram
negative bacteria E. coli, cancerous osteoblast like MG-63 cells and non-cancerous fibro-
blast NIH/3T3 were cultured on designed surfaces. Our results suggested that selenium
nanopatrticles improved antibacterial properties of titanium dioxide nanotubes and confirmed
the anticancer activity towards MG-63 cells, with increasing surface density of nanoparti-
cles. Further, the selenium decorated TiO, nanotubes suggested deteriorating effect on the
cell adhesion and viability of non-cancerous NIH/3T3 cells. Thus, we demonstrated that
selenium nanoparticles decorated TiO, nanotubes synthesized using sodium selenite and
glutathione can be used to control bacterial infections and prevent the growth of cancerous
cells. However, the higher surface density of nanoparticles adsorbed on the surface was
found to be cytotoxic for non-cancerous NIH/3T3 cells and thus it might complicate the inte-
gration of biomaterial into the host tissue. Therefore, an optimal surface density of selenium
nanoparticles must be found to effectively kill bacteria and cancer cells, while remaining
favorable for normal cells.

Introduction

The widespread use and persisting negative properties of some metallic biomaterials for tissue
engineering or surgical instruments aimed researches to modulate the surface characteristics
of biomaterials into the form with desired functional surface properties. The rapid progress in
nanotechnology enabled us to approach and mimic the tissue environment via surface modifi-
cations including chemistry, topography or roughness that can significantly change the inter-
face between individual material and tissue cells or bacteria and thus, results in different
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responses in cell adhesion, viability, metabolism, antibacterial or anti-inflammatory activity.
For instance, it was previously reported in independent in vitro studies that the nanotopogra-
phy plays a crucial role in the character and strength of the cellular interaction to such a modi-
fied surface with a positive impact on the resulting cellular responses [1-5]. Moreover,
nanostructured biomaterials were considered to exhibit various qualities, such as antibacterial
activity [6, 7] or improved bioactivity [8, 9] that were not observed for their non-structured
forms.

Materials such as titanium (T1) and its alloys are widely used in many replacements includ-
ing orthopaedical, dental and cardiovascular implants and medical devices [10], The favorable
mechanical properties, exceptional corrosion resistance and biocompatibility of titanium [11]
were attributed to a passive thin film of titanium dioxide (TiO,) formed on Ti surface [8]. This
thin layer was also considered to impart bioactivity and chemical bonding between implant
and the bone [2]. Nanostructuring of titanium film into the form of nanotubes (TNTSs) has
attracted great attention for improving cell adhesion, growth and differentiation [9, 12, 13].
Later findings proved the strong relation between the cell responses and nanotube dimensions
[4, 14, 15]. For example, mesenchymal stem cells showed the improved response on nanotubes
with smaller diameters (~15 nm) [4, 16], while osteoblasts preferred nanotubes with bigger
diameters (~70 nm) [12]. The adhesion was faster and stronger compared to the control,
which was thought to avoid formation of fibrous tissue caused by a weak cell-surface interac-
tion [2].

Many approaches were subsequently introduced to enhance the performance of TNT sur-
faces. Some aimed to increase the antibacterial activity through loading the nanotubes with
various antibiotics, such as vancomycin [17] and gentamicin [18] or their decoration/doping
with various nanoparticles, including gold [19, 20], silver [8, 21] and zinc oxide [22]. Other
addressed the biocompatibility through coating with bioactive compounds, such as PLGA
[23], chitosan [23], hydroxyapatite [24] or growth factors [25].

Recently, treatment of bio-surfaces with selenium attracted attention. Selenium is an
important element that plays crucial role in preventing cancer and protecting cells from oxida-
tive damage [26, 27]. It has been reported to exhibit not only antibacterial [28-31], but also
anti-cancer [28, 32] and anti-inflammatory [29, 33] properties that make selenium interesting
for various applications including oncology [28, 32], regenerative medicine [34] and tissue
engineering [29, 30, 35-37]. Selenium nanoparticle (SeNPs) decorated TNT's were studied and
reported previously for its antibacterial and anti-inflammatory properties [29]. Results sug-
gested that selenium nanoparticles enhanced antibacterial properties of TNTs which caused
the decrease in colony forming units of both gram-positive and gram-negative bacteria. How
such a surface effected cancerous and non-cancerous cells remained unanswered. In another
reported research [28], the release of selenium nanoparticles from TiO, nanotubes covered
with chitosan was studied for antibacterial activity. Authors declared that such a fabricated
and designed surface positively influenced the viability of osteoblasts and negatively affected
cancerous cells, while promoted the antibacterial activity of TNTs. However, this antibacterial
effect could be attributed to chitosan, which is, in the fact, antimicrobial [38] and biocompati-
ble [39]. Authors in this study also admitted, that no discernable layer of Se or Se nanoparticles
was observed on their samples.

In our work, we introduced the fabrication of TiO, nanotubes of 50 nm in diameter via
anodic oxidation of titanium layer deposited on silicon wafer. Nanotubes were decorated with
chemically synthetized selenium nanoparticles of three different surface densities. Designed
films were characterized with contact angle measurement, SEM, XPS and AFM techniques.
Due to the absence of reports regarding the interaction of such a surface with tissue cells, we
studied mutual effect of selenium nanoparticles and TiO, nanotubes on antibacterial
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properties against E. coli and viability of osteosarcoma MG-63 cells and non-cancerous NIH/
3T3 fibroblasts.

Materials and methods
Preparation of nanotubes via anodic oxidation

TiO, nanotubes were fabricated from 500 nm thick titanium layer sputter-deposited on silicon
wafer via electrochemical anodization according to protocol established previously [40]. The
fabrication process is schematically depicted in Fig 1. Briefly, electrochemical anodization was
performed with voltage ramp from 0 V to 15 V and the step of 1 volt per second in the electro-
lyte solution of ethylene glycol (C,HgO,, p.a., Penta, CZ), 1.2 wt% ammonium fluoride (NH,F,
Sigma Aldrich, DE) and 2 vol% of deionized water (Millipore Corp., USA, 18,2 MQ). When
the voltage reached the maximum set value, the voltage was maintained until the current
reached zero value. Samples were then rinsed with deionized water, dried with stream of nitro-
gen and subsequently annealed in vacuum furnace at 450°C for 3 hours, with the heating ramp
of 5°C per minute.

Decoration with selenium nanoparticles. The protocol for preparation of selenium
nanoparticle solution was inspired by previous study carried by Liu et al. [29]. The 3 mL of 100
mmol L' L-glutathione (Sigma-Aldrich) and 3 mL of 100 mmol L™ sodium selenite (Sigma-
Aldrich) were blended together. To control the amount of selenium nanoparticles decorated
onto the surface, different volumes of ultrapure water were added to individual mixtures- 9
mL for low, 6 mL for medium and 3 mL for high selenium nanoparticle concentration. Finally,
50 uL of 1 mol L' NaOH solution was added to initiate the reaction at room temperature. The
formation of nanoparticles was optically observed as a gradual change in the color from trans-
parent to red. 100 puL of nanoparticle suspension was then introduced onto the nanostructured
surface and incubated for 20 minutes. After that, samples were rinsed several times, and

anodic nanotube ‘
. . —
oxidation growth
washing Se-NPs
—— D
steps suspension

Fig 1. Fabrication scheme of Se-NP decorated TiO, nanotube film. TiO, nanotubes were fabricated via anodic oxidation of 500 nm thick titanium layer deposited on
silicon wafer. Nanotubes were decorated with different concentrations of selenium nanoparticles.

https://doi.org/10.1371/journal.pone.0214066.g001
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subsequently soaked in ultrapure water to remove non-adsorbed particles. Scanning electron
microscopy and atomic force microscopy was used to check the quality of nanoparticle decora-
tion, and to analyze the amount and diameter of selenium nanoparticles. Prior to bio-charac-
terizations, fabricated surfaces were sterilized with UV irradiation for 15 minutes.

Characterization of nanostructured film

The wettability of samples was measured at room temperature by determination of water con-
tact angle of 5 uL water drop introduced on sample surface after UV irradiation (Phoenix 300,
Surface & Electro Optics Co.,Ltd, KOR). Contact angle was evaluated using tangent line
method 2 (higher angles) and trigoniometric functions method (lower angles) implemented in
software Surfaceware 8. The surface morphology and nanoparticles size was characterized
with scanning electron microscope (SEM, Mira II, Tescan, CZ) and the roughness was calcu-
lated by atomic force microscopy in dry non-contact mode (AFM, NanoWizzard3, JPK).
Chemical composition of samples was determined with X-ray photoelectron spectroscopy
(XPS, AXIS Supra, Kratos Analytical Ltd, UK). The XPS spectra were analyzed by a peak fitting
software (CasaXPS version 2.3.18PR1.0) provided by SPECS GmbH (Berlin, Germany). Raw
data were processed by the subtraction of a Shirley background for secondary electrons and
element peak fitting was used to estimate the relative element molar fraction. The integral of
the peak was divided by a relative sensitivity factor (R.S.F.), which is characteristic for each ele-
ment. Finally, the concentration profile of selenium released from the surface was determined
with inductively coupled plasma mass spectrometry (ICP-MS). Decorated samples were
immersed into 3 mL of ultrapure water for 15 days. At selected time points, 1.5 mL of solution
was collected. Samples were subsequently dried with nitrogen stream and immersed into 3 mL
of fresh ultrapure water.

Antibacterial test

Antibacterial properties of selenium NPs decorated nanotubes were evaluated through the bac-
terial viability assay with gram negative E. coli. Non-decorated nanotube surface was used as a
control. The samples were rinsed with water and sterilized with UV for 15 minutes before each
experiment. Briefly, 50 uL of bacterial suspension was spread onto the surface and incubated 4
hours at 37°C. Subsequently, adhered bacteria were washed out with phosphate buffer saline
(PBS) and collected bacterial suspension was diluted 100 times with PBS. Bacteria cultured
plates were prepared using agar, yeast extract, NaCl and tryptone. The 200 uL of diluted solution
was inoculated on prepared agar plates and incubated for 24 hours at 37°C and 80% humidity.
Agar plates were then photographed and colony forming units were calculated (CFU mL™).

Cell culture

The cancerous MG-63 cells and non-cancerous NIH/3T3 cells were maintained in complete
Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mmol L' L-glutamine, and 5% penicillin/streptomycin (50 U mL™" and 50 ug mL™") at
37°C in a humidified 5% CO, incubator. Cells were harvested by trypsinization with 0.25%
trypsin-EDTA solution at 75% confluency and seeded with a defined density onto the sterile
samples placed in a polystyrene microplate.

Cell adhesion and viability

The adhesion of MG-63 and NIH/3T3 cells onto TiO, nanotubes decorated with selenium
NPs and onto the control (TiO, nanotubes without selenium nanoparticles) was qualitatively
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evaluated from images taken by an optical microscope (Axio Imager M2m, Zeiss). TiO, and
TiO, -SeNPs samples were placed in a 24-well plate and used as the surface for cell seeding at
a density of 1-10° cells per area. The images of cells were taken at 3 hours. Viability of MG-63
cells was measured with XTT assay and evaluated on days 1, 2, and 6 after the seeding; the ini-
tial cell density was 1-10 cells per area. Briefly, the cells were incubated for a defined period of
time and then gently washed twice with pre-heated phosphate buffer saline (PBS). The mixture
of 100 pL culture medium and 50 pL of tetrazolium dye (XTT, 1 mg mL ™" in DMEM and

25 umol L' PMS in PBS) was added into each well containing the samples and incubated 2
hours in CO, incubator. 100 pL solution were transferred from each well into a new 96-well
plate and the absorbance was measured at 450 nm with a microplate spectrophotometer (Beck-
man Coulter Paradigm). The live/dead staining of MG-63 cells and 3T3 fibroblasts was per-
formed at the day 6. The cells were gently rinsed with pre-warmed PBS and incubated 15 min
with 2 pM Calcein-AM and 1.5 pM propidium iodide solution in PBS. The cells were finally
rinsed twice in PBS before imaging with a fluorescent microscope coupled to a CCD camera
(Zeiss, Germany).

Statistical analysis

Mean values and standard deviations of obtained data were calculated. Statistically significant
differences (p < 0.05) were confirmed using Student’s t-test. All shown data are expressed as
the mean + standard deviation.

Results and discussion
Surface characterization

Selenium NPs decorated TiO, nanotubes were fabricated via anodic oxidation of titanium
layer deposited on silicon wafer followed by the adsorption of chemically synthesized selenium
nanoparticles. Fabrication of nanostructured surface resulted in TNTs with the diameter of
51.72 + 5.55 nm (Fig 2A) and length of 500 nm (Fig 2B). The surface was decorated with spher-
ical selenium nanoparticles (Fig 2C) of 88.93 + 6.87 nm in size, which is significantly bigger
than nanotube diameter. Thus the nanoparticles covered the top of the nanotubes at Se-Low
(Fig 2D), Se-Medium (Fig 2E) and Se-High (Fig 2F) densities corresponding to number of

3.2 £ 1.14 (low), 9.1 £ 1.20 (medium) and 18.5 + 2.37 (high) particles per 4 pmz, respectively.
According to Boxplot of obtained data (Fig 3) and Shapiro-Wilk test of normality, both nano-
particle and nanotube size have normal distributions

SEM analysis also revealed the discrete TiO, nanotubes with the nanoparticle density and
nanotube diameter consistent over the whole surface of the sample. AFM analysis further
showed the increase in root mean squared (RMS) roughness of samples with increasing surface
density of nanoparticles. The RMS value from bare TNTs to Se-High TNTSs ranged from 16.6
nm to 24.1 nm.

Measurement of UV-treated TNTs wettability showed significant difference between deco-
rated and non-decorated TiO, nanotubes. The contact angle of bare nanotubes and nanoparti-
cle decorated nanotubes was assessed to values ~20° and ~48°, respectively. The difference
between individual nanoparticle surface densities was ~1.5°. Selenium nanoparticles can
slightly increase the contact angle of TiO, surfaces as was previously reported [41] and this
effect was also retained after the UV irradiation.

X-ray photoelectron spectroscopy of selenium decorated TiO, nanotubes was done to con-
firm the presence selenium in the samples. There was no significant change in bonding states
of Ti2p and Ols after the decoration with nanoparticles. The XPS quantitative analysis of
selected elements was summarized in Table 1. The percentage of selenium Se3d proportionally
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Fig 2. SEM images of fabricated nanostructures. Annealed TiO, nanotubes (A), their cross section (B), and selenium nanoparticles (C). TiO, nanotubes decorated
with Se-Low (D), Se-Medium (E) and Se-High (F) concentrations of nanoparticles.

https://doi.org/10.1371/journal.pone.0214066.9002

increased with increasing surface density of nanoparticles. We also observed a peak corre-
sponding to the presence of sulfur. The sulfur peak was observed for all nanoparticle decorated
samples even after multiple washing steps and 24 hours immersion in ultrapure water. It could
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Fig 3. Boxplot of normal size distributions of nanoparticle (A) and nanotube (B). Both the boxplot and Shapiro-
Wilk test of normality suggested normal distributions.

https://doi.org/10.1371/journal.pone.0214066.g003
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Table 1. XPS analysis of selenium decorated TiO, nanotubes. Relative percentage of selected elements calculated
from narrow spectra.

TNTs Se-Low Se-Medium Se-High
[%] [%] [%] [%]
Ols 55,93 56,12 55,89 51,92
Ti2p 12,75 11,69 11,98 11,11
Cls 31,31 32,19 31,76 35,24
Se3d 0,00 0,08 0,46 1,73

https://doi.org/10.1371/journal.pone.0214066.t001

correspond with the adsorption of glutathione, or other product of reaction containing sulfur
on the fabricated surface.

The ICP-MS analysis introduce powerful and sensitive technique capable of detecting
metals and several non-metals at concentrations as low as one part in 10" (part per
quadrillion, ppq). We used this technique to obtain the release profile of selenium from the
nanotube surface. The analysis showed the minimal release rate of selenium at maximum tens
of ppb (Fig 4), suggesting a strong bond between SeNPs and nanotubes. The biggest contribu-
tion to the total release was during the first 24 hours, which can be still attributed to the wash-
ing selenium out from the nanotubes. Over period of time, the released amount of selenium
steadily decreased. Samples were then checked with SEM microscope. Compared to images
taken before the measurement, no significant difference in SeNP surface density was found.
Further, the release rate was significantly lower than in research done by Liu et al. [29], in
which authors attributed the importance of release to the cytotoxicity of selenium. The ques-
tion is whether such a low concentration of selenium can result in the toxicity for some bacte-
ria and tissue cells. Taking into the consideration it beneficial properties in the human body at
higher concentration than our measurable ppb values, we believe that there is another mecha-
nism of toxicity via the interaction of cell membrane with combination of nanoparticle and
nanotube properties, nanoparticle size and surface density.

Antibacterial properties of Se NPs—TiO, nanotubes

To protect the adhesion and proliferation of pathogenic bacteria on biomaterials consist in coat-
ings with antibiotics, biocidal agents or antibacterial nanoparticles. Selenium nanoparticles are
well-known for antibacterial properties to the wide range of bacteria even if the mechanism of
action is still unknown [42]. It has been reported by Tran et al. [30] that selenium nanoparticles
inhibited the growth of gram-positive Staphylococcus aureus. Liu et al. [29] incorporated these
nanoparticles into TNTs to enhance the antibacterial activity of TNT surface to Escherichia coli
with 50% efficiency compared to bare TNTs in 24 hours. In our experiment, we compared the
antibacterial efficiency of selenium decorated TiO, nanotubes at different selenium nanoparti-
cle surface density against E. coli in a short four-hour incubation. Compared to the bare nano-
tubes, selenium decorated TNTs exhibited enhanced antibacterial properties (Fig 5). Short time
interaction of surface with bacteria was efficient to decrease the number of E. coli colonies for
Se-Low and Se-High about 60% and 90%, respectively. Even if we confirmed the antibacterial
properties of Se-TNTs surface, the question is whether bacteria were killed by selenium release
in ppb concentration, as indicated by ICP-MS at the first 24 hours or by the nanoscale surface
topography and chemistry of Se-TiO,-TNTs which can be non-adhesive, anti-proliferative or
membrane damaging for some bacteria [29, 30, 36, 43].Selenium nanoparticles and TiO, are
negatively charged at physiological pH and thus repulsive for the negatively charged membrane
of E. coli [44]. This might also suggest the inhibition mechanism of E. coli adhesion and prolifer-
ation on Se-TiO,-TNT's surface at a short time incubation.
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Fig 4. The cumulative release profile of selenium. Individual samples were measured with ICP-MS technique. Measured release was
highly dependent on initial SeNPs concentrations.

https://doi.org/10.1371/journal.pone.0214066.9004

Viability assay of normal and cancer cells

Adhesion plays a fundamental role in cell development, differentiation, communication and
migration, and during the pathogenesis of a wide range of diseases including cancer [45], oste-
oporosis [46], and atherosclerosis [47]. The strength of cell adhesion to substrate is a crucial
consideration in biomaterial design and development. On the other hand, selenium is known
to be involved in anti-cancer activity while protecting the benign cells [27, 28, 32, 48]. Thus we
studied the effect of selenium nanoparticle decorated TiO, nanotubes on adhesion and prolif-
eration of cancer (MG-63 cells) and normal (NIH/3T?3 cells) cells. The adhesion and morphol-
ogy of both cells was qualitatively evaluated by taking DIC images 3 and 24 hours after cell
seeding as shown in Fig 6. The NIH/3T3 cells adhered on control TNTs and Se-Low TNTs sur-
face with fibroblastic well spread elongated morphology. Se-Medium surface showed a little
deterioration in cells morphology turning the elongated morphology to the rounded shape but
still well adhered. The NIH/3T3 cells on Se-High surface were completely round in shape with
obvious apoptotic cells. The unfavorable conditions reflecting the change in cell morphology
resulted in lower number of attached cells. The similar effect of selenium decorated nanotubes
was observed for adhesion and morphology of cancerous MG-63 cells (Fig 6). These cells at
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Fig 5. Bacterial assay of viability expressed in colony forming units. Se nanoparticle decorated TiO, -TNTs were exposed to gram negative bacteria E. coli for 4 hours
and the antibacterial effect Se-TNTs was compared with undecorated TNTs. * indicates significant difference between compared samples (p = 0.05).

https://doi.org/10.1371/journal.pone.0214066.9005

the day 1 attached to the control and Se-Low surfaces but exhibited more rounded shape com-
pared to the noncancerous cells (Fig 6). Cell adhesion experiment demonstrated that the sele-
nium nanoparticle decorated TiO, nanotubes caused unfavorable conditions for cancer MG-
63 and normal NTH/3T3 cells, particularly at Se-Medium and Se-High TNTs surface, com-
pared to the control TNTs and Se-Low surface. In order to know whether these microscopic
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Fig 6. Adhesion and morphology of MG-63 (cancer) and NIH/3T3 (normal) cells cultured on Se-NPs decorated TiO, nanotubes. DIC images were
taken after 3 and 24 hours cultivation. Live/dead staining of cells was performed with calcein (green color) and propidium iodide (red color) at the day
6.

https://doi.org/10.1371/journal.pone.0214066.9006

observations were not done by the slow adhesion rate, we performed proliferation assay by
measurement of cellular activity using XTT assay. Our results with NIH/3T3 cells suggested
that there was no significant difference in proliferation rate at day 1 and 2 for Se-Low and Se-
Medium TNTs surfaces compared to the control group (Fig 7A). At the day 6, XTT assay
showed increased proliferation rate of NIH/3T3 cells. The decreasing tendency of measured
values at this day towards Se-Medium can be attributed to the slower adhesion, activity or pro-
liferation of cells on such surfaces. Anyway, the Se-Low and Se-Medium surface promoted
activity and proliferation of NIH/3T3 cells. Proliferation rate in NIH/3T3 cells cultured on Se-
High TNTs surface was significantly decreased at day 1, 2 and 6. It came out from the smaller
initial number of cells adhered well on Se-High surface as observed with adhesion assay and
suggests that this selenium nanoparticle surface density was not compatible with the adhesion
and proliferation of noncancerous NIH/3T3 cells compared to the Se-lower surface densities
and control TNTs surfaces. The similar results were obtained for the cancerous MG-63 cells
(Fig 7B). The unfavorable effect of selenium nanoparticle density for cancerous cells was stron-
ger at Se-Medium surface compared to the noncancerous cells and maximal at Se-High sur-
face. We can also observe from our results that MG-63 cells did not adhere well selenium
decorated surfaces but when adhered, they did not increase activity or proliferation rate since
no significant change in absorbance was observed at day 6 compared to day 1 and 2. Finally,
we did live/dead staining of both cells to check the viability of cells at the day 6. The images
(Fig 6) confirmed our quantitative results obtained from the proliferation test. The cancerous
cells gradually detached the selenium decorated surface and compared with the control, mostly
dying cells occurred attached the surface (Fig 6, red color). Fibroblasts showed significant
decrease in a number of adhered cells on Se-High surface and a few dying cells on Se-Medium
surface which again supported our results from proliferation assay.

- 0.25
A%S0 B 'NTs B Se-Low B I ™NTs B Se-Low
Bl Se-Medium [ Se-High . Bl Se-Medium [ Se-High *
a2 20.20-
=i =]
S S
20,20 2
= ) E 0.154
5’0’15' l;! 1 =
] - . "?0 10 *
i Z el I
g 0,104 'g
3 0.054 3 0.05-
0,00 - 0.00-
Day 1 Day 2 Day 6 Day 1 Day 2 Day 6

Fig 7. XTT viability assay of MG-63 (B) and NIH/3T3 (A) cells cultured on Se-NPs decorated TiO, nanotubes. * indicates significant difference between compared
samples (p = 0.05).

https://doi.org/10.1371/journal.pone.0214066.9007
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Our observation is consistent with other similar report of Chen et al. [28] in which the sele-
nium nanoparticles released from TiO, nanotubes and diffused through the chitosan layer,
decreased adhesion and viability of cancerous osteoblasts. Other reports suggesting selenium
as a promising and favorable for noncancerous cells [28, 32] was not confirmed in our experi-
ments since the Se-High TNTs surface was significantly suppressing the noncancerous NIH/
3T3 cells adhesion and viability. To conclude these results, the exact mechanism that makes
the anti-cancer action of selenium work is still a subject of research as well as much work must
be done regarding the influence of selenium towards noncancerous cells. However, selenium
nanoparticle decorated TiO, nanotubes can be promising biomaterial surface for tissue engi-
neering since the mechanisms of action combining the antibacterial selenium nanoparticles
and nanostructured TiO, surface is still unknown.

