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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 (TiO2) nanotube surface

decorated with various surface densities of chemically synthesized selenium nanoparticles.

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

nanoparticles 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 TiO2 nanotubes suggested deteriorating effect on the

cell