Conclusion

In this paper, TiO, nanotubes with 51,72 + 5,55 nm diameter decorated with different surface
densities of spherical selenium nanoparticles with 88,93 + 6,87 nm diameter were fabricated
via anodic oxidation and characterized with SEM, XPS and AFM. The release rate of selenium
measured with ICP-MS was found out very low for a long period of time, which indicates for
the strong and stable adsorption of selenium nanoparticles on TiO, nanotubes. The antibacte-
rial activity of Se-NPs decorated TNT's was significantly enhanced in 4 hours incubation for
gram negative E. coli which suggest the strong antibacterial effect of selenium compared to the
bare TNTs surface. The cell adhesion and proliferation of cancerous MG-63 cells was obvi-
ously decreased on selenium decorated surface, confirming the anti-cancer activity of selenium
compared to the bare TiO, nanotubes. The NIH/3T3 fibroblasts adhered and proliferated on
bare, Se-Low and Se-Medium TNTs surfaces. The Se-High surface density of nanoparticles
was found to be incompatible with NIH/3T?3 cell adhesion and proliferation. Therefore, it is
important and desirable to find an optimal surface density of selenium nanoparticles to be dec-
orated on TiO, nanotubes including the nanoparticle and nanotube diameters that effectively
kill bacteria, cancer cells and remains favorable to the normal cells.
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Enhanced antibacterial properties of nanomaterials such as TiO, nanotubes (TNTs) and silver nanoparticles
(AgNPs) have attracted much attention in biomedicine and industry. The antibacterial properties of
nanoparticles depend, among others, on the functionalization layer of the nanoparticles. However, the
more complex information about the influence of different functionalization layers on antibacterial
properties of nanoparticle decorated surfaces is still missing. Here we show the array of ~50 nm
diameter TNTs decorated with ~50 nm AgNPs having different functionalization layers such as
polyvinylpyrrolidone, branched polyethyleneimine, citrate, lipoic acid, and polyethylene glycol. To assess
the antibacterial properties, the viability of Gram-positive (Staphylococcus aureus) and Gram-negative

bacteria (Escherichia coli and Pseudomonas aeruginosa) has been assessed. Our results showed that the
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Introduction

Antibacterial properties of metals," metal oxides® and alloys®
have found significant use in clinics and industry. The protec-
tion of medical and surgical devices, clothes, or implantable
materials from the growth and colonization of bacteria becomes
the key factor for avoiding the transmission of infectious
diseases or the acceptance of foreign materials in the host
body.* However, bacterial contamination, resistance to antibi-
otics, and the development of biofilms still pose hard-to-solve
problems with many implants and medical devices.

The inhibition of bacterial adhesion and growth comes from
the natural antibacterial properties of materials such as copper,
titanium, zinc, silver, and their alloys.” Nevertheless, many
materials must be extra-modified to introduce the antibacterial
coating based on chemically attached antibacterial peptides,®
metal oxides,” organosilanes” or polymers® in order to inhibit
the bacteria adhesion, growth and plaque formation. Besides,
bacteria can also be killed based on photocatalytic properties of
specific materials that have been successfully applied in water
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antibacterial including the implantable titanium biomaterials.

purification or air cleaning.’ The inorganic nanomaterials such
as metal/metal oxide nanoparticles (NPs) and the nano-
structured surface of metallic biomaterials have a great impact
on their ability to be utilized for the bacterial growth inhibition
and the prevention of biofilm formation that protects bacteria
against antibiotics.'® The NPs size and shape' and the topog-
raphy of the nanostructured surface, including the type of the
material can effectively modulate the antibacterial properties.”
Nevertheless, the mechanism of action is still being under the
investigation. Some proposed theories speak about dissolved
metal ion toxicity or generation of reactive oxygen species on the
nanomaterial surface.”® Apart from these, the anti-adhesive
surface may arise from the morphological and physico-
chemical properties of materials." Even if the antibacterial
properties of specific nanoparticles synthesized from Ag, Ti, Au,
Zn, and its oxides are well known against both Gram-positive
(Bacillus subtilis, Staphylococcus aureus) and Gram-negative
bacteria (Escherichia coli, Pseudomonas aeruginosa), the impact
of nanostructured surfaces has got attention in the last
decades.”

Ti and its alloys have been applied in biomedicine for many
years.'® The smooth surface of titanium implants does not
appear to be sufficiently bioactive and suffer from infections
and fibrous tissue development. Therefore, the TiO, nanotubes
with nanoscaled topography become an interesting nano-
material to be recognized as an attractive and promising for
biomedicine."”*®* TNTs have been found to have good corrosion
resistance, biocompatibility, hemocompatibility, and enhanced

RSC Adv, 2020, 10, 44601-44610 | 44601
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bioactivity.'>** Moreover, a nanostructured surface can modu-
late the protein adsorption and cellular responses such as
adhesion, proliferation, or differentiation and antibacterial
properties.”* In a positive way, the enhanced or stimulated
biological response due to the nanostructured TiO, surface may
be considered to mimic the natural cellular environment.

The TNTs have been demonstrated to be a promising plat-
form for a drug loading and delivery administration.”> The
simple and controllable fabrication of highly ordered TNTs via
electrochemical anodization process has been found to perform
tunable drug-release of vancomycin® or gentamicin.** In addi-
tion to antibiotics loading, the doping with strontium and
samarium? or decoration with nanoparticles such as gold,***”
zinc oxide,”® selenium,***° and silver’*** have been demon-
strated to enhance the antibacterial properties of TNTs.**-*® The
antimicrobial properties of nanoparticles depend on the surface
charge, nanoparticle size, shape, and surface coating
(stabilizers/functional layers). Lately, the role of nanoparticle
surface coatings became more apparent.* To date, colloidal
nanoparticles with different surface coatings have been
synthesized and evaluated for their antibacterial action.***!
However, the antibacterial properties of a free and decorated
nanoparticles are supposed to significantly differ. To our
knowledge, there is no information about the synergistic anti-
bacterial effect of TiO, nanotubes and Ag nanoparticles with
different functional layers.

In our work, the array of ~50 nm diameter TiO, nanotubes
has been fabricated via anodic oxidation of polished titanium
foil. Subsequently, the nanotubes were decorated with
commercial silver nanoparticles of ~50 nm diameter. Nano-
particles were functionalized by polyvinylpyrrolidone, branched
polyethyleneimine, citrate, lipoic acid and polyethylene glycol.
Ag-decorated TNT arrays were characterized by scanning elec-

tron microspopy, atomic force microscopy and X-ray
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photoelectron spectroscopy. To assess the antibacterial prop-
erties, the adhesion and viability of Gram-positive (S. aureus)
and Gram-negative bacteria (E. coli and P. aeruginosa) were
performed. Our results showed that the functionalization layers
of nanoparticles play an important role in antibacterial prop-
erties and should be considered when designing antibacterial
surfaces.

Materials and methods

Anodic oxidation of titanium foil

The 0.125 mm thick titanium foil sheets (GoodFellow, 99.6+%,
annealed) were degreased in acetone and isopropyl alcohol and
polished with fabric disks and diamond suspension. TiO,
nanotubes were fabricated by single-step anodic oxidation in
the electrolyte solution composed of ethylene glycol (Penta, CZ),
1.2 wt% ammonium fluoride (Sigma Aldrich) and 2 vol% of
deionized water (Millipore Corp., USA, 18.2 MQ).*> Electro-
chemical anodization was performed with a voltage ramp
between 0 V and 30 V with a ramp speed of 1 V s *. The anod-
ization time was 30 minutes per sample. After the anodization,
samples were rinsed with deionized water and dried with
a nitrogen stream. The TNTs samples were subsequently
annealed in a vacuum furnace at 450 °C for 3 hours.

Decoration of TNTs with Ag-NPs

The array of TiO, nanotubes was decorated with commercial
silver nanoparticles functionalized with polyvinylpyrrolidone
(PVP), citrate, branched polyethyleneimine (BPEI), polyethylene
glycol (PEG), and lipoic acid (Sigma-Aldrich; 0.02 mg mL ™'
stock solutions) as depicted in Fig. 1. Because different nano-
particles exhibited different degree of adsorption rates onto the
TiO, nanotubes, we optimized the dilution of stock solution for
each nanoparticle to achieve the same number of nanoparticles
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TiO, Nanotube
fabrication

=

Decoration
with Ag
nanoparticles*
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=

v v v

v v v
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Fig. 1 General experimental flow chart.
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per surface area. Then, 15 pL of diluted nanoparticle suspen-
sion was dropped onto the heated TNTs surface until drying.
Decorated samples were rinsed five times in deionized water
and soaked in ultrapure water to remove any un-adsorbed
nanoparticles. The morphology of AgNPs-TNTs array was char-
acterized with scanning electron microscope (SEM, Mira II,
Tescan, CZ), surface roughness was analyzed using atomic force
microscopy (AFM) in dry non-contact mode (SPM, Dimension
Icon, Bruker), and X-ray photoelectron spectroscopy has been
used to analyze surface chemistry (XPS, AXIS Supra, Kratos
Analytical Ltd, UK). XPS spectra were analyzed by a peak fitting
software (CasaXPS version2.3.18PR1.0) provided by SPECS
GmbH (Berlin, Germany).

Bacterial cultures and SEM microscopy

Bacterial strains of S. aureus (CCM 4223), E. coli (CCM 3954),
and P. aeruginosa (CCM 3955) were purchased from the Czech
Collection of Microorganisms (CZ). After overnight cultivation
at 37 °C on blood agar, the strains were diluted in Mueller
Hinton broth (Oxoid, UK) to the concentration of 1 x 10° CFU
mL~" (where CFU is colony-forming unit), measured by optical
density at 600 nm (OD600). To image the bacteria on the TNTs
surface using the SEM microscopy, 2 mL of bacterial suspension
was dropped on TNTs (control) and AgNPs-TNTs array and
incubated at 37 °C for 5 hours. Then, the samples were three-
times gently washed with sterile physiological solution.
Bacteria were fixated in 2% glutaraldehyde for 1 hour. The
dehydration step was performed using graded ethanol
concentration of 30%, 50%, 70%, 80%, 90%, 95% and 100%,
one time for each and twice in 100% for 15 min each. Dried
samples were coated with a 10 nm thick gold layer in order to
achieve a better contrast of bacteria.

Antibacterial test

Live/dead fluorescence staining was performed to image and
count the live and dead bacteria on the TNTs and AgNPs-TNTs
surface. Samples were rinsed with sterile ultrapure water and
left to dry in sterile conditions. The dried samples were subse-
quently placed in sterile 12-well plate, bathed in 2 mL of
bacterial inoculum and incubated for 24 hours at 37 °C. After
the incubation, samples were washed five times with sterile
saline. The staining of bacteria with Live/Dead BacLight
Bacterial Viability and Counting Kit (Thermo Fisher Scientific)
was performed as recommended by the manufacturer. The
samples were observed by inverted fluorescence microscope
Olympus IX71 (Olympus, Japan) at a magnification of 20x.
Captured images were analyzed with Image] software. The
contrast, brightness, and the displayed range (max, min) were
adjusted with the brightness/contrast tool until individual
bacteria became clearly visible. The area occupied by red (or
green) color was selected using the color threshold and calcu-
lated using the measurement module. The value in pixels was
divided by the total number of pixels present in the analyzed
image, and the area of bacterial coverage (in percentage)
specific for live and dead bacteria was calculated.

This journal is © The Royal Society of Chemistry 2020
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Antibacterial properties of silver NPs decorated nanotubes
were further evaluated via colony counting method. A bacterial
inoculum with a density of 10®° CFU mL ™" was prepared as the
stock solution. Samples were rinsed in sterile water and 100 pL
of bacterial suspension was spread onto the surface, followed by
4 hours' incubation at 37 °C. Subsequently, the samples were
gently rinsed in PBS and adhered bacteria were de-attached by
vortexing and sonication. Collected bacterial suspension was
diluted 100 times with PBS. The 200 uL of diluted solution was
inoculated on agar plates and incubated for 24 hours at 37 °C
and 80% humidity. Bacteria colonies were then counted and
colony forming unit was calculated (CFU mL ™).

Statistical analysis

Mean values and standard deviations of obtained data were
calculated. Statistically significant differences (p < 0.05) were
confirmed using Student's ¢-test. All shown data are expressed
as the mean =+ standard deviation. Coverage values are calcu-
lated from 5 images with the area of 558.7 x 419 um per each
sample and bacterium. Colony counting method was performed
in duplicate.

Results and discussion
Characterization of TNTs and AgNPs-TNTs surface

TiO, nanotubes decorated with silver nanoparticles were fabri-
cated via single-step anodic oxidation of titanium foil, followed
by adsorption of commercially available silver nanoparticles of
similar diameter but having a different functionalization layer
(PVP, BPEI, citrate, PEG and lipoic acid). TNTs array without
nanoparticles was taken as a control. SEM image analysis of
nanostructured surface resulted in highly ordered TNTs with
a diameter of 51.11 £ 5.77 nm as depicted in Fig. 2.

The surface roughness of the undecorated TiO, nanotubes
was characterized using AFM. Fig. 3A shows the 3D morphology
of TNTs. The surface roughness measured by AFM was
approximately 24.34 nm. In order to confirm the uniform
distribution of Ag nanoparticles on the TNTs surface, several
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Fig. 2 Boxplot of nanotube diameter distributions calculated from
SEM images.
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Fig. 3 AFM image showing root-mean-square (RMS) surface roughness of TNTs (A) and SEM image of as-annealed non-decorated TiO,
nanotubes prepared by single-step anodic oxidation (B) and silver-decorated TiO, nanotubes (C). The nanoparticles are indicated by arrows.

O1s

Ti2p

L
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Fig. 4 XPS survey of TiO, nanotubes decorated with AgNPs (A), high resolution Ag 3d spectra (B) and high resolution spectra Ti 2p (C).

independent SEM images were evaluated for the number of
nanoparticles per scanned area. The analysis of SEM images
confirmed the decoration of TNTs surface with 3-4 nano-
particles on the area of 4 um? for each of differently function-
alized Ag nanoparticles (Fig. 3B and C). The size of
nanoparticles of ~50 nm also guaranteed their deposition on
the top of nanotubes.

The presence of silver nanoparticles and chemical compo-
sition of TiO, surface for bare- and silver-modified samples was
investigated by X-ray photoelectron spectroscopy (XPS). In
Fig. 4A, a typical XPS survey of the TiO, surface after AgNPs
decoration is shown. The survey shows the Ti, C, O and Ag
signals, indicating that silver nanoparticles are adsorbed on the
TiO, nanotubes. Four main elements, i.e. Ti 2p, O 1s, C 1s and
Ag 3d were quantitatively analyzed in details and XPS data is
summarized in Table 1. Data shows that samples did not differ
significantly in their compositions and chemical state of
elements. All the samples possessed high carbon level on the
surface in the range of 31-33%, which could be attributed to
used electrolyte, or/and adsorbed CO, from the air. The silver
content ~0.2% was indicated for all AgNPs decorated samples
and no silver peak was observed for bare nanotubes. Similar Ag
values on all samples also indicate that nanotubes were coated
with nanoparticles evenly.

The characteristic high resolution XPS spectra of the Ag 3d
region is shown in Fig. 4B. The signals at binding energies of
368 eV and 374 eV were corresponding to the 3ds, and 3d;,
orbits of Ag® (metallic silver). The nanoparticles are not

44604 | RSC Adv, 2020, 10, 44601-44610

oxidized, as no further peaks at lower BE energy were needed for
the fit. Additionally, high resolution XPS spectra of the Ti 2p is
shown in Fig. 4C. The Ti 2p;/, peak has a maximum at 459 eV
which can be assigned to TiO,. There is no contribution from
metallic Ti (BE = 453.8 eV) which could be attributed to
a thickness of oxide layer (> 10 nm).

Antibacterial properties of AgNPs-TNTs surfaces

The array of TiO, nanotubes has been previously found to
exhibit antibacterial action in a certain extent compared to the
flat surface but it still has been clearly insufficient for use as an
antibacterial surface. On the other hand, the silver nano-
particles exhibited strong antimicrobial performance against
wide spectra of microorganisms.** Although the mechanism of
their antimicrobial action is not clearly understood, several
mechanisms have been proposed. Those include the continual

Table 1 XPS analysis of bare-(control) and AgNPs decorated TiO,
nanotubes. Relative percentage of selected elements calculated from
narrow spectra

Citrate Control
BPEI [%]  [%)] Lipoic [%] PEG [%] PVP[%] [%]
O 1s 51.42 50.28 50.74 51.49 51.29 51.07
Ti2p 16.95 16.02 15.66 16.75 15.98 16.42
C1s 31.44 33.5 33.41 31.56 32.52 32.51
Ag 3d 0.19 0.19 0.19 0.2 0.21 0

This journal is © The Royal Society of Chemistry 2020
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release of silver ions, disruption of the bacterial envelope,
deactivation of respiratory enzymes, and generation of intra-
cellular reactive oxygen species; consequently, cell death
occurs.*»* The antimicrobial activity of nano-sized silver
particles was also found size- and shape-dependent, one of the
reasons could be that different morphologies provide different
areas to interact with bacteria and thus results in different
antibacterial efficiency. In accordance with most reported data,
the smallest-sized spherical AgNPs (<50 nm) were more efficient
to kill G~ bacteria as compared to larger spherical AgNPs.
Moreover, nanoparticles are usually stabilized in solution with
a wide spectrum of chemicals such as citrate, poly-
vinylpyrrolidone etc. A few stabilization agents and/or func-
tional layers of nanoparticles have been previously reported to
affect the cell-surface interaction resulting in different anti-
bacterial action.***® Since the nanoparticle stabilizers have not
been extensively investigated for their antibacterial action of
adsorbed nanoparticles, here we compared five different NPs
stabilizing agents by the decoration of AgNPs on TNTs nano-
tubes. The synergistic antibacterial activity was evaluated for
three bacteria such as E. coli, P. aeruginosa and S. aureus.

Adhesion and viability assay of G~ bacteria

The evaluation of the adhesion and viability of bacteria on
AgNPs-TNTs surfaces, E. coli was chosen as a first representative
model of Gram-negative bacteria. Some strains of E. coli are
known for biofilm formation, which can be the source of
persistent medical-device related infections.*”** SEM micro-
photograph (Fig. 5A) shows E. coli growing and colonizing
control TNTs surface. Live/dead images and image analysis of E.
coli after 24 hours' incubation shows the antibacterial activity of
AgNPs-TNTs depending on the variability of nanoparticle
functionalization layers (Fig. 5B and 6). The bacterial nucleic
acid was stained with two fluorescence dyes, SYTO9 and pro-
pidium iodide, respectively. Green stain SYTO9 is cell
membrane permeant, thus is stains nucleic acids of viable cells.
On the contrary, red stain propidium iodide is membrane
impermeable, it is commonly used to detect dead cells in
a population. However, when the DNA is exposed to both stains,
propidium iodide shows higher affinity to intercalate DNA and

TNTs

Citrate
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TNTs
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Fig. 6 The adhesion and live/dead assay of E. coli on AQNPs-TNTs
surfaces. Data is expressed in % of total image area. All samples
showed statistically significant difference (p < 0.05).

PEG Lipoic acid

it is able to replace SYTO9. Therefore, the red fluorescence
signal is generally considered as dead cell and green signal as
live cell.***® The non-decorated TNTs surface (control) showed
almost 40% of dead E. coli bacteria, whereas nanoparticle-
coated TNTs exhibited enhanced antibacterial activity as it is
shown in Fig. 6. The live/dead ratio obtained from the image
analysis determined the enhanced antibacterial activity of the
sample as follows: TNTs > PVP > BPEI > citrate > PEG > lipoic
acid (Table 2). The antibacterial activity of TNTs as control is in
a good agreement with previous studies suggesting the anti-
bacterial properties of annealed unmodified TiO,
nanotubes.’**"%?

Generally, Ag nanoparticles significantly enhanced the anti-
bacterial properties of TNTs in term of the amount of dead E.
coli bacteria. Especially, lipoic acid and citrate functionalized
AgNPs-TNTs samples showed a very low value of live/dead ratio
(Table 2). However, when considering the total coverage of the
surface with E. coli, which corresponds with the adhesion of

BPEI

PVP

Lipoic acid

Fig.5 SEMimage of E. coli grown on control TNTs surface with bacteria detail showed in the insert (A). Live/dead fluorescence staining of E. coli
performed on differently functionalized Ag-NPs decorating TNTs nanotubes ((B) red color represents dead cells and green color represents live
cells). Abbreviations: PVP (polyvinylpyrrolidone), BPEI (branched polyethyleneimine), PEG (polyethylene glycol).

This journal is © The Royal Society of Chemistry 2020
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Table 2 The live/dead ratio of G~ and G* bacteria on TiO» nanotubes
decorated with differently functionalized Ag-NPs after 24 hour

incubation

Live/dead ratio

E. coli P. aeruginosa S. aureus
TNTs 0.652 £ 0.012 1.161 £ 0.05 1.168 £+ 0.003
pvp 0.381 £ 0.008 0.099 £ 0.011 0.926 £ 0.012
BPEI 0.151 £ 0.004 0.093 +£ 0.001 1.021 £+ 0.020
Citrate 0.033 £ 0.002 0.101 £ 0.013 2.457 £ 0.035
PEG 0.026 £ 0.001 0.009 £ 0.0002 0.447 £ 0.011
Lipoic acid 0.010 £ 0.001 0.019 + 0.001 0.621 £ 0.008

bacteria, “lipoic acid” and “citrate” samples showed signifi-
cantly higher surface coverages compared to other samples.
Contrary, the PVP sample showed the lowest total surface
coverage but exhibited good bacteria survival. It is generally
considered that the electrostatic interaction between negatively
charged bacteria membrane and positively charged nano-
particles increases the antibacterial efficiency.”® For instance,
since the lipoic acid, citrate, and PVP have a negative charge at
physiological pH,** the repulsiveness between negatively
charged NPs and bacterial cells is supposed to dominate.
However, a significantly high surface coverage on citrate and
lipoic acid functionalized AgNPs-TNTs surface compared to
PVP was observed. Further, the pKa value of TiO, is between
5.3-6.2.°° It means that under the physiological pH, the surface
is negatively charged, and thus it should also behave repulsively
to bacteria. Contrary, when combining negatively charged TNTs
and positively charged BPEI functionalized NPs, the surface
coverage is lower than citrate, and lipoic acid functionalized
AgNPs-TNTs surface. Thus, we did not find any correlation in
bacteria adhesion depending on the surface charge and charge
of bacterial membrane. It leads us to the conclusion that
instead of electrostatic interaction, the topography and the
chemical character AgNPs-TNT surfaces must be the key factor
not only in cell-surface interaction and adhesion but also in
viability of bacteria on such surfaces. The nanoparticles
enhanced the antibacterial properties of TNTs, and more

TNTs

Citrate
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importantly, the nanoparticle functionalization layers signifi-
cantly contributed to the antibacterial effect of AgNPs-TNTSs
surface against E. coli.

Further, we tested all samples against Gram-negative P.
aeruginosa, which is also known for the biofilm formation. It is
the second most common Gram-negative bacteria causing
orthopedic implant infection®” and multidrug resistance.*®
Fig. 7A and B shows the SEM image of P. aeruginosa on the
control TNTs surface and live/dead staining of bacteria on
AgNPs decorated TNTs with different nanoparticle functionali-
zation layers, respectively.

The data from image analyses of live/dead staining of
P.aeruginosa (Fig. 8 and Table 2) showed a significant decrease
in bacteria adhesion on NPs decorated TNTs compared to the
control TNTs and also compared to the results obtained from E.
coli experiment. Results can be attributed to several factors,
including the charge repulsiveness, different composition of
bacteria membrane, topography and chemistry of TiO,

6 -

Coverage (%)
w £
1 1

N
|

0+

TNTs PVP BPEI

BN Dead ) Live

Fig. 8 Adhesion and live/dead assay of P. aeruginosa on AgNPs-TNTs
surfaces. Data is expressed in percentage of total image area. All
samples showed statistically significant difference (p < 0.05).

Citrate PEG Lipoic acid

PVP BPEI

PEG Lipoic acid

Fig.7 SEMimages of P. aeruginosa adhered on control TNTs sample and bacteria detail showed in the insert (A). Live/dead fluorescence images
of P. aeruginosa adhered on differently functionalized Ag-NPs decorated on TNTs nanotubes ((B) red = dead cells; green = live cells). Abbre-
viations: PVP (polyvinylpyrrolidone), BPEI (branched polyethyleneimine), PEG (polyethylene glycol).
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nanotubes and Ag nanoparticles.”* These factors probably
acted synergistically, as was demonstrated by our results.
Additionally, the viability of P.aeruginosa on TNTs control was
enhanced (~50%) compared to E. coli bacteria, and the lowest
live/dead ratio has been found on PEG and lipoic acid samples
which was also observed for E. coli bacteria. The similar live/
dead ratio ~0.1 was calculated for PVP, BPEI, and citrate func-
tionalized NPs.

Adhesion and viability assay of G* bacteria

S. aureus was chosen as a representative bacterial model for the
evaluation of the adhesion and viability of Gram-positive
bacteria on AgNPs-TNTs surfaces. In comparison to E. coli and
P. aeruginosa, the primary source of hospital-acquired infec-
tions dwells in already infected people. S. aureus is biofilm-
forming bacteria on bones, heart valves, or implanted mate-
rials.®* Results obtained from live/dead assay suggested that S.
aureus adhered well on nanoparticle decorated TNTs surfaces as
well as on the control TNTs (Fig. 9 A and B). The bacterial
coverage of surfaces with S. aureus (>32%) was several times
higher than it was observed for Gram-negative bacteria (<9%).
Moreover, the ratio of live/dead cells significantly increased, as
shown in Fig. 10 and Table 2. For instance, the citrate func-
tionalized NPs decorating TNTs showed a two-folded increase in
live/dead ratio compared to the control TNTs.

The results demonstrated on S. aureus suggested that
bacteria interact differently on AgNPs decorated TNTs surfaces
as the increased adhesion and viability were observed compared
to the G~ bacteria. S. aureus was also more resistant to the
character of NPs functionalized layers. To get better antibacte-
rial properties of AgNPs-TNTs surface against S. aureus, the
increased number of nanoparticles on TNTs nanotubes should
be performed and tested. On the other hand, it is also possible
to think about absolutely different design of antibacterial
surface for such resistant G* bacteria.

Colony counting assay of G* and G~ bacteria

Results from fluorescence staining showed the degree of
bacterial adhesion after 24 hours and the living/dead cell ratio.
Colony counting method performed in this work reflects the

TNTs

Citrate
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Fig. 10 Adhesion and live/dead assay of S. aureus on AgNPs-TNTs
surfaces. Data is expressed in % of total image area. * indicates that
there is no statistical significance (p > 0.05).

bacterial adhesion and viability after 4 hours' incubation of
bacteria with AgNP-TNTs surfaces. Here, we performed colony
counting assay for E. coli and S. aureus as representatives.
Fig. 11A shows data obtained for E. coli bacteria, in which the
adhesion and viability of bacteria decreased as follows: TNTs =
PVP = BPEI > citrate > PEG > lipoic acid. The viability of bacteria
corresponds with live/dead staining obtained for 24 hours,
where the portion of living bacteria had the similar trend.
Different results could be observed for bacterial adhesion at 4
hours and 24 hours. The shorter time of interaction between
bacteria and surface followed the trend of bacteria viability.
However, it was significantly changed when E. coli was exposed
to the surface for 24 hours, in which the adhesion was increased
on citrate and lipoic acid samples; although at the expense of
more dead cells. The results obtained for S. aureus (Fig. 11B)
after 4 hours' incubation of bacteria on the samples showed
increased adhesion and viability as follows: TNTs = PVP > BPEI
= PEG = lipoic acid > citrate. Here we can see, that there is

PVP ~ BPEI

PEG Lipoic acid

Fig.9 SEMimages of S. aureus adhered on the control TNTs sample with bacteria detail showed in the inset (A). Live/dead fluorescence staining
of S. aureus performed on differently functionalized Ag-NPs decorated on TNTs nanotubes ((B) red color represents dead cells and green color
represents live cells). Abbreviations: PVP (polyvinylpyrrolidone), BPEI (branched polyethyleneimine), PEG (polyethylene glycol).

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 The graphs of colony counting experiments expressed in colony forming units for E. coli (A) and S. aureus (B). Bacteria was exposed to
surfaces for 4 hours, and the antibacterial effect was compared between individual samples. * indicates that there is no statistical significance.

a significant difference of results obtained for two incubation
times. The explanation for this observation could be that
bacteria sense, adhere and grow on different surfaces with
different speed.

Conclusion

In this paper, the arrays of TiO, nanotubes were fabricated via
single-step anodization of polished titanium foil. The nano-
tubes were decorated with silver nanoparticles stabilized with
different functionalization layer such as polyvinylpyrrolidone,
branched polyethyleneimine, citrate, polyethylene glycol, and
lipoic acid. The antibacterial activity of Ag-decorated TiO,
nanotubes was tested against three biofilm-forming bacteria,
such as Gram-positive S. aureus and Gram-negative E. coli and P.
aeruginosa using fluorescence microscopy-based live/dead assay
and colony counting method. We showed that the stabilizing
agent play important role in antibacterial properties of AgNPs as
was confirmed by the synergistic effect of particular nano-
particles and TiO, nanotubes on adhesion and viability of G~
and G bacteria. For future work, the antibacterial properties of
TiO, nanotubes will be evaluated for different AgNPs concen-
trations and size and the cytocompatibility of such decorated
nanotubes will also be in our interest.
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Abstract: Nanostructuring of biomaterials is used to create an
appropriate interfacial layer that promotes stable cellular adhe-
sion, proliferation, and differentiation on orthopedic and dental
implants. Here, we synthesize self-organized arrays of composite-
oxide nano-mounds through anodizing Al/Ta bilayers sputtered
on substrates to cover the “missing” smallest size range of
10-40 nm for structuring an advanced inorganic biomaterial—
Al,O3-doped Ta,Os films. The osteoblast-like cells appear to be
able to recognize the finest differences in the film nano-
morphologies. In the absence of serum proteins, the adhesion
and cell growth are substantially enhanced on the 20 and 40 nm
nanoarrays while in complete medium the cells show better initial
adhesion on the 10 nm nanoarrays. The proliferation assay reveals
a significant rise in cell number on the 20 and 40 nm nanoarrays

during the first 7 days. A remarkable increase in the alkaline phos-
phatase activity is noticed on the 40 nm nanoarray. Immunostain-
ing of cells adhered to the nano-mound surfaces shows that
the cells are well spread over all the nanostructured films with
organized actin fibers. The larger surface areas and improved
focal contacts are again associated with the 20 and 40 nm
nanoarrays. The findings help improve compatibility of living cells
with the metal-oxide nanostructured surfaces developed for tissue
engineering. © 2017 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater, 106B: 1645-1654, 2018.
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INTRODUCTION

Recent progress in research and development for advanced
functional materials has given rise to a number of surface fin-
ishing techniques for precisely controlling and modifying
materials chemistry and morphology. Advances in surface
structuring at the micro- and especially nano-scale have accel-
erated preparation and application of metallic biomaterials
with the improved surface properties. Nowadays, commer-
cially available biomaterials used as implants, such as tita-
nium and its alloys, stainless steel, or chromium-cobalt alloy,
are routinely applied due to their biocompatibility, favorable
mechanical properties, and chemical stability. However, an
undesirable tissue reaction caused by released metal ions
may shorten the lifespan of metallic implants owing to
deteriorating the cell adhesion and osteointegration. There-
fore, further optimization of chemical and physical properties
of the well-known biomaterials for improving their cellular
responses is worth doing in tissue engineering.

The bioinertness, biocompatibility, and bioactivity of
metals may be modified by altering their surface properties.
In this way various cellular responses can be induced and
controlled.? Porous structures,’ nanoleaf, and nanoneedles,3
nanotubes,* nanodots,5 or random structures have been
fabricated via various methods. In addition, a number of

extra modifications have been carried out to enhance
osteointegration.®° It is now commonly accepted that the
topography and chemistry at the micro- and nano-scale are
the driving forces for protein adsorption and cellular
adhesion, proliferation, and differentiation;'! therefore, the
surface properties of a biomaterial should be adjusted to
achieve an optimal balance between the biocompatibility
and bioactivity of the material.

Titanium dioxide nanostructures have been introduced in
the field in many works. The most extensively studied TiO,
nanotubes have proved their positive impact on cell responses
compared with an unstructured titanium.">™'® Most recently,
tantalum has been proposed as an alternative implant material
or coating due to its excellent anticorrosive properties and
good biocompatibility. To date, several biological characteriza-
tions have been carried out on the porous tantalum material
structured at the micro- and nanoscale.'”*® Nanostructured
tantalum-oxide domes and huts were reported to reveal good
adsorption of fibronectin and directed cell surface interac-
tions.® Since it has been proved that nanotubes may be anodi-
cally grown on a variety of metals including zirconium,
niobium and tantalum,?®?! the tantalum-oxide nanotube films
have been examined on their anticorrosive and biocompatible
properties promoting protein adsorption and improving
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cellular function.* Despite the reported improvements in the
biomaterial surface properties in relation with cellular
responses, some contradictory results have also been
obtained.'®**?3 Obviously, the results reported so far need to
be reproduced, compared, and sorted out before making final
decisions on their importance for further in vivo research.

The tantalum biocompatibility studies have been extended
to tantalum-oxide nanodots grown electrochemically on
substrates,“'25 some covered with platinum,5 with sizes of
10, 50, 100, and 200 nm, tested on various cell lines.?® The
originality, reproducibility, and size diversity of this environ-
mentally friendly approach (called in the modern literature
the porous-anodic-alumina [PAA]-assisted anodizing), first
reported by Surganov and Mozalev?” and elaborated in later
publications,?®*° complemented by the promising biocom-
patibility results, deserves a special attention. From the recent
reports,>*™2% the behavior of various cells seems to be influ-
enced by the dot sizes and spacing between the dots. How-
ever, in the mentioned publications a number of important
details of the film morphology and chemical composition have
been beyond the authors’ consideration, which makes yet
impossible to understand well and describe conceptually the
functioning of the film/cell interface. As a matter of fact, the
films are not “nanodots” but rather three-dimensional (3D)
nano-hillocks or mounds, with the shape being tuned by the
electrical conditions and the nature of anodizing solution.?®2°
Second, the “dots” grown in oxalic acid electrolytes are not
tantalum oxide but rather tantalum-nitrogen oxide, separated
by a network of non-oxidized TaN metal, both being likely in
contact with the cells when the dot size exceeds some
50 nm.>*"?® Another important but unaddressed feature is
that the dots might be doped with electrolyte-derived species
and especially residues of the alumina barrier layer,*® which
may additionally modify their chemical and physical proper-
ties and hence impact the response of living cells. Additionally
and importantly, the size range of 10-50 nm, which was
reported to be most promising for improving the cell
response,zo'23 has not been addressed in the related works.
Covering the tantalum-oxide nanostructures with platinum
makes the reported results even more confusing since in such
case the cells interact with platinum, not with tantalum or tan-
talum oxide.® Therefore, in the above-mentioned research, an
important consideration is missing of the actual chemical
composition, shape differences, mutual arrangement, and size
effects, especially within the 10-50 nm range, which is needed
for understanding and improving the adhesion, morphology,
proliferation, and enzymatic activity of living cells.

In this work, arrays of metal-oxide nano-mounds self-aligned
on substrates have been fabricated via PAA-assisted anodization
of a layer of tantalum in aqueous solutions of sulfuric acid
(H2S0,), providing the possibility for a well-controlled fabrica-
tion and precise manipulation by their physical sizes within the
range of 10-40 nm. Detailed consideration of the film morphol-
ogy and surface chemistry has made it possible to distinguish
between the nano-mounds themselves (mixed Al,03-Ta;05
oxides with sulfur species) and the spacing around the mounds
(pure Ta;0s). This helped systematically consider the chemical
composition, physical shape, population density, and size
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FIGURE 1. Main steps for forming an array of PAA-assisted mixed-
oxide nano-mounds: (a) sputter-deposition of an Al/Ta bilayer onto a
substrate, (b) formation of a porous anodic alumina (PAA) film via
anodic oxidation (anodizing) of the Al layer, (c) anodizing the Ta
underlayer through the alumina nanopores, and (d) selective chemical
dissolution of the PAA layer.

diversity on the sensitive osteoblast-like cell response. Further-
more, serum proteins mediated interactions between the mixed-
oxide nanofilms and living cells were studied in detail.

MATERIALS AND METHODS

Film preparation and characterization

Initial samples were prepared via sequential sputter-
deposition of a layer of tantalum (99.99% purity, 100 nm
thick) followed by a layer of aluminum (99.999% purity,
500 nm thick) onto SiO,-coated silicon wafers. The wafers
were then cut into 2 X 2 cm? pieces, which were anodically
oxidized (anodized) individually in a specially designed poly-
tetrafluoroethylene (PTFE) three-electrode cylindrical cell,
with a protecting ring defining a working area within a circle
of 1.5 cm? A platinum spiral was used as counter electrode
while the reference electrode was an Ag/AgCl connected to
the anodizing solution by a capillary containing agar-agar and
KCl, as described elsewhere.??

The key steps to form an array of tantalum-oxide-based
nano-mounds from sputter-deposited Al/Ta metal layers are
outlined in Figure 1. First, the Al layer is anodized in an H,SO,
aqueous solution®! at room temperature to form a PAA film
having self-organized porous structure extended down to the
Ta underlayer?® [Figure 1(a)]. After the Al layer is fully con-
verted to PAA, anodizing is sequentially continued at the same
anode potential until the measured current goes to zero.
During the current-decay period, oxidation of the underlying
tantalum occurs locally beneath the alumina pores, and an
array of nanosized tantalum-oxide protrusions forms at the
Al,03/Ta interface due to penetration in the alumina barrier
layer by growing tantalum anodic oxide. Following anodizing,
the specimens are re-anodized by sweeping anode potential
ata constant rate of 50 mVs ' toa higher value, so as to force
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the tantalum-oxide protrusions to overcome the thickness of
the alumina barrier layer, come out in the pores, and expand
at their bottoms [Figure 1(c)]. The extent to which the bases
of the mounds widen in the in-plane direction is determined
by the formation electrolyte and the value of anodizing/re-
anodizing potential.*®?° To remove the PAA overlayer, the
samples are dipped in a hot mixture of chromium and phos-
phoric acids for 3 min,?® then washed in distilled water, and
dried in an oven at 120°C [Figure 1(d)].

Three types of PAA films and hence the PAA-assisted tan-
talum-oxide-based nano-mounds were prepared by growing
the PAA films in sulfuric acid electrolytes of concentrations
ranging 2.0-0.4 mol L' at three distinguished values of
anode potentials: 5, 10, and 20 V (vs. Ag/AgCl) to address
three characteristic ranges of alumina pore sizes and the oxide
nano-mound dimensions, which have not been considered
previously in related research.?*~2®

The surfaces and cross-sections of the nano-mound
samples were imaged in a TESCAN MIRA II field emission
microscope, operated at 30 kV. As the material of the
nano-mounds is a good dielectric,’® a thin layer of gold,
<3 nm thick, was evaporated onto the specimens before
scanning electron microscopy (SEM) observation to reduce
charge effect and improve image resolution. The samples
used for cell culture experiments received no extra coatings
after the PAA had been dissolved away.

Contact angle measurement

Wettability of a flat Ta,Os film used as a reference surface and
that of the nano-mound arrays were estimated by measuring
the contact angle for water droplets using a SEO Phoenix 300
Touch analyzer. The measurements were carried out at room
temperature with a 4 pL water droplet contacting the
sample surface; the measurement results were evaluated by a
four-point analysis.

Cell culture

Human osteoblast-like MG-63 cells (ECACC, UK) were used
as a model for in vitro characterization of the nanostruc-
tured coatings prepared in this work. The MG-63 cells were
maintained in complete Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS), 2
mmol L' L-glutamine, and 5% penicillin/streptomycin
(50 U mL™ " and 50 pg mL~ ' at 37°C in a humidified 5%
CO, incubator). Cells were harvested by trypsinization
(0.25% trypsin-ethylenediaminetetraacetic acid) at 70%
confluency and seeded with a defined density onto the
sterile substrates placed in a polystyrene microplate. All
chemicals were purchased from Sigma.

Adhesion and proliferation assay

The initial adhesion of MG-63 cells to the nanostructured
surfaces and to the reference (flat) Ta,Os film was examined
by counting the cells from images taken by an optical micro-
scope (Axio Imager M2m, Zeiss). The cells were seeded onto
the substrates placed in a 24-well plate at a density of 1 X
10° cells per well. The experiment was carried out 2 h after
the seeding in complete medium (in the presence of serum
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proteins) and in serum-free medium. Proliferation of MG-63
cells on the nanostructured surfaces and on the flat film
was measured with MTT assay and evaluated on days 1, 3,
and 7 after the seeding; the initial cell density was 1 X 10°
cells per well. Briefly, the cells were incubated for a defined
time and then gently washed twice with pre-heated phos-
phate buffer saline (PBS). The mixture of 150 pL culture
medium and 50 pL of tetrazolium (3-(4, 5-dimethylthiazolyl-
2)-2, 5-diphenyltetrazolium bromide (MTT), 1 mg mL™ ' in
PBS, pH 7.4) was added into each well containing the sam-
ples. After 4 h inside the 5% CO, incubator, the samples
were removed and placed into a new well plate, this being
followed by the addition of 10% sodium dodecyl sulfate, and
left overnight to solubilize the crystals of formazan produced
by the cells. Hundred microliter solution portions were trans-
ferred from each well into a new 96-well plate and the
absorbance was measured at 570 nm wave length with a
microplate spectrophotometer (Beckman Coulter Paradigm).
The proliferation was expressed in number of cells according
to the MTT tetrazolium dye calibration curve.

Alkaline phosphatase assay

The activity of enzyme was measured on the nanostructured
surfaces and on the flat film on day 5. The cells adhered to
the nanostructured surfaces were lysed and alkaline phos-
phatase (ALP) was measured according to the manufacturer
(ALP assay, BioVision Inc.). Briefly, 80 pL cell lysate was
incubated with 50 pL  p-nitrophenol phosphate (5
mmol L™1) for 60 min, and the absorbance at a wave length
of 405 nm was measured to the control. The amount of p-
nitrophenol produced by the enzyme was calculated from
the calibration curve and the activity of ALP from each sub-
strate was expressed in nmol h™* mL™ ! units. The ALP
activity was normalized to the total protein content of cells
(ALP activity/microgram protein) measured at 595 nm
wave length with Bradford reagent (Sigma) and serum albu-
min as a standard.

Immunostaining of 3-actin and vinculin

To visualize and evaluate the cytoskeleton arrangement of cells
on the different nanostructured surfaces relative to the flat tan-
talum pentoxide film, the B-actin and vinculin were stained for
24 h after cell seeding. The cells on the sample surfaces were
washed with PBS and fixed with a fresh 4% paraformaldehyde
in PBS for 15 min at room temperature. Followed by several
washing steps with PBS, the cell membrane was permeabilized
in 0.1% Triton-X for 15 min. The cells were gently washed in
PBS and incubated overnight in a blocking solution of 2%
bovine serum albumin. Mouse human anti-vinculin antibody
(1:100 dilution) and AlexaFluor 488 phalloidin (6 pmol L™1)
were added for 1 h, this being followed by three washing steps.
Finally, the samples were incubated with Alexa Fluor 488 goat
anti-mouse antibody (1:100 dilution) for 1 h. The cellular
components were imaged using a fluorescence microscope
(Zeiss Axio Imager M2m). Antibodies and fluorescence probe
were purchased from Sigma.
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FIGURE 2. SEM images of the surfaces (vertical and tilted views) and cross-fractures (3D views) of the metal-oxide nano-mounds derived from
the Al/Ta layers anodized at potentials of 5 V (upper panel), 10 V (middle panel), and 20 V (lower panel); the formation process is sketched in

Figure 1. Scale bars are 50 nm for all images.

Statistical analysis

The mean values and standard deviations were calculated
for the biological experimental data. Student’s t test was
used to determine significant differences between the groups.
p-values of <0.05 and <0.01 were regarded as statistically
significant.

RESULTS

Film morphology and composition

SEM images of the surfaces and cross-fractures of the
nano-mounds derived from the Al/Ta coatings anodized at
potentials of 5, 10, and 20 V and then re-anodized, respec-
tively, to 8, 15, and 25 V (vs. Ag/AgCl) are shown in Fig-
ure 2. From the surface views, the mounds are shaped as
distorted hexagons with wider bases and smooth edges.
The cone-like tops of the mounds are composed of an
Al,03-doped Ta,0s5 oxide, which will be explained in detail
in the Discussion section. An example of the modeled film
prepared via PAA-assisted anodization of tantalum is
shown in Figure 3 while Table I summarizes the measured
and calculated parameters of the three types of nano-
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mound arrays prepared in this work. With increasing for-
mation potential, the mean size of the nano-mounds sys-
tematically increases from 10 to 40 nm, the center-to-
center distance changes from 12.5 to 50 nm, while the
mean spacing between the mounds widens from 2 to
10 nm.

Figure 4 shows the contact angle for water droplets
measured on the flat (reference) Ta,Os surface and on the
three types of nanostructured surfaces prepared in this
study. As seen, the surface of the 10-nm nano-mounds has
an improved hydrophilic behavior (51.6 = 4.8°) relative to
the flat film (58.5 = 2.6°), while with increasing size of the
mounds the films become relatively more hydrophobic, with
the contact angle slightly exceeding 60°.

Cell adhesion in complete and serum-free media

The cells were seeded onto the samples under the two distin-
guished conditions, that is, in complete (10% FBS) and
serum-free media, with the same population densities and left
for 2 h, after which the number of attached cells and the cell
morphology were evaluated from the microscopic images.

TUNING THE RESPONSE OF OSTEOBLAST-LIKE CELLS
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FIGURE 3. Examples of 3D computer-aided modeling of metal-oxide
nano-mounds synthesized via PAA-assisted anodizing of tantalum on
a substrate. Definition and the measured values of potential-
dependent parameters A, D, S, and H are given in Table I.

TABLE I. Relationship between the anodizing/re-anodizing
potentials and the geometrical parameters of the PAA-
assisted mixed-oxide nano-mound arrays. Definition of the
measured parameters is given in Figure 3.

Anodizing/re-anodizing potential/

V vs Ag/AgCl 5/8 10/15 20/30
Center-to-center distance (A)/nm 12 25 50
Diameter (D)/nm 10 20 40
Spacing (S)/nm 2 5 10
Height (H)/nm 10 20 50
Population density (P)/cm? x 10'° 25 12 4

Definition of the measured parameters is given in Figure 3.
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Contact angle / degree
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FIGURE 4. Measured values of static contact angles for water on the
flat (reference) Ta,Os film and 10, 20, and 40 nm nano-mound
surfaces.

The results of this experiment are shown in the graphs
and (c)-images of Figure 5. The following tendencies in the
cell behavior are worth mentioning. The initial cell adhesion
in the presence of serum proteins, being best on the flat and
10 nm nanofilm, then deteriorates with increasing size of the
nano-mounds. The percentage of rounded cells remains
nearly constant regardless of film structuring. Contrarily and
surprisingly, in the serum-free experiment, the best cell adhe-
sion is revealed on the 40 nm mounds, slightly deteriorating
on the 20 nm mounds, dropping further on the 10 nm surface,
and reaching a minimum on the flat Ta,Os film. Moreover, in
the serum-free medium, the population of cells weakly
adhered and hence having the round shape appears to be min-
imal on the 20 nm mounds (18 = 3%), increasing on the 40
and 10 nm mounds (25 * 3% and 68 = 2%, respectively),
being maximal on the flat Ta,0s5 film.

Cell proliferation

The reduction of tetrazolium salts is now widely accepted as a
reliable way to examine cell proliferation or cell viability. The
population of MG-63 cells cultured on the nanostructured
surfaces was checked on days 1, 3, and 7 after cell seeding
(Figure 6); the cell number was calculated from the MTT
calibration curve. The results show that, while the initial cell
adhesion rate is slightly unfavorable toward the bigger nano-
mounds in the serum-containing medium [Figure 5(a)], cell
growth is significantly promoted on the 20 and especially
40 nm nanoarrays on day 7 whereas no consistent differences
are observed for the flat and 10 nm structured films.

Evaluation of ALP activity

The activity of ALP was measured on day 5 after cell seeding
(Figure 7). The cells showed significantly higher biochemical
activity on all the nano-structured surfaces relative to the flat
Ta,0s film, with best activity revealed on the 40 nm array.
From the above consideration, one may see that the 40 nm
structured surface is most preferred by osteoblast cells in
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FIGURE 5. Cell adhesion and adaptation in (a) serum-containing and (b) serum-free media. MG-63 cells were seeded with the same population
density on the flat Ta,O5 film and on the nano-mound arrays. The cell number along with cell shape were microscopically evaluated immedi-
ately after the seeding and in 2 h in both media, as shown in images of panel (c). p values reaching statistical significance (p < 0.05) between

nanostructured and the flat Ta,Os film are marked as # (n=4).
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FIGURE 6. MTT proliferation test on MG-63 cells cultured on the flat
Tay0s film and 10 to 40 nm nano-mounds evaluated on days 1, 3, and
7 after seeding the cells. # indicates p < 0.05 for day 1, ## indicates p
< 0.05 for day 3, and ### indicates p < 0.05 for day 7, all relative to
the flat surface (n = 8).
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terms of adhesion, proliferation, and metabolic activity and
can thus be first considered for tissue engineering.

Cell surface area and immunostaining

In this work, with help of a Java-based image processing pro-
gram (Image]), the cell surface area was displayed and ana-
lyzed on day 1 after cell seeding. The results show that the
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cells occupy larger areas on the 20 and 40 nm structured sur-
faces compared with the flat and 10 nm structured films, on
which no significant differences are observed, as seen from
the graph of Figure 8 and (a)-images in Figure 9. Further-
more, experiment on fluorescence staining of actin filaments
show that the cells spread on the nanostructured surfaces
have a more spherical shape with a well-organized cytoskele-
ton and well developed lamellipodia, as seen in (b)-images of
Figure 9. The cells on the flat Ta,05 film have more compact
shapes, being also spread with organized actin stress fibers,
while the lamellipodia seem to be more reduced. All surfaces
tested here exhibited the huge fillopodia projections, as
showed in (c)-images of Figure 9. From the focal adhesion
view-point, the cells spread on the 20 and 40 nm structured
surfaces create more focal points compared with the flat film
and the 10 nm structures, as seen in (d)-images of Figure 9.
Thus, it is suggested that the larger surface area taken by the
well-spread cells and more focal contacts created on the 20
and 40 nm arrays are due to the more favorable topography
sensed by the cells.

DISCUSSION

Analysis of SEM images of the nano-mound arrays revealed
that the population density of the mounds is equal to that of
pores in the corresponding anodic alumina films, that is, each
nanopore causes the growth of a mound. The shape and

0 nm

FIGURE 9. (a) Optical microscopy images showing the morphology of the cells on the nano-mound arrays. (b) Topographical fluorescence microscopy
images of actin staining with (c) the details of filopodia projection of MG-63 cells cultured on the flat Ta,Os film and the nano-mound arrays. (d) Images

show the development of focal adhesion contacts by staining of vinculin.
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dimension of the oxide nano-mounds are determined by the
hexagonal configuration and size of the alumina cells, being
further affected by the field-assisted solid-state reactions and
stress generation at the alumina/tantalum interface.** An
important feature is that the spacing between the mounds
(the darker areas in the micrographs of Figure 2) is self-
organized in a network consisting of Ta,05 nano-gaps having
rather constant width despite the differences in size distribu-
tion inevitable among the mounds. The mound size distribu-
tion is due to the variation in pore diameters in a thin alumina
film, unlike the case of much deeper anodizing of aluminum
foils (approximately 20-200 pm).2* No residual Al metal is
observed over the spacing, which means that the aluminum
was fully consumed during the anodic process. Based on the
SEM examination and with reference to previous work on
the formation and compositional analysis of tantalum-oxide
nano-hillocks via PAA-assisted anodization in sulfuric acid
electrolytes,?® idealized 3D models are now developed with a
computer-aided graphic software to elaborate the details of
the surface morphology, oxide/substrate interface, and com-
positional profile within an array of the oxide nano-mounds
(Figure 3).

As has been reported,?® PAA-assisted anodizing of Ta
underlayer in sulfuric acid solutions results in covering the
tantalum metal network around the mounds with a layer of
anodic oxide, obviously thicker than 5 nm, such that Ta metal
is not x-ray photoelectron-spectroscopy-detected at the film
surface even after an Ar-ion sputter-cleaning cycle. This is
unlike the case of PAA-assisted anodization of Ta in oxalic-acid
electrolytes,”’ where the oxide nanodots grow well separated
by metallic tantalum having no anodic film over it. Thus, the
technique used in the present work seems advantageous for
biomedical application as it waves any uncertainty that may
arise due to the contribution of metallic tantalum to the sensi-
tive cell response. Moreover, the PAA-assisted anodization of
tantalum metal results in a compositional depth profile within
the nano-mounds owing to the specific co-operative ionic
transport through the alumina barrier layer. This ends with
the self-organized formation of an Al,03-doped Ta,0Os oxide
region located at the tops of the nano-mounds. As such mixing
occurs under the high electric field, the mixed-oxide region
forms as a ceramic-like outer layer over each nano-mound.
Thus, the tops of the nano-mounds possess a unique combina-
tion of nano-mechanical properties and chemical stability,
which makes the material extraordinary resistive in aggres-
sive media, even in an SF¢ plasma commonly used in micro-
fabrication for dissolution of Ta and Ta,0s. This implies that
the material composing the mounds may not dissolve in the
living cell environment and hence neither Ta®* nor AI** ions
may be injected in the surrounding media. A minor amount of
sulfur-containing impurities originating from the electrolyte
and incorporated in the nano-mounds is coordinated within
the material and also may not dissolve away from the
refractory-oxide nanocomposite.

All the films prepared here revealed the hydrophilic char-
acter, with the contact angles slightly increasing (approxi-
mately 51-61°) with increasing the size of the mounds, which
generally fits the data reported elsewhere.?® Although many
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relevant studies point out that the cell attachment and spread-
ing are favored on moderate hydrophilic biomaterial surfaces
compared with hydrophobic surfaces,®* the concept of cell-
surface interaction is far too complex and unpredictable to
approach the idea of strict correlation between the contact
angle for water and cell behavior with a degree of caution.®
Apparently, other factors, such as the film chemistry, topogra-
phy, or protein adsorption may direct the behavior of living
cells in a much more definite way than the surface wettability
of a biomaterial.3®

One of the objectives was to evaluate the influence of
adsorbed serum proteins, as a link between the surface
topography and the cells, on the initial cell adhesion. Serum
supplemented culture medium contains proteins, whose
adsorption on biomaterials is primarily dependent on the
chemistry and topography of the material surface and may
significantly influence cell adhesion.?” It is well known that
cell adhesion is determined by the properties of sub-
strates,’® being also time dependent. Although under the
serum-free condition it is not possible to reliably evaluate
the cell adhesion for longer times, the initial behavior of
cells on the bare substrates gives the important characteri-
zation of cytocompatibility of the nanostructured coatings.
Our findings showed clearly that, without serum proteins,
the osteoblast-like cells are capable of effectively recogniz-
ing the differences in the film nano-morphologies and likely
the chemical composition of the films. Obviously, the cells
prefer most the 40 nm mounds and slightly less the 20 nm
mounds, as confirmed by the higher number of cells flat-
tened on these surfaces, especially in comparison with the
flat Ta,0s film, on which the cells are poorly adhered and
keep their round shape [Figure 5(c)]. In the serum-
containing medium, only ~5% of cells retain their round
shape on all examined surfaces, which is obviously due to
pre-adsorption of protein. Thus, in the serum-containing
medium, the majority of cells exhibit good adhesion and get
an elongated shape, slightly preferring the 10 nm mound
array.

The proliferation of MG-63 cells was evaluated within 7
days using widely used MTT assay. It should be noted that the
role of nanoscale features of various biomaterials in cell prolif-
eration has been the subject of many studies, resulting however
in contradictory reports,*®*° some noticing no impact of the
nanoscale roughness on either proliferation of osteoblast cells
or protein adsorption.*® The our findings seem to complement
well the previously reported results on biocompatibility of
oxide nanodots synthesized from TaN layers, showing that the
50 nm morphology promoted best proliferation rate.>***> To
assess the influence of differently sized nano-mounds on the
osteogenic cell contact, ALP activity was measured and normal-
ized to total protein concentration. ALP enzyme is an efficient
marker of osteoblast maturation, differentiation, and bone for-
mation. Despite the published reports showing that the
increased proliferation happens along with the increased ALP
activity,***? a few contradictory conclusions are also found in
the literature.*>** Considering the diversity in cell lines, chem-
istry, and types of nano-morphologies of potential biomaterials
for tissue engineering, it is obvious that the processes of cell-
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material interaction should receive more studies and interpre-
tations, followed by detailed comparisons of various authors’
results, prior to making final conclusions and deciding the
areas of application.

Cellular morphology is an important factor used in charac-
terization of healthy cells, and it is influenced by the biomate-
rial properties. Cells adhering to, and spreading out on, a
biomaterial could sensitively recognize the topography, chem-
istry, charge, and even more surface and interface phenom-
ena.>>® Generally speaking, although rather similar effects of
the surface topography on cell morphology and activity have
been described for various nanostructured biomaterials,** the
reported results cannot yet be well summarized and
described conceptually due to the complexity of experiments,
the high number of important variables, and conflicting
results obtained by different authors. For example, it has been
shown that the progressive adhesion and shape elongation of
cells onto the 70 and 100 nm TiO, nanotubes induced higher
expression of ALP and other markers,*®> whereas rather con-
tradictory conclusions on the preferable nanotube diameters
smaller than 50 nm have been made in another related
work.?®> Moreover, a great variety in the adhesion, prolifera-
tion, and differentiation behaviors have been obtained for the
same or similar surface morphologies but in relation with dif-
ferent cell lines.**® It is evident that more multi-disciplinary
studies are needed to fully define all aspects relative to the
physico-chemical and biological characteristics of bioactive
surfaces, including the search for new metal, metal-oxide, and
composite biomaterials. More specifically, a concept of bioma-
terials with nanostructured surfaces should be established
based on consideration of biocompatibility and bioactivity of
cells in contact with such surfaces. The interaction of proteins
and ions with bioactive materials, which may significantly
impact the processes at the material/cell interface should also
be studied with the focus on surface nanostructuring. Further-
more, exploring the relations between antibacterial properties
and biocompatibility of nanomaterials and bioactivity of cells
remains a great challenge due to the lack of relevant studies.
However, our findings seem to agree with main results of
applying proliferation assay and evaluating ALP activity of the
cells in relation with the physical sizes and morphological
features of the mixed-oxide nano-mounds developed in this
work.

CONCLUSION

Arrays of composite-oxide nano-mounds self-aligned on sub-
strates have been fabricated via PAA-assisted anodization of
thin Ta layers in sulfuric acid electrolytes to address the spe-
cific topography and size range for the mounds of 10-40 nm,
which has not been considered in previous studies. The films
were examined in relation with the adhesion, proliferation,
and ALP activity of osteoblast-like cells, with the following
major conclusions emerging:

1. Detailed consideration of the film morphology and surface
chemistry allows for precisely distinguishing between the
nano-mounds themselves composed on Al,03-doped Ta,0s
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ceramic-like nanomaterial and a regular network of tantalum
pentoxide separating the mounds. These details helped
systematically consider the effect of composition, shape, pop-
ulation density, and physical sizes on the sensitive osteoblast-
like cell response.

2. The adhesion of MG-63 cells to the nanostructured surfa-
ces differs in the presence and absence of serum pro-
teins. It is shown for the first time that the cells are able
to sensitively recognize the features of surface structur-
ing without pre-adsorbed proteins. The 20 nm and espe-
cially 40 nm nanoarrays in the absence of serum evoke
best cell adhesion, probably due to the preferred relation
between the composition, sizes, and spacing of the mixed-
oxide nano-mounds. The cells show significantly higher
proliferation and ALP activity on all the nanostructured
surfaces relative to the flat Ta,0Os5 film, with best behavior
revealed on the 40 nm array.

3. The well-organized actin fibers grow at all the nano-mound
arrays, with the largest surface area and vinculin expression
found on the 20 and 40 nm mounds. This is explained by
the more favorable topographies of the bigger-size nanoar-
rays sensed by the cells as compared with that of the flat
and 10 nm structured surfaces. Conceptually, the evolution
of MG-63 cell morphology fits well the cell proliferation and
ALP activity revealed in relation with increasing sizes of bio-
active nano-mounds developed and examined in this work.

Apart from the practical importance of the concrete find-
ings, the results and their interpretation may also contribute
to conceptually understanding the interaction of living cells
with the metal-oxide nanostructured biomaterials supporting
the regeneration of damaged organs and tissues in human
body.
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Hafnium dioxide (HfO,) is attracting attention for bio-related applications due to its good cyto-
compatibility, high density, and resistance to corrosion and mechanical damage. Here we synthesize two
types of hafnium-oxide thin films on substrates via self-organized electrochemical anodization: (1) an
array of hierarchically structured nanorods anchored to a thin oxide layer and (2) a microscopically flat
oxide film. The nanostructured film is composed of a unique mixture of HfO,, suboxide Hf,Os, and
oxide-hydroxide compound HfO,-nH,O whereas the flat film is mainly HfO,. In vitro interaction of the
two films with MG-63 osteoblast-like cells and Gram-negative E. coli bacteria is studied for the first time
to assess the potential of the films for biomedical application. Both films reveal good cytocompatibility
and affinity for proteins, represented by fibronectin and especially albumin, which is absorbed in a nine
times larger amount. The morphology and specific surface chemistry of the nanostructured film cause a
two-fold enhanced antibacterial effect, better cell attachment, significantly improved proliferation of
cells, five-fold rise in the cellular Young's modulus, slightly stronger production of reactive oxygen
species, and formation of cell clusters. Compared with the flat film, the nanostructured one features the
weakening of AFM-measured adhesion force at the cell/surface interface, probably caused by partially
lifting the nanorods from the substrate due to the strong contact with cells. The present findings deepen
the understanding of biological processes at the living cell/metal-oxide interface, underlying the role of
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1. Introduction

A biomaterial is an engineered substance specifically shaped to
direct any of therapeutic or diagnostic procedures. Biomaterials
differ widely in mechanical, physical, chemical, and biological
properties, determining a specific biomedical application such
as hard tissue replacement, fixation, making valves and heart
pacemakers, or surgical instruments. Metal biomaterials such
as stainless steels, cobalt-based alloys, and titanium and its
alloys have been used for production of orthopedic and surgical
implants for decades." Various surface modifications of the
metal biomaterials introducing for instance porosity, extra
roughness, or diversity in surface chemistry have been the well-
proved factors enhancing osteoconductive and osteoinductive
responses to the implant surroundings.?

Several refractory metals including tantalum, niobium,
titanium, zirconium, and hafnium have recently been explored
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as alternatives for potential biomedical application due to their
excellent hardness, malleability, tensile strength, high density,
and melting point, complemented by natural passivity and,
therefore, resistance to corrosion, and good electrical and heat
conductance.® As nowadays the raw materials are facing a
shortage of supply while the production and processing costs
of the bulk metals continue to increase, the mentioned metals
have also been explored as alloying elements or coatings.*”
Hafnium (Hf) is a group IV transition metal, sharing the
position in the periodic table with Ti and Zr. Hafnium is very
dense, thermostable, malleable, and ductile. It is almost com-
pletely immune to chemical attack and it has a good resistance
to mechanical damage due to its hardness. These properties
have made it indispensable for many applications® and also
attractive for biomedicine.>” To date, the research reports on
pure hafnium metal as a biomaterial have been limited by the
implementation of hafnium wires or a thin plate in vivo®>® and
investigation of corrosion properties of pure hafnium in a
biological environment.” Hafnium has been more explored as
a component of biomedical alloys, in combination with Ti, Ta,
or Nb. For instance, the apatite-forming ability of Ti-Hf alloys
has been utilized for bone bonding.’ Bulk hafnium alloys have
been investigated for their mechanical properties,'®** cyto-
compatibility, and hemocompatibility,'* cell-surface interaction,

This journal is © The Royal Society of Chemistry 2019
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and protein adsorption."®> The results have shown that the
Hf-based alloys have a potential for application as biomaterials,
especially for regenerative medicine and tissue engineering.

To avoid undesirable tissue reactions that may be caused by
released metal ions, the focus of biomaterials research has moved
from the metals and metal alloys to metal oxides (ceramics) and
composites (metals with metal-oxide or ceramic coatings)."* In
this regard, hafnium dioxide (HfO,) is attracting attention for
potential application, for example, as implants due to its high
resistance to corrosion and compression and low electrical and
thermal conductivities. Moreover, recent advances in surface
structuring at the nanoscale have accelerated preparation and
application of metal-oxide biomaterials substantially improving in
some sense cells/surface interaction, bioactivity, and resistance to
corrosion. Modern fabrication and analysis approaches have
made it possible to precisely investigate the complex effects of
surface nanostructuring'>'® and further modifications'” on the
cell/surface interface, protein adsorption, metabolic activity,
bacterial adhesion, or biofilm formation in relation to nano-
mechanical, chemical, and biological properties of nanostruc-
tured surfaces.

Hafnia-based nanostructures and nanostructured coatings
have been developed as nanoporous hafnia via anodic oxidation/
dissolution of hafnium foil,*®*'® nanotubes within the anodic
alumina templates via atomic layer deposition,>® nanorods,
nanosprings, and nanohelix by electron-beam evaporation,' or
hafnia nanoparticles through chemical synthesis.>*>* The most
recent report describes the hafnium-oxide coatings with the
unique self-organized nanostructured 3-dimensional architec-
tures and tunable sizes, ranging 10 to 400 nm, synthesized via
the anodizing of aluminum-on-hafnium (Al/Hf) metal layers.>®
The films consist of arrays of upright-standing hafnium-oxide
nanorods anchored to a continuous hafnium-oxide bottom layer.
The method is superfast, easy to implement, highly reproduci-
ble, cost-effective, and environmentally friendly. Although some
cytotoxicity and antibacterial tests have been performed to
hafnia nanoparticles and nanopowders,>®>” there have been
no reports on interaction of any nanostructured HfO, films or
coatings with living cells in an in vitro environment. Neither
antibacterial properties of any known hafnium-oxide nanostruc-
tured coatings have been explored.

In our work to date, a hafnium-oxide nanorod array has been
synthesized via electrochemical anodization of Al/Hf metal
layers generally following the approach described in the pre-
vious work?®® and involving certain modifications to advance the
morphology and chemical composition and optimize the film
nanostructure through the adjustment of forming conditions to
better meet the requirements for biomedical application. A
combinatory study has been performed to reveal the behavior
of MG-63 osteoblast-like cells and viability of Gram-negative
E. coli bacteria spread over the hafnium-oxide nanostructured
film. For comparison, a thin anodic hafnium-oxide film with a
microscopically flat morphology has also been prepared and
made the subject of investigation. The vertical scratching tech-
nique available with an atomic force microscope (AFM) has been
tried for the first time to measure and compare the stiffness and

This journal is © The Royal Society of Chemistry 2019
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adhesion force of cells on the structured and non-structured
hafnium-oxide nanofilms. The surface and cell/film interface
have been examined by high-resolution scanning electron micro-
scopy (SEM) and X-ray photoelectron spectroscopy (XPS). Prolif-
eration of model tissue cells and bacteria, protein adsorption,
and oxidative stress have been revealed by optical spectroscopy
and microscopy methods. The applied combination of advanced
electrochemical fabrication, surface analysis, and biological char-
acterization techniques was expected to explore the potential of
the PAA-assisted hafnium-oxide nanofilm for biomedical applica-
tions and, more generally, improve the understanding of inter-
action of living cells and bacteria with metal-oxide nanostructured
coating and films.

2. Experimental
2.1 Film preparation and characterization

A 100 mm thermally oxidized silicon wafer was used as a
substrate for coating formation. A layer of hafnium, 100 nm
thick, followed by a layer of aluminum, 400 nm thick, were
successively deposited on the substrate via the ion-beam sput-
tering from respectively Hf (99.95%) and Al (99.999%) targets.
The wafer with the deposited films was cut into pieces of
2 cm x 2 cm, which were then electrochemically processed in
a cylindrical top-open two-electrode PTFE electrolytic bath.
In the bath, the sample was placed horizontally onto a flat
dielectric base, and a circle of 1.5 cm in diameter (1.8 cm?)
was secured by a PTFE protecting ring attached to the upper
electrolyte-containing part of the bath. The bath was filled with
300 cm® electrolyte, the working temperature was maintained at
23 °C for all anodizing experiments. An Agilent 5752A programm-
able power supply, controlled by a homemade software written in
LabVIEW was used as the anodizing unit. Further technical
details of the anodizing setup may be found elsewhere.?® Fig. 1
outlines the main stages of process for forming the hafnium-
oxide (HO) nanostructured coating from the initial Al/Hf bilayer
(Fig. 1a). The Al layer was first converted into a porous anodic
alumina (PAA) film by anodizing in 0.2 M H3;PO, aqueous
solution at 150 V (Fig. 1b). Then, an array of hafnium-oxide
nanosized protrusions was formed on the Hf layer due to re-
anodization to 300 V through the alumina nanopores (Fig. 1c).
Eventually, the PAA layer was chemically dissolved away in a
solution prepared as reported elsewhere® (Fig. 1¢’). The speci-
mens were rinsed in several deionized waters and dried in an
oven at 120 °C for 30 min to fully desorb water from the
specimen surface. For comparative experiments, the Al layer
was dissolved away from the initial Al/Hf sample, and the
remaining Hf metal was anodized in 0.2 M H3;PO, by sweeping
potential from 0 to 50 V, with a rate of 0.1 V s, followed by a
30 min current decay. This was expected to give a uniform
compact anodic HfO, film, about 100 nm thick, with a feature-
less surface morphology (Fig. 1a’). The surfaces and cross
fractures of the on-substrate HO nanofilms were examined in a
field emission scanning electron microscope (TESCAN MIRA II),
equipped with InBeam detector for secondary electrons,
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Fig. 1 Schematics for forming anodic hafnium-oxide nanofilms: (a) sputter-deposition of an Al/Hf bilayer onto a SiO,-coated Si substrate, (b) formation
of a porous anodic alumina (PAA) layer, (c) formation of hafnium-oxide nanorods via the PAA-assisted re-anodizing of the Hf underlayer, (c’) dissolution
of the PAA layer to finalize the nanostructured hafnium-oxide film. The flat hafnium-oxide film shown in panel (a’) is prepared by chemical dissolution of

the initial Al layer and subsequent compact anodization of the Hf layer.

which helps improve image resolution and allows for directly
observing metal-oxide surfaces without any charge-reducing
coating over the specimens. For SEM observation of cells on
the nanostructured HO sample, the living cells were first fixed
on the sample surface and completely dried. The fixation of
cultured cells was performed by removing the culture media
and rapidly dipping the samples into the 2% glutaraldehyde
solution for 15 min, followed by rinsing with phosphate buffer
three times over 5 minutes. Then the cells were dehydrated in
50, 70, 90, 95, and 100% ethanol series as reported elsewhere.*
A thin layer of gold was magnetron sputtered over the cell-
covered surfaces and cross-fractures of samples to reduce
charge-accumulating effect during SEM observation. Chemical
composition of the HO nanofilms was examined by XPS surface
analysis carried out with a Kratos Axis Ultra DLD spectrometer
using a monochromatic Al Ko source. The X-ray emission
energy was 150 W with a 15 kV accelerating voltage. Typical
operating pressures were less than 10™° Torr. The emitted
electrons were detected at fixed pass energies of 160 eV for
the survey spectra and 20 eV for the high-resolution spectra.
The Kratos charge neutralizer system was used for all speci-
mens. Experimental spectra were analyzed with CasaXPS soft-
ware version 2.3.18 PR. A standard Shirley background was
used in all fitted spectra. Spectra were charge-corrected to give
the adventitious C 1s spectral component (C-C, C-H) a binding
energy of 285.0 eV.

2.2 Cell culture

Human osteoblast-like MG-63 cells (ECACC, UK) were used
for in vitro characterization of HO films prepared in this work.
The MG-63 cells were maintained in complete Dulbecco’s
Modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM vr-glutamine, and 5% penicillin/
streptomycin (50 U mL ™" and 50 pug mL ' at 37 °C in a
humidified 5% CO, incubator). The cells were harvested by
trypsinization with 0.25% trypsin—-EDTA at 75% confluency and
seeded with a defined density onto the sterile samples placed in
a polystyrene microplate.

2302 | J Mater. Chem. B, 2019, 7, 2300-2310

2.3 Bacterial test of viability

Antibacterial activity against Escherichia coli (E. coli) was evalu-
ated on the flat and nanostructured films. 45 puL of suspension
containing the bacteria was introduced on the sterilized film
surfaces and incubated at 37 °C for 4 hours. Subsequently the
samples were rinsed with sterile water and shortly sonicated to
release the bacteria from the surfaces. The bacteria solution
was diluted 100, 1000, and 10 000 times before being plated on
the solid agar. The agar plates with 200 uL bacteria dilutions
were incubated at 37 °C for 16 hours. Then the agar plates were
photographed, and the bacteria colonies were counted. The
number of colony-forming units per milliliter (CFU per mL) was
calculated as the number of colonies divided by the amount
plated (mL) and multiplied by the dilution.

2.4 Adsorption of proteins

Protein adsorption on the HO surfaces was analyzed using
a Commasie Brilliant Blue G. Bovine serum albumin (BSA;
1 mg mL™") and fibronectin (FN; 50 pg mL ') stock solutions
were prepared in phosphate buffer saline (PBS) and used as
model proteins in this work. 50 pL of a known concentration of
the protein solution (0.5 mg mL ™" BSA and 50 pg mL ™' FN) was
pipetted onto the sample surface and kept in a 12-well cell culture
plate for one hour inside the CO, incubator. The unattached
proteins were collected, and their concentrations were then
optically quantified. Commassie Brilliant Blue assay was carried
out by adding 250 pL reagent to 5 pL protein solution in a 96-well
plate. The amount of unattached proteins was deduced from
calibration curves and the initial amount of protein adsorbed on
the surface. The calibration curves for BSA and FN proteins
and the measurement of the sample solutions were performed
by monitoring the absorbance at 595 nm in the 96-well plate
(Beckman Coulter Paradigm).

2.5 Adhesion and proliferation assays

The initial adhesion of MG-63 cells to the HO surfaces was
examined by counting the cells from images taken by an optical
microscope (Axio Imager M2m, Zeiss). The cells were seeded

This journal is © The Royal Society of Chemistry 2019
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onto each sample surface placed in a 24-well plate at a density
of 1 x 10° cells per well. The experiment was carried out 4 hours
after the seeding in complete medium. Proliferation of MG-63
cells on the samples was measured with (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium assay (MTT)
and evaluated on days 1, 3, and 7 after the seeding; the initial
cell density was 1 x 10 cells per well. Briefly, the cells were
incubated for a defined period and then gently washed twice
with pre-heated PBS. The mixture of 150 pL culture medium
and 50 pL tetrazolium dye (MTT, 1 mg mL ™" in PBS, pH 7.4) was
added into each well containing the samples. After 3-hour
incubation, the samples were removed and placed into a new
well-plate, this being followed by the addition of 10% sodium
dodecyl sulphate (SDS). Then the samples were left overnight to
solubilize the crystals of formazan produced by the cells. A 100 pL
solution was transferred from each well into a new 96-well plate,
and the absorbance was measured at 570 nm wavelength with a
microplate spectrophotometer (Beckman Coulter Paradigm).

2.6 AFM utilization

A Bruker Dimension FastScan AFM (Bruker Nano Surfaces,
Santa Barbara, CA, USA) equipped with FastScan-A probe
(Bruker) was used to image surface topography in tapping mode
(0.5 Hz scanning speed, image resolution 1000 x 1000 points).
Mapping of Young’s modulus of the living cells was performed
with a calibrated silicon nitride AFM cantilever equipped with a
pyramidal silicon tip.>* The cantilever stiffness was calibrated
by measuring its thermal noise. The force mapping procedure
was performed as step by step recording of 16 x 16 maps of
force distance (FD) curves; set point 1 nN, Z length 15 pm, time
per curve 0.5 s. The recorded FD curves were fitted with
Bilodeau modification of Hertzian model. Gwyddion software
was used to obtain numerical values of average stiffness. The
vertical scratching of cells from the surface was studied with
the AFM tip (Bruker SNL 10B) moving perpendicularly over the
sample surface. A scanning direction of 90 degrees was used to
monitor the cantilever deflection, calibrated in a standard way.
A standard contact mode was used to perform the scratching
study; the scanning speed was 0.25 Hz and the set point value
was gradually increased in the range 0.5, 1.0, 2.0, 5.0, 7.5,
10.0 nN, until the point when the cell was scratched away from
the surface.

2.7 Oxidative stress measurement

Qualitative detection of oxidative stress was performed micro-
scopically with the cell permeant reagent 2',7’-dichlorofluorescin
diacetate (DCFDA). The oxidative stress in cells cultured on the
HO surfaces was examined in 24 hours after seeding the cells.
The same experiment was performed with a piece of plastic used
as a control (reference). Before the experiment the cells were
seeded on the HO and plastic surfaces and washed in PBS. 25 pyM
DCFDA in PBS was added to stain cells for 15 min at 37 °C. The
samples were then rinsed in PBS and imaged in differential
interference contrast (DIC) and fluorescence modes in an optical
microscope at excitation/emission wavelength of 470/520 nm
(Axiotron II Zeiss).

This journal is © The Royal Society of Chemistry 2019
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2.8 Morphology and immunostaining of actin and vinculin

To evaluate the morphology of cells and the distribution of
actin filaments and vinculin on the HO surfaces, the cells were
stained for B-actin and vinculin for 24 hours after seeding the
cells. Briefly, the cells were washed with PBS and fixed with a
fresh 4% paraformaldehyde in PBS for 15 min at room tempe-
rature. After several washing steps with PBS, the cell membrane
was permeabilized in 0.1% Triton-X for 20 min. Subsequently,
the cells were gently washed in PBS and incubated overnight in
a blocking solution of 2% BSA. Mouse human anti-vinculin
antibody (1:100 dilution) and ActinRed™ 555 (Invitrogen™)
were added for 60 and 30 min, respectively. Finally, the samples
were incubated with Alexa Fluor 488 goat anti-mouse antibody
(1:100 dilution) for 1 hour. The cellular components were
imaged and evaluated using a fluorescence microscope (Zeiss Axio
Imager M2m).

2.9 Statistical analysis

The mean values and standard deviations were calculated for
the biological experimental data. Student’s t-test was used to
determine significant differences between the groups. P-Values
of <0.05 were considered as statistically significant.

3. Results and discussion
3.1 Film morphology and chemical composition

Among the three acid solutions tested so far for PAA-assisted
anodizing of hafnium layers,” the phosphoric acid electrolyte
was chosen since it allows for the highest formation potential
of 150 V, which was estimated to give oxide nanorods aligned in
an array with a pitch of about 500 nm and 7 x 10° cm ™2
population density. To optimize the height of the rods, the
sample was re-anodized to a potential of 300 V, which was
substantially lower than the previously reported value.>® This
was expected to make the hafnium-oxide nanoprotrusions
shorter, less than 300 nm in height, and therefore mechanically
more stable, with wider tops directly connected to hafnium-
oxide nanoneedles composing the bottom part of the rods. On
the other hand, the potential was expected to be high enough to
cause the formation of a continuous oxide layer beneath the
rods, so that the remaining hafnium metal would become fully
isolated from the surrounding environment by such oxide layer,
as shown in the schematic of Fig. 1. This would guarantee that
the anodic hafnium oxide, not the metal, will be in contact with
a biological substance. Such structuring and dimension of the
HO nanofilm were considered optimal for the present study,
due to the reported success with PAA-assisted nanostructured
oxide surfaces made on other metals, like TaN or Ti.***

A row of SEM images in panel (a) of Fig. 2 shows the
nanostructured anodic film synthesized via the PAA-assisted
anodizing/re-anodizing at 150/300 V of an Al/Hf bilayer on a
SiO,/Si substrate and treated in the selective etchant to fully
dissolve the PAA layer. SEM images in Fig. 2b demonstrate the
compact HO film on the hafnium layer obtained by anodizing
of the Hf layer to 50 V. As the view fields are the same in
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Fig. 2 Comparative SEM views of hafnium-oxide nanofilms synthesized via (a) anodization of the Al/Hf bilayer in 0.2 M H3zPO, solution at 150 V,
re-anodization to 300 V, and PAA dissolution (‘nanostructured’ film), (b) anodization of the Hf layer in 0.2 M H3PO4 by increasing polarization from 0O to
50 V (flat’ film). The plots on the right show experimental and curve-fitted XP Hf 4f spectra of the corresponding film surfaces. SEM images in panel (c)
show fragments of fractures of the nanostructured hafnium-oxide films with the fixed MG-63 cells.

columns of panels (a) and (b), the images may be visually
directly compared, and one may see that the compact anodic
HO film has a microscopically flat surface (hereafter the ‘flat’
film). Contrarily, the anodic film prepared via the PAA-assisted
anodization (hereafter the ‘nanostructured’ film) fully meets
the above-mentioned expectations and is composed of oxide
nanorods having a cone-like shape, 280 nm high, ~200 and
~350 nm wide at the tops and bottoms respectively, of 7 x
10® em ™2 population density, being separated from the remaining
hafnium metal by a continuous oxide layer, about 80 nm thick.

The group of images in panel (c¢) shows fragments of
fractures of the nanostructured HO films with the adhered
MG-63 cells. One may see that the cells cover not only tops of
the rods but also the gaps between the rods thus interacting
with the whole surface of the hafnium-oxide nanofilm. This is
clearly unlike the case of previously reported PAA-assisted tantalum-
oxide nanostructured film, having comparable dimension but not
letting the cells spread around the rods.*

2304 | J Mater. Chem. B, 2019, 7, 2300-2310

The plots in Fig. 2a and b show the narrow scan Hf 4f spectra
of respectively the nanostructured and flat HO films. For the
nanostructured surface, the Hf 4f region can be fitted with
three spin-orbit doublets all having symmetric lineshapes and
nearly equal width, with the corresponding 4f,, binding energies
at 17.0, 18.25, and 19.25 eV. With reference to XPS evaluation of
the hafnium oxide nanofilms in the recent work,* the Hf 4f,,,
peak for each species was constrained to be at a fixed energy
increment of 1.68 eV above the Hf 4f;, peak, and the peak
intensity ratio was fixed to 4:3. In the spectrum, the domi-
nating doublet may be assigned to the fully oxidized Hf*" in
stoichiometric HfO, (~37 at%). The lower-energy doublet,
shifted to —1.23 eV, is associated with photoelectrons emitted
from Hf*" oxidation states created by Hf,O; suboxide (~ 28 at%).
The highest-energy doublet, shifted to +1.0 eV from the Hf*" level,
is associated with hydroxyl groups bonded with hafnium in an
oxide-hydroxide compound HfO,-nH,0, which was formed due
to incorporation of OH™ ions into the oxide structure during
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the anodic processes (~35 at%). This interpretation may be
further supported by the case of PAA-assisted WO, nanorods,
also giving a peak above the W*" level associated with the oxide-
hydroxide component - so called ‘tungstic’ acid.*® The Hf 4f
region of the flat film (Fig. 2b) is fitted by two spin-orbit doublets
with symmetric lineshapes with the 4f;, binding energies at
18.2 and 19.1, which can be assigned to HfO, (~90 at%) and
HfO,-OH (~10 at%). Both films revealed no traces of metallic
Al or Hf, which confirms that the surfaces are fully oxidized, as
required for the purpose of this study.

Conclusively, the structured surface developed here is a sort
of unique from the morphology and chemical composition
view-point, being represented by the hierarchically nanostructured
metal-oxide coating comprising a mixture of hafnium dioxide,
suboxide, and hydroxide in comparable amounts, thus contribut-
ing to the diversity of hafnium-oxide nanofilms reported so far.
Contrarily, the surface of the flat film is incomparably smoother
and microscopically featureless, being mainly composed of stoi-
chiometric hafnium dioxide.

3.2 The nanostructuring promotes antibacterial activity

Over the past few decades, the positive effect of surface nano-
structuring on cytocompatibility and antibacterial activity has
been established for conventional biomaterials. To prevent the
adhesion and proliferation of pathogenic bacteria on biomedical
surfaces, coatings with biocidal agents, silver nanoparticles,
and antibiotics have been proposed.’” As hafnia nanoparticles
and coatings have reportedly been effective with Gram-negative and
Gram-positive bacteria,*® we have examined the antibacterial capa-
city of HO nanofilms developed in this work. The antibacterial
efficiency of the nanostructured HO film was estimated with
Gram-negative E. coli and compared with that of the flat HO film.
The films were exposed to the bacteria solution for 4 hours, and
the viability assay counting bacterial colonies on solid agar was
carried out as depicted in Fig. 3a and b. The quantitative results
shown in Fig. 3c reveal almost two-fold enhancement of anti-
bacterial capacity of the nanostructured HO surface. This finding
supports the belief that bacterial contamination of biomaterials
may lessen due to structuring at the nanoscale. Although the
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Flat Nanostructured

Fig. 3 Digital photographs of E. coli colonies as the results of 4 hour
interaction between the bacteria and the (a) nanostructured and (b) flat
hafnium-oxide films. (c) The bacterial colonies density measured on the
flat and nanostructured hafnium-oxide surfaces. * indicates p < 0.05 for
the flat surface in comparison with the nanostructured one (n = 6).
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exact mechanisms regulating the bacterial response of the
micro-/nano scale surfaces have not been established, the dying
of bacteria due to the surface roughness and chemistry has been
suggested for biomaterials based on titanium, zirconium or
tantalum oxides.***® Therefore, we assume that the unique sur-
face chemistry and morphology of the nanostructured HO film
improves the antibacterial performance. Further, the size and
shape of the surface features may reportedly affect substantially
bacterial adhesion.”" With the HO nanofilms prepared here, the
influence of nanostructure dimension, which may potentially be
tuned in the range of 50-800 nm,”>** on the bacterial response to
a broader variety of Gram-positive and Gram-negative bacteria will
be researched in a future work.

3.3 Protein adsorption

Interaction of living cells with biomaterials is driven by the
adsorption of proteins coming from the surrounding plasma
environment. How proteins adsorb on the surface is often
decided by the morphology and chemistry of the material,**
and it is generally expected that the proteins lose their native
structure when being adsorbed.** This may significantly affect
the final adhesion and the behavior of cells on the nanostruc-
tured surfaces, as reported, for instance, for titanium and its
alloys.*® The roughness and increased surface area of nano-
structured coatings are reportedly the factors that promote
biocompatibility of the materials.*® In the present work, we
compared the ability of the two types of HO films to adsorb
model proteins such as albumin (BSA; main blood plasma
protein) and fibronectin (FN; glycoprotein of the extracellular
matrix). The sensitive Bradford method was used to quantify
the rate at which the proteins adsorb on the nanostructured
and non-structured hafnium-oxide films in one hour since the
incubation began. As seen from Fig. 4, there is no big difference
between the amounts of each protein adsorbed on both surfaces.
Although being rather rare in practice, a similar indifference in
adsorption of BSA and FN has been pointed out for titanium
surfaces having various roughness at the nanoscale.”” In this
regard, the result of the present work supports the statement
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Fig. 4 Adsorption rate of fibronectin and serum albumin in one hour of
incubation on the nanostructured and flat hafnium-oxide films.
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previously made for titanium oxide that the nanoscale surface
roughness has little effect on the amount of adsorbed proteins.*®
However, the amount of albumin adsorbed on both HO films
appeared to be 9 times that of fibronectin. The faster adsorp-
tion rate for albumin can be explained by the Vroman effect of
protein adsorption, which means that proteins having higher
mobility arrive first to the surface.*® For the case of titanium, a
correlation has been suggested between the isoelectric points
(Ip) of proteins and the features of the surface morphology.*”
However, we were unable to confirm such effect for the HO
nanofilms (Ip ~ 7.0)°° interacting with albumin (Ip ~ 4.8) or
fibronectin (Ip ~ 5.5).>"

3.4 Cell attachment, elasticity, and adhesion force

The initial cell attachment is one of the indicators of suitable
biological properties of the material. It regulates the subsequent
biological events of proliferation, differentiation, extracellular
matrix production, and mineralization. To estimate the initial
cell attachment and interaction with the HO films, the morpho-
logy of the attached cells was microscopically observed. The
number of cells adhering to each film was counted in 4 hours
after seeding the cells at the same density on the HO samples and
a plastic control (Fig. 5a—c). All cells and those that gained a more
spread morphology and kept the round shape were counted.
Generally, the initial cell attachment allows for estimating the
cell-sensing ability of different surface topographies through
the faster adhesion on a more favorable surface. From Fig. 5d,
although the plastic surface provides the highest number of
spread cells, the nanostructured film promotes better cell spread-
ing than the flat one. However, the number of round cells
appeared to be slightly bigger on the HO surfaces compared with
the plastic control. These results show that the hafnium oxide
surfaces promote cell spreading, and the cells efficiently recog-
nize the differences in the film surfaces at the initial phase of cell
attachment, which agrees with previous studies on titanium.>*"*

Although the number, cellular markers, and morphology of
cells are commonly considered as indicators of cell adhesion

B round cells [ spread cells

120 1

90 1

Number of cells
3

30

Nanostructured

Plastic Flat

Fig. 5 Differential interference contrast (DIC) microscopy images of
MG-63 cells attached to (a) a plastic control, (b) the flat hafnium-oxide
surface, and (c) the nanostructured hafnium-oxide surface recorded in
four hours after plating the cells. (d) The number of cells adhered to the
same substrates, n = 6.
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and viability,>* the importance of a quantitative understanding
of cell adhesion on a surface by measuring the adhesion forces
could provide additional valuable information about the inter-
action of cells with the biomaterial. Mechanical properties of
cells are the factors that define the cellular processes important
in developmental biology, pathology, tissue engineering, and
regenerative medicine. Estimation of elastic modulus of cells and
adhesion force and finding a correlation of these parameters with
nanostructured metallic and metal-oxide biomaterials has not
been the subject of any study. Here, we used, for the first time,
the advanced AFM-based technologies® to evaluate the effect of
morphology and chemistry of the HO anodic films on the cell
elasticity and adhesion force. The results are summarized in
Table 1. One may see that, on the nanostructured film, Young’s
modulus of the cell body is five-fold higher (‘stiffer cell’) while the
adhesion force is weaker compared with the flat film (‘softer
cell’). The cell elasticity has been shown to be related to a number
of cell functions corresponding to the response on many external
chemical and physical cues including substrate properties.>® An
increased elasticity has been reported, for example, for cancer
cells compared with normal cells.’” A decrease in elasticity has
been explained, for instance, by ageing or differentiation.>®
The effect of cell “stiffening” on nanostructured polystyrene-
poly(bromostyrene) demixed polymer films compared to a flat
film has been reported in previous study.>® Even when the cellular
mechanism involved in cell elasticity on different surfaces is
unknown, the altered cytoskeletal structure and composition are
considered as crucial elements.®

In our work, the internal reorganization of actin stress fibers
and/or the higher production of actin (cytoskeletal pre-stress)
due to the cell adhesion on the nanostructured HO surface, as
well as the differences in surface chemistry, might be the reasons
for decreased cellular elasticity on the nanostructured HO film.
The attachment of cells and adhesion force are the factors that
ensure the structural integrity of tissues. The connection of the
substrate to the cytoskeleton, which is often organized in the
form of stress fibers, allows for transmitting the forces between
the cells and substrate through focal contacts. The present
experiments employing the AFM scratching technique show that
the adhesion force decreases on the nanostructured HO surface.
It is assumed that the differences in surface morphology, serum
protein adsorption and conformation, and the final focal contact
formation on the surfaces of the two films influenced the cell
adhesion strength. Cell clustering and cell migration revealed
on the nanostructured film, which will be described in detail

Table 1 The topography and AFM-measured mechanical properties of
MG-63 cells on the flat and structured hafnium-oxide nanofilms. The
roughness characterizes film structuring, the Young's modulus qualifies
the cell elasticity, and the scratching force is attempted to estimate the
cell/film adhesion force (n = 4) while the AFM is operated in a scratching
mode

Young’s Scratching Roughness
Hafnium-oxide film modulus, kPa force, nN R,, nm
Flat 1.07 £+ 0.32 8.75 + 1.44 0.47
Nanostructured 5.72 £ 0.70 1.01 + 0.02 96.30
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in Fig. 8 and related text, may reportedly result from a higher
internal pre-stress and stiffening the cells.** From the above
suggestions, the weaker adhesion force AFM-measured on the
nanostructured HO surface may be due to a combination of
factors involving the surface structuring, surface chemistry,
focal contact formation and internal strength of cells to the
substrate during the cell adhesion and migration. Additionally,
the reason may be the very good contact between the cell body
and the surface of nanorods, which may result in detaching the
nanorods by the force generated by the cell and lifting a portion
of cell along with the embedded rods up from the substrate.
It is well seen from SEM’s of Fig. 2c that the rods are tightly
captured (fully covered) by the cell body, which should make
the cell/rod interface rather stronger than weaker. Further, we
observed by SEM the partial detaching of nanorods under the
cell membrane (image not shown). The force generated by cells
on the substrate differs with type of cells and surface properties
and may range from pN to tens of nN,*> which correlates well
with the values measured in our work. With the possibility of
detachment of nanorods from the substrate by the cellular
force, the measurements of the adhesion force on rod-like
metal-oxide nanofilms by AFM may need more experimental
justification in future works.

3.5 Oxidative stress

Physical and chemical characteristics of a biomaterial such as
porosity, roughness, surface energy, chemical composition,
or surface degradation may potentially induce oxidative stress
in the cells.>® Although several studies have suggested that the
oxidative stress is related to cytotoxicity of nanoparticles, nano-
wires, or nanotubes,> there has been no experimental evidence
of oxidative stress on nanostructured surfaces of metallic
biomaterials. In the present work, the cells were stained with a
fluorescence probe detecting intracellular reactive oxygen species
(ROS) to estimate the influence of the surface topography and
chemistry of the HO nanofilms on oxidative stress in the cells.
Production of ROS in living cells is an indicator of the stressful
environment, which may be detected in an early or late phase of
cell attachment. Fig. 6 shows the fluorescence images of cells
taken 24 hours after seeding the cells on the HO films. The
qualitative analysis reveals a moderate generation of oxidative
species, slightly increasing on the nanostructured film. ROS
production may be a consequence of the normal cell function or
pathological states causing the cellular damage including proteins,
lipids, and DNA. Comparing the fluorescence images with the DIC
ones in Fig. 6 left columns, one may see that the cells are firmly
attached and spread on both surfaces except for a few apoptotic
cells. The cells proliferated well on both HO films (Fig. 7), which
excludes the possibility of gradual apoptosis of the cells. A slight
rise of ROS production over the nanostructured film could be due
to a small disturbance among the cells because of the changed
mechanical properties of cells (Table 1). Anyway, it is obvious that
both HO surfaces developed here do not produce pathological
effect on living cells. Even if there would be a risk of stressful
conditions on these substrates, the cells could effectively defend
themselves by producing and activating cellular antioxidants.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Evaluation of oxidative stress in MG-63 cells after a 24 hour inter-
action with the flat and nanostructured anodic hafnium-oxide films.
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Fig. 7 The MTT viability test of MG-63 cells cultured on the nanostruc-
tured and flat hafnium-oxide surfaces on day 1, 3, and 7. * indicates p <
0.05 for the nanostructured surface in comparison with the flat one (n = 6).

3.6 Cell proliferation

To examine the viability and proliferation of cells on the HO
surfaces, the MTT viability test was performed on days 1, 3,
and 7. The cells were seeded at the same density on each
sample surface and incubated over a period of time inside the
CO, incubator. Correlating with the adhesion experiment, the
proliferation of MG-63 cells appeared to be more significantly
and systematically promoted on the nanostructured HO film
(Fig. 7). The enhanced cell viability revealed for the nanostruc-
tured hafnium-oxide film agrees with the behavior of nano- and
microstructured surfaces of titanium and tantalum oxides
reported elsewhere.'®®® Therefore, proliferation results of the
present study confirm the general trend of a significant promo-
tion and activation of cell growth due to introducing nanoscale
structuring to biomaterial surfaces. Nevertheless, variations in
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the cell behavior may arise due to differences in the diameter,
spacing, or population density of structural elements composing
the films, which could significantly affect cell proliferation, adhe-
sion, or differentiation.*®**

3.7 Nanostructured hafnium oxide induces cell clustering

It has been proved that the surface topography at micro-/
nanoscale guides the morphology and spatial patterning of
cells.®>® To find out whether the structuring of HO anodic
film induces morphological changes in cell shape and distribu-
tion of focal complexes, the actin and vinculin were fluores-
cently stained and imaged. Fig. 8b-e shows the actin (red) and
vinculin (green) staining of MG-63 cells on the two HO films.
In the case of vinculin, there is no obvious difference in its
distribution on both HO films. The cells on the flat HO surface
mostly take shape of a well-spread polygon, stretched in one
direction, with well-organized actin filaments, and the densely
distributed vinculin homogenously disseminates throughout
the cells (Fig. 8a—-c).

On the other hand, the cells on the nanostructured surface
show more condensed actin and generally have smaller surface
area compared with the flat surface (Fig. 8c and f). The dense
actin could be due to the cell stiffness (as measured by AFM,
Table 1), as discussed above. Surprisingly, the nanostructured
surface induces cell clustering and formation of cell multilayers,
as seen in Fig. 8d displaying the islands of clumped cells.
Clustering can be induced by extracellular ligands®® or through
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the force mediated between the attached cells.°® Thus, the
assembly of clusters may result from a random or directed
migration, or mechanically-induced cell compaction, or contin-
ual division of well-attached daughter cells.”® Alternatively, the
clustering may arise from minimizing the unfavorable contacts
of cells with the substrate, resulting in cell multilayers.”' From
Fig. 8c and f, it is evident that MG-63 cells exhibit well-developed
lamellipodia on both HO surfaces, while more migrating cells
were found on the nanostructured film (insert in Fig. 8f). The
cells on the nanostructured surface are denser in actin and
form clustered multilayers. Notably, although overgrowth is a
frequently observed phenomenon for osteoblast-like cells, no
clustering has been revealed for MG-63 cells cultured on the
tantalum-oxide nanodot arrays synthesized and examined in our
previous work.'® We would refrain from making further specula-
tions on the reason of cell clustering revealed in this work until a
detailed investigation on the matter is carried out. Beyond any
doubt, the nanoscale surface structuring of hafnium-oxide anodic
film is the factor that increases cell migration and clustering and
enhances viability of the cells.

4. Conclusions

A coating comprising an array of hierarchically structured
hafnium-oxide nanorods on a thin hafnium-oxide layer (the
nanostructured film) and a microscopically featureless hafnium-
oxide nanofilm (the flat film) were synthesized via respectively

Nanostructured

d i e

Fig. 8 Immunostaining of actin and vinculin. (a) Cells growing on the flat hafnium-oxide surface and (d) cell clusters (multilayers) on the nanostructured
hafnium-oxide films. (b and e) Immunofluorescence from vinculin (green) and actin (red) distribution. Black and white images of panels (c) and (f) show
respectively actin density and lamellipodia extensions, with the detail of a migrating cell in the inset.
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the PAA-assisted anodizing and a conventional compact anodiz-
ing of a layer of hafnium metal sputtered on a Si substrate. The
surface of the nanostructured film is composed of a mixture of
hafnium dioxide (HfO,), suboxide (Hf,03), and oxide-hydroxide
compound (HfO,-nH,0) in comparable amounts, whereas the
flat film is mainly HfO,. The two surfaces disclosed good
antibacterial behavior, the nanostructured one showing even a
two-fold enhanced antibacterial effect with E. coli, which is also
likely due to the specific surface chemistry of the nanostructured
coating. Both surfaces absorb well fibronectin and albumin, the
latter being absorbed in nine times larger amount. The nanos-
tructured film provides relatively better initial attachment and
significantly promotes the viability of the cells. Compared with
the flat surface, the structuring results in a fivefold rise in
Young’s modulus of the cells whereas makes the adhesion force
at the cell/surface interface weaker as determined by the AFM
scratching technique. The effect, however, may be mostly due to
the excellent contact between the cells and the oxide nanorods,
which are detached from the substrate being embedded in the
cell body during the scratching. Although a slightly stronger
generation of reactive oxygen species and the affinity for cell
cluster formation are among the features of the nanostructured
film, both surfaces reveal good cytocompatibility and do not
produce pathological effects on the living cells.

The new knowledge gained in the present work is believed to
advance the understanding of chemical and biological processes
during the interaction of living cells and bacteria with nanostruc-
tured and non-structured metal-oxide coatings in the pursuit of
advanced materials and technologies for biomedical applications.
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Nanostructured ZrO; bioceramic coatings derived from the
anodized Al/Zr metal layers

Zdenka Fohlerova,®><Kirill Kamnev,? Marcela Sepulveda,® Jan Prasek,? and Alexander Mozalev*?

ZrOz-based bioceramics are actively introduced into commercial use due to their superior durability, corrosion resistance,
and in-vitro compatibility with the body’s own materials. The nanostructuring of ZrO. ceramics may further enhance their
useful properties. Here we synthesized ZrO, ceramic coatings comprising arrays of several highly distinctive types of 3-
dimensional nanostructures that protrude above a thin oxide layer, ranging in shapes, sizes, spacings, and population
densities, termed as the nanomounds (¥80 nm), nanopillars (~250 nm), and nanostumps (~650 nm), via the porous-anodic-
alumina-assisted anodizing of Zr layers. The nanostructured coatings, alongside a flat ZrO, anodic film, were explored as a
potential biomaterial in experiments with the Saos-2 cell line. All coating types revealed no cytotoxicity to living cells. The
population density and spreading area of the cells, being the largest on the flat film, slightly decreased with increasing
nanostructure dimensions. The cells progressively proliferated on all the surfaces, the nanomounds and especially
nanopillars promoting the best viabilities and the highest proliferation rates. The flat, nanomound, and nanopillar coatings
revealed the well-defined organizations of actin filaments across the entire cell bodies with no disruption in the cytoskeletal
network and the mature large dash-shaped focal adhesions. The largest amount of alkaline phosphatase and the biggest
deposition of a mineralization-competent extracellular matrix were observed on the nanopillars, the other nanostructured
coatings showing a better result than the flat one, though. The similarities, differences, and paradoxes in biological responses
of Saos-2 cells to the coatings developed here are explained with the help of high-resolution electron-microscope

observation of the cell surface morphologies and the cell/film interfaces.

Introduction

The fabrication of biomaterials with improved mechanical and
appropriate chemical properties is crucial for achieving the
long-term stability and functionality of medical implants. The
selection of a biomaterial is based on its physicochemical
properties and the surrounding biological environment. In
modern medicine, biomaterials are commonly utilized as
fixatives, replacements, and bases for the reconstruction of
osseous and dental tissue.! Besides the well-known metallic
materials such as titanium and its alloys, stainless steel,
niobium, tantalum, gold, or cobalt-chromium alloys,2 the metal-
oxide ceramics such as titania or zirconia have become
indispensable in dental reconstruction,
including prostheses, osteogenic scaffolds, and medically
implanted devices to deliver medication, monitor body
functions, or provide support to organs and tissues.3 The
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feasibility of biomaterials for in-vitro applications strongly
depends on their chemical composition, surface wettability,
roughness, hardness, and stability. The differences in the
surface morphology may significantly affect the adhesion and
viability of living cells and bacteria, protein adsorption, or
differentiation of stem cells and osteoblasts. The precise
control of surface topography and properties of a biomaterial is
an essential factor for modulating its biological response.

To date, several techniques have been developed to create
bio-viable surfaces with micro- and nanoscale topographies,
striving to enhance the material biocompatibility.> The
mechanical roughening enables a random pattern of surface
features with various amplitudes and spacings.t It is also
possible to achieve well-defined and controlled surface features
via diverse micro- and nanofabrication techniques such as
photolithography, laser machining, or 3-D printing.78°
Additionally, biocompatible surfaces with precisely modeled
and controlled topographies at the nanoscale may be
synthesized via self-organized electrochemical anodizing of
metals. This has proved to be the technically simple, cost-
effective, eco-friendly, and versatile approach for creating
essential bioceramic materials, such as Al,03, TiO,, and ZrO,,
with nanoporous surface morphologies.10.11,12,13

As an alternative to the nanoporous ceramics, metal-oxide
protrusions such as nanohillocks, nanopillars, or nanorods,
upright-standing and highly aligned on substrates, with well-
controlled dimensions, shapes, and population densities can be



produced via the so-called porous-anodic-alumina (PAA)-
assisted anodizing of metal of interest.14 In the approach, a
metal to be structured is covered by a layer of aluminum
prepared using one of the physical deposition techniques. First,
the aluminum overlayer is converted into PAA layer via the
anodizing in an aqueous acid electrolyte, then the underlying
metal is further anodized through the alumina nanopores. The
method has proved to be highly appropriate for growing arrays
of Ta,0s, Nb,Os, TiO,, HfO,, and WOs nanostructures of diverse
shapes and dimensions.1516,17.18,19 The PAA-assisted anodizing
of refractory metals aiming to produce potential bioceramics
allows for a range of unique properties relating to surface
chemistry, roughness, wettability, and cytocompatibility that
are of fundamental importance for biomedical applications and
not achievable in the nanoporous metal oxides.2° Up to date,
Ta;0s and HfO, nanostructured coatings synthesized via the
PAA-assisted anodizing have reportedly helped significantly
improve the adhesion of living cells, proliferation, protein
absorption, and alkaline phosphatase activity, alongside the
pronounced antibacterial effect.21.22

ZrOy-based biomaterials possess superior mechanical
properties, wear resistance, thermal stability, corrosion
resistance, and excellent in-vitro compatibility with human
body parts.23 In in-vivo experiments, ZrO,-based coatings have
shown an enhancement of the osseointegration of implants.24
The amassed reports underline good biocompatibility and
reduced plaque formation for ZrO, ceramics due to the low
bacterial adhesiveness.?> Since ZrO,-based biomaterials are
designed to interact with the human body environment, it is of
high interest to investigate how the structured surface
topographies influence the behavior of osteoblast-like cells. The
bioactivity of nanoporous anodic ZrO, ceramics26:27 has already
been assessed in experiments with living cells242°  and
simulated body fluids,39:31 both showing promising results.

From the above consideration, it is highly anticipated that
the fabrication of self-organized nanoarrays of ZrO, protrusions
via the PAA-assisted anodizing3? and investigation into their
biocompatibility may be a steppingstone toward advancing the
properties and extending the niche of biomedical applications
of ZrO;-based materials.

In the present work, ZrO, coatings comprising arrays of 3-D
nanostructures rising from continuous compact oxide layers,
widely ranging in sizes, shapes, spacings, and population
densities, were synthesized via the PAA-assisted anodizing of
sputter-deposited zirconium layers. The morphology, adhesion,
viability, population density, spreading area, proliferation, focal
contacts, cytoskeletal organization, matrix maturation, and
mineralization of Saos-2 cells onto the ZrO, nanostructured
surfaces were studied in comparison with a flat unstructured
ZrO; anodic film. More broadly, the findings expected from
these experiments, linking the response of Saos-2 cells with the
features of novel ZrO, nano-morphologies, were foreseen to
improve the understanding of complex processes occurring
during the interaction of osteoblast-like cells with ZrO;
bioceramics and with nanostructured metal-oxide biomaterials
in general.

2 Biomaterils Science., 2021, 00, 1-3

Experimental
Sample fabrication

The starting substrate was a single-side polished 4” Si wafer
covered with a thermally grown 400 nm thick SiO; layer. A layer
of zirconium, 150 nm thick, followed by a layer of aluminum,
500 nm thick, were successively deposited on the substrate via
the magnetron sputtering of Zr (99.95%) and Al (99.999%)
targets. The wafer with the deposited films was cut into ca. 2
cm x 2 cm square pieces, which were electrochemically
processed in a cylindrical top-open two-electrode electrolytic
bath made of polytetrafluoroethylene. Further technical details
of the anodizing setup are described elsewhere.33 Generally, the
anodizing approach involved processing the Al/Zr bilayer in
aqueous acid solution to convert the aluminum layer into PAA
film, which was followed without interruption by the PAA-
assisted re-anodizing of the Zr underlayer to a higher voltage to
achieve the growth of hafnium oxide within the alumina
nanopores. Oxalic (C2H204), phosphoric (H3PQO,4), and etidronic
(C,HsO7P3) acid solutions were used as anodizing electrolytes.
Anodizing of aluminum was carried out at voltages covering a
wide range of 40 to 300 V followed by re-anodizing of the Zr
underlayer to voltages higher than the anodizing values,
generally following the procedures reported in our previous
works.15:34 After the completion of the re-anodizing process, the
PAA overlayers were dissolved away in a chemical solution
prepared and used as described elsewhere.35 For comparative
experiments, the Al layer was dissolved from the initial Al/Zr
sample, and the remaining Zr metal was anodized in 0.1 M
H3PO,; by sweeping the voltage from 0 to 50 V. This was
expected to generate a uniform, compact anodic ZrO, film,
about 150 nm thick, with featureless surface morphology.

Surface analysis

The surfaces of anodic films were examined via SEM in a
TESCAN MIRA Il field emission electron microscope operated at
30 keV. The cross-fractures of the substrates with anodic films
were observed in an FEl Verios 460L high-resolution electron
microscope operated at 15 keV. The geometrical and
morphological parameters of anodic films were estimated via
analysis of SEM images with help of ImageJ software.

Cell culture

Human osteosarcoma Saos-2 cells (ATCC® HTB-85™) were
maintained in complete Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and 5%
penicillin/streptomycin (50 U mL1 and 50 ug mLt) at37°Cin a
humidified 5% CO, incubator. Cells were harvested by
trypsinization with 0.25% trypsin-EDTA solution at 75%
confluence and plated at a seeding density of 1 x 104 viable cells
per cm? onto the sterile samples placed in a polystyrene
microplate. All chemicals were purchased from Sigma Aldrich.

Cytotoxicity and proliferation assay

The cell cytotoxicity was evaluated by the colorimetric
measurement of lactate dehydrogenase enzyme (LDH) released

This journal is © The Royal Society of Chemistry 20xx



from dead cells in 24 hours at 490 nm using a plate-reading
spectrophotometer. The procedure followed the
manufacturer’s protocol, and the obtained data were
compared to a plastic control (Thermo Scientific™ Pierce™ LDH
Cytotoxicity Assay Kit). The LDH activity was expressed as the
viability in percent. To quantitate cell proliferation on days 1, 2,
and 3, the colorimetric measurement of 5-bromo-2'-
deoxyuridine (BrdU) incorporation during DNA synthesis in
proliferating cells was determined at 370 nm, according to the
manufacturer’s protocol (Sigma, Cell Proliferation ELISA, BrdU).

Cell morphology and adhesion

For SEM observation of cells on the anodic films, the living cells
were first fixed on the surfaces and completely dried. To this
end, the cells on the films were washed three times with
phosphate buffer saline (PBS) and stabilized with 4%
paraformaldehyde in PBS for 20 min at room temperature. The
cells were then dehydrated in a series of increasing
concentrations of ethanol (50, 70, 80, 90, and 100%) for 5 min
each. The interfaces between the cells and anodic films were
evaluated via direct SEM observation of cross-fractures of the
anodic films together with the adhered cells.

The immunocytochemistry was performed via detecting
cytoskeletal actin fiber organization and vinculin as the protein
in focal adhesions. The fixed cells were permeabilized with a
solution of 0.5 % Triton-X 100 supplemented with 2 % bovine
serum albumin for 1 hour and washed in deionized H,0. Mouse
human anti-vinculin antibody (1: 100 dilution) and Alexa Fluor
488 goat anti-mouse antibody (1: 100 dilution) were added for
1 hour each to stain vinculin. The actin fibers were stained with
ActinRed™ 555 (Invitrogen™) for 30 min at room temperature.
The stained actin and vinculin were imaged using a fluorescence
microscope (Zeiss Axio Imager M2m).

The quantification of the mean spreading area per cell and
the spreading area of cells per um?2 adhered to anodic films was
performed using the images of stained actin with the help of
Image J software. A hundred living cells from different spots
across the surface of each sample were analyzed.

Alkaline phosphatase assay

The enzyme activity was measured on the anodic films on day
9. The cells adhered to the surfaces were lysed, and alkaline
phosphatase (ALP) was measured according to the
manufacturer’s protocol (ALP assay, BioVision Inc.). Briefly, 80
uL cell lysate was incubated with 50 pL p-nitrophenol phosphate
(5 mmol L'1) for 60 min, and the absorbance at a wavelength of
405 nm  was measured using a plate-reading
spectrophotometer. The amount of p-nitrophenol produced by
the enzyme was calculated from the calibration curve and the
activity of ALP from each substrate was expressed in nmol h-1
mL-1 units. The ALP activity was normalized to the total protein
content of cells (ALP activity per microgram protein) measured
at 595 nm wavelength with Bradford reagent (Sigma) and serum
albumin as a standard.

This journal is © The Royal Society of Chemistry 20xx

Mineralization

Alizarin Red S was used to detect the extracellular deposition of
calcium on day 9 and 21. The Saos-2 cells cultured in normal
DMEM medium were washed once in DPBS (w/o Ca2*/Mg?2*) and
fixed with 4% paraformaldehyde for 20 min at room
temperature. Then the cells were washed twice in deionized
water, and 500 pL Alizarin Red S solution (20 mg mL1 in H,0)
was added and incubated at room temperature in the dark for
1 hour. The calcium deposition was identified microscopically as
the bright red-orange color spots.

Statistical analysis

The data are presented as mean + standard error. The statistical
analysis was performed using Student’s t-test and one-way
analysis of variance (ANOVA) with a confidence level of 95%.

Results and Discussion
Morphology of anodic ZrO, films

The PAA-assisted zirconium anodizing was expected to produce
an anodic film consisting of a thin uniform ZrO, layer populated
with the ordered arrays of self-aligned spatially separated ZrO,
nanosized protrusions. By varying the current density,
formation potential, polarization mode, and electrolyte
composition we intended to achieve distinctively different
nanoscale topographies in terms of dimensions, shapes,
population densities, and spacings across the sample surfaces.
A uniform microscopically flat ZrO, film was also prepared to
complement the set of samples to estimate the impact of
nanostructuring on the biocompatibility of the zirconium-oxide
films. The surface morphologies of anodic films were examined
via SEM. The observation results revealed the formation of four
distinct types of anodic oxides, grouped in Fig. 1.

Type 1 sample is represented by an anodic oxide film that
was grown via anodizing of a Zr layer in 0.1 M H3PQO, electrolyte
at 50 V. The surface and sectional views of Fig. 1a show a lack of
Therefore, this
anodizing, as expected, resulted in a completely smooth and
uniform in thickness ZrO, coating, hereafter termed in the text
as ‘flat’ oxide film.

Type 2 sample is represented by an anodic oxide film that
was prepared viag anodizing an Al/Zr bilayer in 0.6 M oxalic acid
electrolyte at a steady-state voltage of 50 V (Fig.1b). An array of
spatially separated ZrO; nanostructures is seen protruding from
the general film surface. From the cross-fracture SEM image in
Fig. 1b, each nanostructure in the array is shaped like a mound
and is attached to the surface by the tiny roots sprawling over
the compact anodic zirconium-oxide film. The mounds are
separated from each other by a regular self-organized network
of zirconium-oxide nano-gaps.

any specific nanoscale surface features.

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 SEM surface and cross-fracture views of ZrO, films derived from an Al/Zr bilayer on a SiO,/Si substrate via anodizing in (b) 0.6 M oxalic acid (‘nanomounds’), (c) 0.1 M
phosphoric acid (‘nanopillars’), and (d) 0.02 M etidronic acid (‘nanostumps’). Column (a) shows a uniform compact ZrO, film fabricated via anodizing a layer of Zrin 0.1 M phosphoric

acid (‘flat’ film). All unlabeled scale bars are 500 nm.

The mounds have the smallest size and spacing but the biggest
population density among the films prepared in this study. Type
2 nanostructures are hereafter referred to in the text as
‘nanomounds’.

Type 3 sample is represented by an anodic oxide film that
was formed via anodizing an Al/Zr bilayer in 0.1 M phosphoric
acid at a steady-state voltage of 150 V (Fig. 1c). Such process
resulted in a significant increment in nanostructure dimensions
and a decrease in their population density relative to the
nanomounds. The protrusions are shaped like pillars with the
plane tops, nearly vertical sides, broader bases attached to the
film surface by the tiny roots. Type 3 nanostructures will be
termed as ‘nanopillars’.

Type 4 sample is represented by an anodic oxide film that
was fabricated via anodizing an Al/Zr bilayer in 0.02 M etidronic
acid at a steady-state voltage of 300 V (Fig. 1d). One may see
that the oxide protrusions are noticeably wider and separated
by the wider gaps. The population density of these protrusions
is obviously smaller compared with the two other sample types.
The structures are shaped as stumps, featuring the wide-spread
bottoms and swollen tops. Type 4 nanostructures will be
termed in the text as ‘nanostumps’. The anodizing details and
the SEM-measured dimensions of ZrO; anodic films are
presented in Table 1.

Table 1 Types, formation conditions, and geometrical parameters of nanostructured ZrO, anodic films prepared (as shown in Fig. 1) for biomedical experiments.

Sample type Anodizing electrolyte PAA growth/ ZrO; growth / Diameter/ Spacing/ Length/ Population density/
\% \% nm nm nm cm?

nanomounds 0.6 M C2H204 40 50 65 95 55 1.3x10%°

nanopillars 0.1 M H3PO4 150 250 130 260 290 1.7x10°

nanostumps 0.02 M C2Hs07P2 300 450 220 650 320 2.4x108
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Cytocompatibility of anodic ZrO, coatings

The impact of nanostructuring of metal and metal-oxide
surfaces on their cytocompatibility, estimated through altering
and comparing the surface chemical and physical properties has
been reported in several studies.363738 The introduction of
nanostructuring to bioceramics has been repoted to modify
their surface wettability and significantly influence important

criteria of biocompatibility such as cellular adhesion,
morphology, metabolic activity, proliferation, and
differentiation.3°4%  From our previous works, the

nanostructuring of various common and emerging bioceramic
materials such as TiO; (nanotubes), Ta,0s (nanorods), and HfO,
(nanodots) is a prominent route for enhancing their biomedical
properties.11.21.22 Those findings confirmed the positive role of
surface nanostructuring in improving the viability and metabolic
activity of MG-63 cells. This motivated us to extend the range of
electrochemically nanostructured metal-oxide nanoceramics
that are feasible for biomedical applications. In the present
work, we have synthesized nanostructured ZrO, coatings with
several characteristic morphologies and explored their
compatibility with Saos-2 osteosarcoma cells, looking for
differences and similarities in the behavior of the cells on each
film surface. Should Saos-2 cells be able to recognize the surface
features of each sample type and make their preferences, this
would be a key step toward modulating and tuning the cellular
response.

The cytocompatibility of the ZrO, anodic films was
quantitatively evaluated by determining viability, cell adhesion,
and metabolic activity. The Saos-2 viability was estimated after
day 1 through the measurements of LDH enzyme released from
the dead cells, while the LDH of the intact healthy cells did not
contribute to the positive results (Fig. 2a). This allowed the
evaluation of the cytotoxic effect of the ZrO, anodic films on
Saos-2 cells in terms of adhesion, proliferation, and survivability
based on the specific surface topography at the nanoscale. The
cytotoxic effect of the ZrO; nanofilms was compared with that
of the plastic surface of the micro-well plate used as a standard.
Neither of the anodic oxide films revealed an increase in
cytotoxicity towards Saos-2 cells relative to the plastic control.
The cells were well adhered to and spread over all the ZrO2
surfaces, being viable throughout the experiment. No
significant cell death was observed, which characterizes the
anodic ZrO2 surfaces as noncytotoxic to Saos-2 cells. The
number of the adhered and spread Saos-2 cells were counted
after a 4-hour incubation period (Fig. 2b). The result shows that
the cells adhere to the plastic and flat ZrO, surface with no
significant difference. However, the number of adhered cells
slightly decreases on the nanostructured ZrO; surfaces in the
following sequence of films: nanomounds > nanopillars >
nanostumps. The increase in nanostructure dimensions is likely
the factor worsening the initial cell adhesion and introducing
certain adhesive incompatibility to the nanostructured ZrO;
surfaces. Nevertheless, the adhered cells spread well on the
surface and were viable through the adhesion experiment. The
BrdU measurement was carried out on days 1, 2, and 3 (Fig. 2c)
to assess the ability of Saos-2 cells to proliferate on the ZrO,

This journal is © The Royal Society of Chemistry 20xx

nanofilms. This assay measures the incorporation of BrdU into
the newly synthesized DNA. It expresses the proliferation level
of cells more accurately than the metabolic activity assays
based on the reduction of tetrazolium dyes, the latter being
unable to distinguish between the dividing and non-dividing
cells. On day 1 the cell proliferation on the nanostructured films
is slightly poorer (nanomounds) or comparable (pillars and
stumps) to that on the flat oxide surface. However, on day 2 the
nanomound and nanopillar films surpass the flat film in cell
proliferation. This tendency is preserved on day 3, the
nanopillars becoming ~25% more efficient than the flat film. The
nanostumps appear to be the worst surface in terms of
proliferation and adhesion. The behaviors of the nanomounds
and nanopillars imply that the certain structuring of anodic ZrO,
surfaces at the nanoscale accelerates DNA synthesis. Moreover,
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Fig. 2 Saos-2 cells cultured on ZrO, surfaces derived from the anodically oxidized Al/Zr
bilayers on SiO,/Si substrates (as shown in Fig. 1). (a) Lactate dehydrogenase-based
cytotoxicity assay after a 24-hour culture of Saos-2 cells expressed as the viability
relative to a plastic surface vs type of structuring. (b) The number of cells counted after
a 4-hour culture of Saos-2 cells vs type of structuring. (c) Proliferation assay of Saos-2
cells vs type of structuring. The level of BrdU incorporation into the newly synthesized
DNA was measured calorimetrically.
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the cells recognize the features of structuring and chose the
nanopillar surface as the most appropriate for their effective
proliferation, despite the relatively weaker initial adhesion, as
seen in Fig. 2b. The cell viability and proliferation behaviors
disclosed in this study are generally in good agreement with the
other literature reports stating that a specific nanoscale surface
structuring may positively modulate the living cell
response.41:42,43

Cell spreading area and cell/surface interface.

It has been reported that the nanosized surface features may
modulate the cell adhesion and cytoskeletal organization. For
example, the silicon surfaces with a high roughness at the
nanoscale have been prepared and optimized to improve the
fibroblast cell adhesion.** In the present work, the spreading
area of Saos-2 cells was evaluated using the image analysis of
the spread cells after 24 hours (Fig. 3). The spreading area was
found to decrease in the following sequence of films: flat >
nanomounds > nanopillars > nanostumps. On the nanomounds,
the cell spreading area decreases insignificantly, being within
the experimental error relative to the flat film. A more obvious
shrinking of the cell spreading area is observed on the
nanopillars and nanostumps. This finding suggests that the
spreading of cells on the nanostructured ZrO, anodic films
worsens with an increase in the surface roughness. Therefore,
the smaller the structuring, the better the spreading.

To gain a deeper insight into the cell/surface interactions,
we performed direct SEM observation of the cells cultured and
dried on the zirconium oxide anodic films (Fig. 4). From Fig. 4a,
the cells fully cover the flat ZrO, film, evenly attaching to the
microscopically featureless oxide surface. Similarly, the cells
well cover the nanomoundsl (Fig. 4b), being in perfect contact
with both the mounds and the gaps between them. Such good
cell propagation and perfect contact over the nanomound array
may be the reason for an almost similar number of viable cells
and spreading area relative to the flat ZrO; film.

A conformal attachment of Saos-2 cells to the oxide surface
is noted in the case of the nanostump array (Fig. 4d). The cell

membrane completely covers the big and rough
nanoprotrusions and fully permeates the wide gaps between
them. However, such surface nanoscale topography
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Fig. 2 Evaluation of spreading area of Saos-2 cells on ZrO, surfaces derived from the
anodically oxidized Al/Zr bilayers on SiO,/Si substrates.
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configuration might negatively impact the cell adhesion since
the cell membranes are sometimes seen not fully adhering to
the sidewalls of the nanostumps (Fig. 4 d). This finding
correlates with the cytocompatibility tests showing the cells
exhibiting the lowest proliferation rate on the oxide
nanostumps (Fig. 2). Obviously, the cells feel less comfortable
and more stressed over the nanostumps due to the very curved
cell/surface interface, comparable with the thickness of the cell
membranes.

A unique cell/surface interface was observed in the case of
the nanopillar array (Fig. 4c). The Saos-2 cells neither cover the
sidewalls of the protrusions nor penetrate the gaps between
them. Instead, the cells are seen residing merely on the pillar
tops. The contact between the cell membrane and the pillar
tops looks perfect and flawless across the entire cell spreading
area. Such a cell/pillar-top interface is likely to result from the
specific architecture of the protrusions ensuring the flat and
reasonably wide tops separated by the gaps that are not yet too
wide to force the cell membrane to distort and permeate the
gaps. Feeling comfortable over such a morphology, the cells
exhibit the highest proliferation rate (Fig. 2c).

The present results of measurements of the cell surface area
and observation of the cell/surface interfaces are generally in
good agreement with previous studies of nanostructured
biomaterials.4546.47 The features of nanoscale surface topographies
of the anodic films impact the surface area of the seeded cells. The
cell behavior is speculated to originate from the preferences of the
cells to form focal adhesions over the nanostructures.*® The
observed cell/surface interfaces might result from the intracellular
stress control, with the cells changing the focal adhesions positions,
their sizes, and attachment strengths to meet the features of the
surface morphology of the anodic films.4®8 The intracellular self-
organization might lead to a rare situation when the cells reside
merely on tops of the pillars. Similar effects have been reported
in several previous studies.4®47 Qbviously, the sizes, shapes,
spacings, and population densities of the oxide nanostructures
impact the behavior of the cells on the ZrO, nanofilms. Despite the
high population density of the nanomounds, the small sizes and
narrow gaps along with the absence of sharp edges in contact with
cells do not dramatically distort the cell membrane and, therefore,
do not make the cells uncomfortable on such a surface. The
nanomound morphology causes only a moderate increase in the
proliferation rate relative to the flat anodic film. On the other hand,
the relatively taller but densely spaced and extraordinary uniform in
height nanopillars allow the cells to spread only on tops of the
protrusions, and this further improves the proliferation. Different to
the nanomounds and nanopillars, the nanostumps, lacking the
above-mentioned features of surface morphology, do not provide
good enough membrane support. This produces a negative impact
on the cell adhesion and spreading, increases the stress, and lowers
the cell survivability.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 SEM cross-fracture views of (a) a flat ZrO, anodic film, (b, ¢, and d) nanostructured ZrO, anodic films on SiO,/Si substrates imaged after Saos-2 cells were cultured and dried

for direct observation of the cell/surface interfaces. Unlabelled scale bars are 500 nm.

Focal contacts and cytoskeletal organization

To complement the viability, spreading, proliferation, and
surface-cell interaction analysis results, the focal contacts and
cytoskeletal organizations were fluorescently visualized and
imaged in Fig. 5. The Saos-2 cells show mature dash-shaped
focal adhesions on all the anodic ZrO, films. The biggest amount
of large focal adhesions was found on the flat surface, well
correlating with the observed cell surface area and surface/cell
interfaces. Although the nanomound and nanopillar films both
exhibit slightly fewer focal adhesions, the large contacts are well
established. The staining of vinculin reveals substantially
smaller adhesion sites and a smaller number of contacts on the
nanostump film (Fig. 5, upper row), which correlates with the
worsening of the adhesion and viability of the cells on these

surfaces. The examination of cell morphology reveals the
FLAT

MOUNDS

s,

Vinculin

Actin

polygonal shape of the well-spread Saos-2 cells, with a few
elongated shapes observed on the nanostructured films. The
population of elongated and rounded cells over the nanostump
film increases whereas the cell spreading areas become
apparently smaller. The effect might be due to oncoming
apoptosis. The behavior observed correlates with the lowering
of the cell survivability rate and the worsening of the
cell/surface adhesion on the nanostump array relative to the
other ZrO; nanofilms.

The focal adhesions connect the actin filaments via integrins to
the surface. The process of making the filaments is crucial for the
cells to maintain their morphology and osteogenic potential .4° Both
the flat and nanostructured films reveal a well-defined organization
of actin filaments crossing the cell from end to end, with no
disruption in the cytoskeletal organization (Fig. 5, bottom row). A
slightly smaller number of actin filaments was observed on the

PILLARS STUMPS

Fig. 5 Immunofluorescence staining of vinculin (top row) and actin filaments (bottom row) of Saos-2 cells after one day of culture on ZrO, surfaces derived from the anodically
oxidized Al/Zr bilayers (as shown in Fig. 1 and 4). Focal adhesions positive for vinculin are indicated by green spots, and the organization of actin fibers is indicated by red color.
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zirconium-oxide nanostumps, which may be explained by the above-
described features of their surface morphology and the
corresponding cell/film interface.

ALP activity and mineralization

In vitro differentiation of Saos-2 cells into osteoblasts can be
evaluated by matrix maturation and mineralization, both events
being enhanced by culturing the cells in a confluent layer. The
progress is assessed by the expression of proteins, such as
osteocalcin and osteopontin, and through monitoring the
calcification, supported by the addition of the specific
osteogenic supplements into the culture medium.%°
Nanostructured surfaces have previously been reported to
enhance the production of these specific markers even in the
absence of osteogenic factors.#4 The ALP is known as the
mineralization promoter, which increases the local
concentration of inorganic phosphate and can be used to
characterize the progress in matrix maturation in-vitro.>! The
impact of the surface topography on the differentiation of Saos-
2 into osteoblasts was evaluated by the quantitative detection
of ALP enzyme on day 9 (Fig. 6). The result shows
distinguishable statistical differences addressing the specific
surface morphologies of the anodic films. The flat and
nanostump films promote comparable ALP activity, which is,
however, higher than that on the plastic control. The
nanomound array gives a two-fold rise in the amount of alkaline
phosphatase than the plastic control on day 9. The nanopillar
array promotes the highest ALP activity among all the films.
Such a standing-out ALP activity on the nanopillar array most
likely originates from the unique mechanism of surface-cell
interaction, such as the wish of Saos-2 cells to contact merely
the pillar tops.

The investigation of APL activity on the different ZrO, coatings
was complemented by the mineralization experiment, which
visualized calcium deposits on days 9 and 21 (Fig. 7). The microscopic
images of the Alizarin-Red stained extracellular calcium demonstrate
the abundance of large calcium nodules on the nanopillar array,
especially on day 21. Although the mineralization capacity is
relatively smaller on the other surfaces, it is substantially higher with

respect to the plastic control. Obviously, the mineralization is clearly
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Fig. 4 Alkaline phosphatase produced by Saos-2 cells cultured on ZrO, surfaces
derived from the anodically oxidized Al/Zr bilayers (as shown in Fig. 1 and 4) in
comparison with a plastic control on day 9.

dependent upon the structuring, increasing in the following
sequence of surfaces: plastic > flat > nanostumps > nanomounds >
nanopillarsflat. Beyond doubts, all the nanostructured films promote
mineralization in Saos-2 cells. In general, this finding does not
contradict a previous study,>2 where the specific surface topography
was the key factor stimulating osteoblast maturation and
mineralization.

Summary and perspectives

The qualitative comparison of the anodic ZrO, films showing the
impact of the structuring on the major responses of Saos-2 cells
is presented in a bar chart in Fig. 8. The lengths of the bars
symbolizing the major characteristics obtained in this work are
proportional to the values they represent, the best score being
5 for each characteristic.

From Fig. 8, the flat anodic film is obviously preferred by the
cells in terms of cell adhesion and cell spreading area. The
nanomound and nanopillar arrays greatly promote the
osteoblast differentiation while the nanostump array hinders
some of the vital bioproperties. For instance, the stump-like
structuring results in slightly lower viability and obviously

poorer cell adhesion, due to the specific cell-membrane/surface
PILLARS

STUMPS

Fig. 5 Optical microscope images of Alizarin-Red stained extracellular calcium visualizing the effect of ZrO, nanostructuring on mineralization in the Saos-2 cells. The cells were

cultured 9 and 21 days in complete DMEM medium without osteogenic supplements.
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Fig. 6 Qualitative comparative biological responses of Seos-2 cells to ZrO, surfaces
derived from the anodically oxidized Al/Zr bilayers (as shown in Fig. 1 and 4).

interaction. This also increases the number of stressed and
dying cells and reduces the number of surface contacts.
Contrarily, the mound-like structuring enables excellent cell
survivability, adhesion, and spreading, which is revealed, for the
first time, via direct SEM observation additionally to the
commonly used actin and vinculin staining to expose the
polygonal unstressed cells having mature focal adhesions and
no disruption in the cytoskeletal organization. The benefits of
the nanomound array are further expressed in a noticeably
higher ALP activity and promotion of Saos-2 mineralization
compared with the flat film.

While interacting with the nanopillar array, although facing
practically no cytotoxicity, Saos-2 cells demonstrate a poorer
spreading and adhesion compared with the nanomound array.
However, the nanopillar array is vital for the promotion of
proliferation and osteoblast differentiation of Saos-2 cells,
demonstrating a substantially higher ALP activity and calcium
deposition relative to the other nanostructured surfaces. Such
auspicious conditions for the osteoblast differentiation and the
enhanced surface adhesion are most likely to originate from the
unique interaction with the nanopillar array, with no analogs
among the other morphologies prepared in this study.

More generally, the findings of this work indicate that the
specific surface structuring at the nanoscale achieved via the
PAA-assisted anodization is a versatile tool for modulating the
interaction of living cells with the anodic zirconium oxide films.
over the morphologies,
dimensions, mutual arrangements, and population densities of
the nanoscale surface features via the PAA-assisted anodization
technique allows for facile production of nanostructured ZrO,
bioceramic coatings with advanced biomedical properties. The

The easy and precise control

anodizing technology is scalable for large surfaces and is also
suitable for non-planar objects.>3 The PAA-assisted anodization
can be used to cover the surfaces of many other metals and
metal oxides with a thin nanostructured ZrO, bioceramic layer.

It is of high interest to continue the investigation of cell-
surface interactions and their contribution to living cell activity

This journal is © The Royal Society of Chemistry 20xx

via the fabrication of surfaces with novel types of nanoscale
topographies using the PAA-assisted anodization. The influence
of such surfaces not only on living cells but also on various types
of pernicious bacteria might also be assessed in future works.
Furthermore, the nanostructured bioceramic coatings achieved
via the PAA-assisted anodization may incorporate dopants from
the anodizing solutions, which may enhance or modulate the
biological response of various cell lines.1> In this course, the
exploration of novel solutions for PAA-assisted anodization such
as, for instance, selenic acid>* may open unprecedented
opportunities for tailoring the surface properties of zirconium
oxide biomaterials to achieve antibacterial and anticancer
effects.55

Conclusions

All the anodic ZrO; coatings prepared in this study revealed the
properties promising for biomedical applications. The findings
emerging from this work suggest that the specific
nanostructuring of the anodic ZrO, coatings (nanopillars and
nanomounds) accelerates proliferation, stimulates APL
production, and promotes matrix maturation and
mineralization in Saos-2 cells relative to the flat anodic film. The
cell spreading area, focal contacts, and cytoskeletal
organization, although being the best on the flat ZrO2 surface,
only slightly worsen on the nanopillars and nanomounds.
Paradoxically, the cells can sensitively recognize the features of
surface structuring such as the shapes, sizes, spacings, and
population densities of the zirconium-oxide nano-protrusions,
giving their preferences to the nanopillars and nanomounds as
compared with the nanostumps. The paradoxical appreciation
by the cells of the nanopillar array, where the cell membrane
only makes contacts with the flat pillar tops, extends the
understanding of complex processes of cell/surface interaction.
Living cells likely prefer either the small nanomounds without
steep slopes or the tall nanopillars with the flat tops and optimal
spacings, both surfaces preventing the cell membrane from
undergoing a stressful distortion. The relatively better adhesion
and the wider cell-spreading area on the flat ZrO; surface and
the worse cytocompatibility of the big and rough ZrO,
nanostumps reinforce this conclusion.
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SiO,-Decorated Parylene C Micropillars Designed to Probe

Cellular Force

Zdenka Fohlerova,* Imrich Gablech, Alexandr Otahal, and Peter Fecko

Living cells sense and respond to mechanical signals through specific
mechanisms generating traction force. The quantification of cell forces using
micropillars can be limited by micropillar stiffness, technological aspects of
fabrications, and microcontact printing of proteins. This paper develops the
new design of SiO,/Parylene C micropillars with an aspect ratio of 6 and 3.5
and spring constant of 4.7 and 28 UN um, respectively. The upper part of
micropillars is coated with a 250 nm layer of SiO,, and results confirm protein
deposition on individual micropillars via SiO, interface and non-adhesiveness
on the micropillars’ sidewalls. Results show an absence of cytotoxicity for
micropillar-based substrates and a dependence on its stiffness. Stiffer micro-
pillars enhance cell adhesion and proliferation rate, and a stronger cellular
force of =25 pN is obtained. The main contribution of SiO,/parylene C micro-
pillars is the elimination of the step involving the fabrication of polydimethyl-
siloxane stamp because the array enables covalent binding of proteins via
SiO, chemistry. These micropillars stand on Si wafer and thus, any warping of

these stimuli through the generation of
traction force is fundamental for physi-
ological and pathological pathways.P!

The investigation of cellular forces
depends on in-vitro platforms that can
mimic processes and the stiffness of cel-
lular environments or these platforms
serve as sensors detecting the force upon
the exposure cells to the, for example,
drugs. Recently developed tools to quan-
tify the traction force generated by cells
range from microscopy to molecular force
sensors.l* All these techniques possess
some advantages and disadvantages('?l and
offer a variety of mechanisms through
which cells can move, divide, remodel, dif-
ferentiate, communicate, and sense their
microenvironment.!’!

underlying polymer membrane does not have to be considered. Additionally,
SiO,/parylene C micropillars can broaden the range of stiffer substrates to be

probed by cells.

1. Introduction

The mechanical and adhesion properties of living cells are
guided by chemical signals and external physical stimuli; cells
have been exposed to different external forces such as the mag-
netic force,!! shear stress,/?l or the mechanical properties of the
substrate.>* The importance of the interplay between chemical
and physical stimuli and the sensitivity of cells’ response to
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One of the approaches to measuring
forces transmitted at the focal adhesion is
the culturing of cells on patterned micro-
pillars. Microfabrication techniques allow
for the production of an array of thou-
sands of elastic pillars of 0.5-5 um in
diameter, fabricated by photolithography and replica molding
with conventional polydimethylsiloxane (PDMS).) The top of
the pillar surface is coated with proteins of extracellular matrix
via microcontact printing to render them cell-adhesive. The
cylindrical pillars with a defined L/D aspect ratio (length L,
diameter D) and Young’s modulus of the material (E) allow for
the calculation of the cellular force based on the pillar bending
and the known spring constant k, which is in the range of 1 to
200 nN pum! for typical PDMS pillars.!®l For the small defor-
mation Ax, the lateral force F can be calculated using Hooke’s
law, as described in Equation (1):11¢]

3mED*

F=kAx= S
64L

Ax (1)

Most authors have published the micropillars with lower
spring constant and thus the stiffness or high aspect ratio
pillars from stiffer polymers for increasing the spatial resolu-
tion. The molding technique frequently used for polymers such
as PDMS with Young’s modulus 1 to 4 MPal”!l permits the pre-
cise fabrication of a low aspect ratio micropillars. The molding
high-aspect-ratio micropillars is more challenging because it
is difficult to successfully de-mold the structure. Therefore,
this technique requires good mold releasability during the
de-molding. Additionally, high aspect ratio pillars may have
tendency of cracking and clustering.

© 2021 Wiley-VCH GmbH
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Nevertheless, molding allowed the production of PDMS
micropillars of different stiffness by the modulation of pillar
aspect ratio, geometry,¥! UV-treatment,['”] and the degree of the
polymerization?” and this technique was also adopted for the
fabrication of PDMS stamp required for microcontact printing
of proteins. The variability in PDMS stiffness became an
important progress in measurement of cellular forces because
a broad range of substrate stiffness can mimic the various
stiffness of physiological tissues, which can range from 10? to
107 Pa, from the softest brain to the stiffest bone, respectively.*!!
Moreover, the rigidity of tissue can be significantly changed
due to diseases such as cancers, Alzheimer s disease, or spinal
cord injury.?2

Besides PDMS, different polymers have been used to fab-
ricate micropillars such as polyacrylamide,?l poly(methylmet
hacrylate),1? SU-8,%*l and polycarbonate (PC).12°! For instance,
a high aspect ratio (=11) of SU-8 micropillars with E = 4 GPa
has been fabricated using lithography technique. Authors well-
described the optimization of fabrication process,?°! particu-
larly when temporal stability and the high spatial resolution of
the array should be required. In addition to the SU-8 polymer, a
polycarbonate with Young’s modulus of 2-3 GPa has been used
to fabricate ultrahigh aspect ratio (up to 20) pillars with spring
constant =5 nN um™ to enhance cell differentiation/?®! and
similar aspect ratio has been used to measure cellular forces by
other authors.!

In this work, we show “top-down” fabrication of a highly
ordered array of SiO,/parylene C micropillars standing on the
Si substrate that can be used as a probe to quantify the force
generated from living cells. The array of micropillars with
aspect ratio corresponding to 6 and 3.5 was characterized for
its chemical and biological properties as a proof-of-principle for
the functionality of array to be used as a force sensor. The tech-
nological significance of the cellular force transducer here is
the elimination of the micro-contact printing of proteins, given
that the SiO, thin film allows the covalent binding of proteins
or peptides, or simply enables a charge or different wettability
properties on top of micropillars via SiO, chemistry. This could
help researchers to skip the fabrication of a PDMS stamp and to
prevent the differences in printing quality.??8 The second con-
tribution of this work is to prove that the fabrication of pillars
from parylene C as the highly rigid material with a Young’s
modulus of =4 GPa can, compared to other polymers used for
pillar fabrication, broaden the range of material stiffness to be
probed by cells. The third advantage of our micropillars is that
our micropillars stand on Si wafer and thus any warping of
underlying polymer membrane does not have to be considered
as it has been reported for PDMS with lower aspect ratio.

2. Results and Discussion

2.1. Fabrication and Characterization of SiO,/Parylene Pillars

The array of SiO,/parylene micropillars was fabricated on a
0.5 mm x 0.5 mm silicon substrate by “top-down” technology,
as described in Figure S1, Supporting Information. The micro-
fabrication process of micropillar development provided the
array of the hexagonally ordered parylene pillars with a =1.6 um
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diameter, =3 um center-to-center distance, and rod-like mor-
phology, as confirmed by a scanning electron microscopy
(Figure 1A). The deposition of a =250 nm SiO, layer on the top
of the micropillars to mediate the selective covalent binding
of protein was qualitatively analyzed via an scanning electron
microscopy (SEM) equipped energy-dispersive X-ray (EDX)
spectroscope. High-resolution element mapping enabled this
study to discriminate between different elemental composi-
tions, which allowed us to visualize the localization of the SiO,
on top of the pillars. The EDX image in Figure 1B shows the
highly localized EDX oxygen atoms on top of the pillars from
the SiO, layer (colored red), while parylene C is shown as light
blue. The elemental analysis confirmed the selective deposition
of SiO, on top of the micropillars and therefore the efficacy of
the proposed individual fabrication steps.

The stiffness of the micropillars was modulated by varying
their height, giving the pillars a height of 9 and 5 um and an
aspect ratio corresponding to 6 and 3.5, respectively. The SiO,
layer on top of the pillars did not change the bulk properties
of parylene C, and the spring constant k of micropillar was
approximately calculated according to Equation (1). Based on this
Equation (1), the parylene micropillar with a length of 9 and 5 pm
has a spring constant of k = =4.8 UN um and =28 uN pym™,
respectively. The spring constants of the parylene micropil-
lars are thus significantly higher, compared to the already pub-
lished spring constant of 1-1500 nN pm™ for widely used
PDMS.8 Moreover, material with a higher Young’s modulus of
polycarbonate has been already investigated as platforms for the
measurement of cellular force.! The authors managed to produce
an array of PC pillars with k = =3 uN um™ and k = =7 uN pm™
by changing the aspect ratio. To our knowledge, micropillars with
such high k = =28 uUN pum™ have not been used for the meas-
urement of cellular force as we further confirmed that they can
be sensed and bent by cells. Additionally, the fabrication process
of our micropillars provides technological resolution of =0.8 um,
ensures good spatial stability of micropillars as well as temporal
stability due to the chemical inertness of parylene.

2.2. Micropillars Patterning

Patterning the micropillars to enhance cell adhesion is the first
step guaranteed by the use of nanotechnology to selectively
deposit a thin layer of SiO, on top of pillars. Generally, the
protein modification of micropillars in order to measure cel-
lular force requires the selective deposition of a protein such as
fibronectin on top of the pillars via microcontact printing!?®l and
by the non-adhesive treatment of pillar sidewalls.?’! Such pillar
patterning avoids the undesired attachment of cells to the vertical
side of the micropillar and improves cell adhesion. However, the
micro-contact printing of proteins requires the additional fabri-
cation of the stamp and is limited in terms of which proteins can
be printed as well as the printing quality.?®! Our design and pat-
terning of SiO,/parylene micropillars is able to covalently bind
any proteins of interest to the upper surface of the micropillars
via SiO, interface, as shown in Figure S2, Supporting Informa-
tion. The SiO,/parylene patterning was first investigated on bulk
substrates because the chemistry on such pillars differs from
PDMS ones and must be optimized. To ensure the binding of

© 2021 Wiley-VCH GmbH
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Figure1. SEM imagine of an array of well-ordered SiO,/parylene C micropillars (A). A qualitative EDX analysis of the micropillars. The red spots represent
the targeted SiO, layer on top of the parylene C micropillars, while the blue represents the parylene C pillars (B). A fluorescent image of the micropillars
with covalently bound FITC-collagen protein (C). A DIC image of 3T3-fibroblasts adhered on fibronectin-coated SiO, (D). A DIC image of 3T3-fibroblasts
adhered on Pluronics F-127-treated parylene C (E). The scale bar of the SEM and DIC image corresponds to 10 um and 50 pum, respectively.

the protein to the SiO, layer, selective SiO, oxidation was per-
formed by treating it with a piranha solution at a 5:3 ratio (step
1in Figure S2, Supporting Information). The procedure exposed
hydroxyl groups on the silica surface, while the parylene C side-
walls remained unreacted,?” as confirmed by the measurement
of contact angle (CA). The piranha-treated SiO, decreased the
CA value from =67° to =23°, making the surface more hydro-
philic while the parylene C surface remained unchanged =109°
(Figure 2a,b and a’, b’). The silanization of the hydroxyl reached
the SiO, substrate with the (3-aminopropyl)triethoxysilane
(APTES), which fed the amino-terminal groups on the sur-
face that changed the CA from =23° to =49° and from =109° to
=104° for SiO, and parylene C, respectively (Figure 2c,c’). This
SiO, chemistry has strong support in the literature® and sig-
nificantly, the result showed that the parylene C remained intact
following the piranha oxidation and silanization process.% To
ensure non-adhesive pillar sidewalls, the array was further incu-
bated in a non-ionic surfactant Pluronics F-127. The deposition of
the Pluronics via its hydrophobic moiety exposed the hydrophilic
non-adhesive PEG groups to the parylene C that corresponds
to the decreased CA value =76° (Figure 2d,d’). A similar CA
value for Pluronics to treat polymers has been reported for
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PDMS,33 suggesting the successful nature of parylene C
coating. The amino-functionalized SiO, surface remained
unmodified because the CA value did not change significantly.
The patterned surface of the micropillars was finally modified
by the covalent immobilization of the fibronectin on the amino-
terminated SiO, surface by crosslinking it with glutaraldehyde.
The CA value changed for both surfaces because the fibronectin
was immobilized on the SiO, surface and a small amount of
fibronectin was adsorbed on the Pluronics F-127-treated parylene
C sidewalls (Figure 2e,e’), which is in strong agreement with the
literature.3’]

Moreover, even if the Pluronics adsorb some portion of the pro-
teins®4 and the exposition of polyethylene oxide moiety suppresses
the cell adhesion,* patterning with Pluronics F-127 is generally
accepted for the reduction of protein adsorption and cell adhe-
sion. Based on this phenomenon, fluorescently labeled collagen
was covalently immobilized on the top of micropillars and the
image was captured to confirm the selective deposition of protein
(Figure 1C). Further, the adhesion of 3T3-fibroblasts to fibronectin
(Figure 1D) and Pluronics-F127 (Figure 1E) coated surface con-
firmed the reduced cell viability on Pluronics treated micropillars.
The cells adhered to and spread on fibronectin-coated SiO, at high

© 2021 Wiley-VCH GmbH
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substrates treated in 5:3 piranha solution

for 10 min; c,c”) substrates silanized with APTES at 120° for 30 min; d,d”) surface treated with Pluronlcs F-127; e,e ") covalently bonded fibronectin

via glutaraldehyde on APTES-silanized surface.

density and had the characteristic elongated shape, while the cells
on Pluronics F-127-treated parylene C adhered in a very small den-
sity and showed a smaller cell surface area.

The procedural steps of the surface oxidation and silanization
were characterized by an X-ray photoelectron spectroscopy (XPS)
analysis, as shown in Figure 3. The XPS spectra were analyzed
by peak-fitting software (CasaXPS version 2.3.18PR1.0) pro-
vided by SPECS GmbH (Berlin, Germany). The raw data were
processed by the subtraction of a Shirley background for sec-
ondary electrons and element peak fitting was used to estimate
the relative elements’ molar fraction. The integral of the peak
was divided by a relative sensitivity factor that was characteristic
of each element. Even if some elemental contaminants were
to occur, a significant =20% increment of N 1s was observed,
which could be attributed to the amino-functionalized SiO,,
while the increase in N 1s on parylene C was just 3.5% as shown
in the table of Figure 3. A significant increase and unchanged
percentage of C 1s was observed for APTES/SiO, and APTES/
parylene C, respectively, confirming the successful selective
silanization of the SiO, surface. Additionally, the high-resolution

spectra of nitrogen N 1s and silicon Si 2p for the APTES-treated
SiO, surface are also shown in Figure 3.

2.3. Cell Adhesion and Cell Surface Area

The response of living cells to micro-/nanostructured surfaces
is a well-known and widely investigated phenomenon.** Living
cells respond to chemical composition, wettability, topog-
raphy, stiffness, and stress and these cuesB have been found
to influence cellular adhesion, morphology, metabolic activity,
proliferation, migration, and differentiation.’’~*2l The cellular
characterization of SiO,/parylene C micropillars was assessed
by the morphology of 3T3-fibroblasts adhered to micropillar
arrays to measure the cell spread area and the proliferation of
cells on the micropillars, and qualitatively evaluate the organi-
zation of cellular cytoskeleton and the presence of focal contacts
via fluorescently labeled actin fibers and vinculin. Since our
micropillar arrays differed from the pillar height, we compared
the cellular behavior of both arrays via the parameter of pillar

SiO, o Cls Si 2p N 1s .
substrate Ol % % % Nis Si2p O-Si-0
untreated 53.6 19.0 26.0 0.1
piranha 59.4 10.6 29.0 0.2 = =

< -
= 2
APTES 53.4 17.8 26.6 2.1 R 'é)'
g 2
Parylene C O1s Cls Si 2p Nis 5 =
substrate % % % %
untreated 0.6 89.5 0.3 0.2
piranha 8.4 80.3 44 0.3
APTES 6.9 81.1 3.9 0.7 406 402 400 396 e 15 e W

Binding energy (eV)

Binding energy (eV)

Figure 3. Table shows an elemental analysis of individual steps of SiO, and parylene C modification as extracted from the XPS spectrum in percentage;
XPS analysis is performed for cleaned untreated SiO, and parylene C substrate, SiO, and parylene C treated in piranha solution and SiO, and parylene
C silanized with APTES. The graphs show high-resolution spectra of nitrogen N 1s and silicon Si 2p for the APTES-treated SiO, surface.

Adv. Mater. Interfaces 2021, 2001897

2001897 (4 of 8)

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

PO0OR00008A000OA0000000000
2890000000000
20000000000
0000000000087 g
£ ,20000000000000000000
+A€/000000000000000000004
1 50 000000000000000000000 0,
2490000000000000000000004
2000000000000000000000
00000000000000000000004

eSe e o oS o6
v o%0%20% Y
% 0% ;o°o:°, »4

J °
90000000000
2000000 )

€5 00000000000

INTERFACES

www.advmatinterfaces.de

Vinculin

Figure 4. 3T3-fibroblasts on the micropillars with heights of 5 um (stiffer; upper images) and 9 um (softer; bottom images), respectively. Scans of the
electron microscopy of cells showing the morphology and pillar's deflection (A,B,E,F). Fluorescently labeled actin fibers showing as a red (C, G) and a

green staining of vinculin as the protein of the focal contacts (D,H).

stiffness. The morphology of the 3T3-fibroblasts attached to
“softer” (k = 4.7 UN um™) and “stiffer” (k = 28 uN pm™) pillars
did not differ significantly since the shape of the cells tanged
from polygonal to elongated (Figure 4A,B,E,F). The shape of
3T3-fibroblasts on both types of micropillars corresponds to
the typical morphology in the stationary state of well-spread
fibroblastic cells. The cells on both substrates had more
extruding protrusions and larger lamellae. The staining of the
actin filaments revealed prominent stress fibers that crossed
the cell from end to end, and no disruption in the cytoskeletal
organization was observed for either softer or stiffer micropillars
(Figure 4C,G). A notable finding was observed for the vinculin
staining, as shown in Figure 4D,H. The cells on “stiffer” micro-
pillars (Figure 4D) showed a higher number of focal contacts,
compared to the “softer” substrate (Figure 4H) and were larger
in size and more distributed over the whole cells. The cell sur-
face area was calculated from previously obtained fluorescence

images of cells using Image] software. We set the scale to know
the number of pixels per area and the individual cells were
dragged to measure their surface area. The statistical analysis
was performed on hundred cells for each micropillar substrate.
The evaluation of the cell spreading area revealed significantly
larger areas for cells cultured on “stiffer” micropillars, com-
pared to a “softer” surface (Figure 5A). These findings revealed
better adhesion and cell contact with the underlying micropil-
lars on the “stiffer” substrate since the larger surface area and
extensive focal contacts were enhanced here, compared to the
“softer” substrate.

2.4. Proliferation Assay

Our results from cell adhesion were further supported by
the experiment of cell proliferation on both substrates. The

3000 - 1,0 [ Day 1 807
A B I 0y 3 c
251
2500 - 08
B z
€ 20004 a = 20
ES
2 € 06 g
®© 2 L 15
® 1500 5 5
© ~ o
= 0 04 ®
& 1000 fe) o 104
<
N | / ) -
0- 0,0 o
h=5pm h=9pum h=5ppm h=9pum h=5pum h=9pum

Figure 5. Evaluation of the spreading area of 3T3-fibroblasts per surface area (A). BrdU proliferation assay of fibroblasts on nanopillars (B). The average

cellular force calculated from the periphery of stationary cells (C).
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measurement of 5-bromo-2’-deoxyuridine (BrdU) was performed
on days one and three (Figure 5B). This assay measured the incor-
poration of BrdU into the newly synthesized DNA and introduced
the most reliable information about cell division. On day one, no
significant differences in cell proliferation were observed between
“stiffer” and “softer” micropillars, while on day three, a significantly
higher proliferation rate could be seen for the “stiffer” micropillar
array. The higher proliferation of cells could be a consequence of
the enhanced cell adhesion on “stiffer” micropillars.

To conclude our preliminary observations of the cytocom-
patibility of SiO,/parylene C micropillars, the 3T3-fibroblasts
sensed the different stiffness of micropillars due to changes
in cell adhesion and proliferation, which is in good agreement
with the literature.** From a more general perspective, nei-
ther micropillar arrays showed any cytotoxic effect in terms of
cell viability and adhesive properties.

2.5. Estimation of Cellular Force

A preliminary examination was performed to substantiate the
suitability of SiO,/parylene C micropillars to probe cellular
force. The assessment was performed on stationary polyg-
onal-shaped fibroblasts selected from SEM images in order to
obtain a symmetric cellular force profile. The deflection of the
micropillars were measured from their original, undeflected
position using Image | software. The extent of the deflection
was then used to quantify the traction forces generated by the
3T3-fibroblasts by applying Equation (1). To compare the force
exerted from the cells on the “stiffer” and “softer” micropillars,
the average force was calculated from the pillar’s deflection that
occurred on the cell periphery (Figure 5C). Our finding showed
that the cells on the “stiffer” micropillars exert almost five
times more traction force than those cultured on the “softer”
substrate. For 3T3-fibroblasts, the average traction force calcu-
lated at the cell periphery was =25 uN and =5 uN for “stiffer”
and “softer” micropillars, respectively. This corresponds well
with the findings obtained from our cell adhesion and viability
assays. The stronger traction force could be a consequence of
the cells’ ability to achieve more stable adhesion on an appro-
priate substrate and to increase the cell surface area to maintain
effective cellular homeostasis. Our findings also support the
general trend of cellular force to be stronger on a stiffer than a
softer substrate;*’! the force is suggested to be strongest at the
lamellipodia and to decrease toward the center of the cell, as
has been reported previously.*

The cellular force measured for different aspect ratios of
commonly used micropillars made of PDMS as a very soft
polymer has been reported around tens to hundreds of nN.[’l
High aspect ratio polycarbonate pillars as the stiffer polymer
with Young’'s modulus, a little bit lower than parylene C, have
been fabricated by nanoimprinting method. Considering the
same dimension of parylene C and polycarbonate micropillars,
the difference in spring constant is =2 uN um™ which does
not have to be such a significant difference but it can be still
successfully recognizable by sensitive cells. Further, we would
like to show that cells can sense and bent pillars with very high
spring constant of =28 UN pum™! with cellular force calculated
~25 UN which has not been published in the literature so far.
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3. Conclusion

We introduced “top-down” fabrication of a highly ordered array
of SiO,/parylene C micropillars for use as a probe for the quan-
tification of cellular traction force. Micropillars with different
spring constants were fabricated from the parylene C and a
thin layer of SiO, was introduced to the top of each pillar to
enable the covalent binding of proteins via silanization. The
experimental results confirmed the patterning of micropillars
via the selective chemistry of the SiO, interface and the chem-
istry performed on the parylene C micropillars’ sidewalls. Such
patterned micropillars constitute a technological advance that
eliminates the micro-contact printing of proteins on the top
of micropillar array. The cytocompatibility of SiO,/parylene C
micropillars was assessed by the morphology of 3T3-fibroblasts
adhered to micropillar arrays, measuring the cell spread area,
proliferation of cells, qualitative evaluations of the cytoskeleton,
and the development of focal contacts. Our results did not show
a cytotoxic effect of the micropillar-based substrates but did
indicate a dependence on stiffness. A stiffer micropillar array
enhanced the cell adhesion and proliferation rate and conse-
quently led to a stronger cell traction force.

Parylene C is a highly rigid material with a Young’s modulus
of =4 GPa; it is more rigid than other polymers used for pillar
fabrication and thus broadens the range of material stiffness
that can be probed by cells or used as the cellular sensor. We
revealed that SiO,/parylene C micropillars with a high stiff-
ness corresponding to the spring constant k = =4.8 UN um™
and =28 uN um™ were sensed by the cells, and that the trac-
tion force can be determined even on such stiff micropillars
which could give us the information about the magnitude of
cellular forces. To conclude, SiO,/parylene C micropillars dem-
onstrate innovative concept of a flexible micropillar substrate
for the quantification of the cell traction force that eliminates
the micro-contact printing of proteins, and provides a substrate
with higher stiffness.

4. Experimental Section

Fabrication of Micropillars: The array of parylene micropillars with
the SiO, layer on top of the pillars was fabricated via a “top-down”
technological process (Figure S1, Supporting Information). Briefly, a
10 um thick layer of parylene C (Palmchem) was deposited on the Si
wafer using the chemical vapour deposition (CVD) method. A 250 nm
thin layer of SiO, was deposited via a plasma-enhanced CVD at 100 °C.
The deposition of a 500 nm thin Ti layer using the electron beam
evaporation technique was followed by standard UV photolithography
using the photoresist (PR) AZ 5214E. Photolithography of PR created
the pattern of hexagonally arranged features with diameter of 2 um
and center-to-center distance of 4 um. The titanium and SiO, layer
was then etched using reactive-ion etching (RIE) inCl, plasma and Ar/
CHF; plasma by means of chlorine and fluorine-based RIE. Finally, the
wafer was placed into the ion beam etching (IBE) instrument employing
pure O, plasma to etch the parylene C from the areas uncovered by Ti/
SiO,. The PR was completely removed during the IBE process and the Ti
residue was additionally removed using chlorine-based RIE.

Micropillar ~ Patterning and Characterization: The micropillar
morphology was analyzed via a scanning electron microscopy (SEM,
TESCAN MIRA II) and an EDX analysis. The chemical patterning of
the micropillars was performed as described in detail in Figure S2,
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Supporting Information. The array of the micropillars was treated with
piranha solution at a ratio of 5:3 (30% H,0, and 96% H,SO,) for 10
min. The SiO, layer was silanized with 3-aminopropyl-triethoxysilane
(APTES, Sigma) via CVD technique in a vacuum chamber at 120 °C
for 30 min. The process of silane deposition spanned 30 min. The
micropillars were then incubated with 0.5% (v/v) Pluronics F-127 in
phosphate buffer (PBS) (Sigma) to selectively coat the parylene C.
The fibronectin (50 ug-mL™" in PBS, Sigma) was covalently attached
via 0.5% (v/v) glutaraldehyde (Sigma) cross-linked to the amino-
functionalized SiO, layer. The modified micropillar array was
characterized by the measurement of the CA (Phoenix 300, SEO)
by applying water drop on the surface. The CA was evaluated using
Surfaceware 8 software and the statistical analysis was performed on
10 drops from each step of modified surface. The CA measurement
was accompanied by X-ray photoelectron spectroscopy analysis
(XPS; AXIS SupraTM Kratos Analytical) for the quantification of the
elemental composition on the material surface via CasaXPS software.
A fluorescence microscopy (Zeiss) of the collagen-FITC conjugate
(0.1 mg mL™" in PBS, Sigma) has been performed to confirm the
covalent immobilization of the protein.

Cell Culture and Immunostaining: 3T3 fibroblasts (ATCC) were
cultured in a complete DMEM supplemented with 10% (v/v) of
fetal bovine serum and antibiotics (streptomycin 100 pg mL7,
penicillin 100 Ul mL™". Fibroblasts were harvested every third day.
For immunofluorescence staining, the cells were fixed in 4% (w/v) of
paraformaldehyde in PBS for 20 min and permeabilized in 2% (w/v)
bovine serum albumin in 0.5% (v/v) Triton X-100 in PBS for 2 h. All
chemicals were purchased at Sigma Aldrich. A fluorescence microscope
was used to visualize the actin fibers stained with Alexa Fluor 533 RED
phalloidin (ready probes from Thermo Fisher Scientific) for 30 min.
The vinculin, being the protein of the focal contacts, was detected
by the mouse anti-vinculin antibody (10 mg mL™, 1:100 dilution in
PBS, Sigma) for 1 h and an Alexa Fluor 488 goat anti-mouse antibody
(2 mg mL™", 1:100 dilution in PBS, Thermo Fisher Scientific) for 60 min.

Proliferation Assay: The BrdU (5-bromo-2’-deoxyuridine) cell proliferation
assay was performed by plating 1 x 10* cells onto the micropillar surface
and cultured inside the humidified incubator at 37 °C and 5% CO,. The
proliferation assay was performed on days one and three, following the
manufacturer’s protocol (Cell proliferation ELISA, BrdU; Roche). Briefly,
10 ul of BrdU solution was added to each sample and re-incubated for
an additional 2 h. The labeling medium was then removed and the cells
were fixed and denatured with 200 pl of FixDenat solution for 30 min. The
FixDenat solution was replaced with 100 ul of a BrdU-peroxidase (POD)
antibody solution and incubated at room temperature for 90 min. The
samples were rinsed three times with a buffer solution and incubated with
100 pl of the substrate solution for 20 min. The absorbance was measured
at 370 nm using the microplate spectrophotometer.

SEM Characterization of Traction Force: SEM imaging was performed
after the critical drying of fixed cells on patterned micropillars at an
ethanol gradient from 50% to 100% for 5 min for each dilution. The
dried cells were evaporated with =10 nm layer of gold before imaging
to avoid sample charging. The deflection of the micropillars due to the
cell traction force was obtained directly from the SEM images. The pillar
bending was analyzed with Image] software on non-migrating cells at
the edge of the extended lamellipodia from the initial position. Scale
included in acquired SEM images and straight line selection tool were
used for direct distance measurement. Since the fabricated pattern was
repetitive, and thus, the distance between each two closest micropillars
remains constant, we measured the shift between unbent and bent
micropillars as the center-to-center distance. The average cellular
traction force (F) from 15 imaged cells was calculated with Hooke's law
(Equation 1) for higher (h =9 um) and lower (h = 5 um) micropillars,
respectively.

Statistical Analysis: A proliferation assay was conducted in triplicate for
each substrate and the average cellular force was calculated for ten cells
from each substrate. A student’s t-test was used to determine significant
differences between the groups. P-values of <0.05 were considered to be
statistically significant.
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Supporting Information is available from the Wiley Online Library or
from the author.
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The fabrication of SiO,/Parylene C micropillars

Micropillars were fabricated with a Si (100) wafer of ~100 mm and ~535 um diameter and
thickness, respectively. The fabrication steps are shown in S1. The 10 um of parylene-C was
deposited on silicon using the CVD method, without substrate temperature elevation during
the deposition. A ~250 nm SiO; thin film was deposited on the Parylene C via a plasma-
enhanced chemical vapor deposition (PECVD) technique at 100 °C (Figure S1, step 1). The
SiO, film was covered with a ~500 nm Ti layer using the e-beam evaporation technique,
which increases the substrate temperature only in order of units of °C (Figure S1, step 2).
After that, the deposition of the photoresist (PR) AZ 5214E spin-coated to a thickness of
~1.4 um was performed (Figure S1, step 3). The PR substrate was subsequently baked
at 110 °C for 50 seconds in an atmosphere of N,. The resolution of the structures was 2 um
and due to this obstacle, it was not possible to use a thicker photoresist suitable for long-time
dry-etching procedures, so a titanium hard mask was used. The substrate was then exposed to
UV light (~ 90 mJ cm™) using contact lithography (Figure S1, step 4). The processed wafer
was developed in a TMAH-based developer for ~ 55 seconds, followed by a descum
procedure in O, plasma for 45 seconds at ~300 W and a pressure of 100 Pa. The titanium
layer was etched using reactive ion etching (RIE) in inductively coupled Cl, plasma with
high-frequency source (600 W) and low-frequency source (50 W). The etching process took

~240 s and it was accompanied by optical spectrometer endpoint detection (Figure S1, step
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5). The SiO, was etched by means of fluorin-based RIE in capacitively coupled Ar/CHF;
plasma at 200 W and ~360 s (Figure S1, step 6), after which the wafer was placed into the
ion-beam etching instrument to remove the Parylene-C (Figure S1, step 7). The Parylene was
etched with O, plasma and the ion-mass spectrometric detection was performed. The
photoresist was completely removed, while slight etching of the Ti was observed. The rest of
the Ti layer on top of the pillars was completed via a Cl, plasma-based RIE process (Figure

S1, step 8). Finally, the wafer was scratched with a diamond tip and broken into a number of

pieces.
I sio,
Parylene C steps 1-3 Parylene C steps 4-6 Parylene C steps 7-8
Si si - g
Steps: 1. PECVD of Si0, 4. Photolitography 7. SCIA etching of Parylene C
2. Evaporation of Ti 5, Etching of Ti 8. Removing of Ti

3. Photoresist deposition 6. Etching of SiO,

Figure S1. Scheme of the individual steps of the fabrication process of SiO,/ Parylene C

micropillars.

SiOy/Parylene C micropillars surface patterning

The array of micropillars was washed in deionized water, dried, and treated with piranha
solution at a ratio of 5:3 (30 % H,0, and 96 % H,SO,) for 10 minutes (Figure S2, step 1).
The washing step was followed by a silanization process of SiO, with 3-aminopropyl-
triethoxysilane (APTES) using the chemical vapor deposition technique (CVD) in a vacuum
chamber at 120°C for 30 minutes (Figure S2, step 2). The process of silane deposition
spanned 30 minutes. The samples were purged three times by refilling the chamber with inert

N, gas to remove residual and unreacted silane from the chamber and surface, respectively.
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After that, the micropillars were incubated with 0.5% (v/v) Pluronics F-127 in PBS for 20

minutes to selectively coat the Parylene C (Figure S2, step 3). Subsequently, fibronectin (50

ug ml™ in PBS) was covalently bonded via a 0.5% glutaraldehyde solution to the amino-

functionalized SiO; layer for 30 minutes (Figure S2, step 4).

1. Piranha

treatment
—_—

Si

NH, NH, NH; NH,

| 1] |11
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_—

Si

OH OH OH OH OH OH NH; NH,
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R —

Si Si
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Figure S2. Scheme of micropillars surface modification.
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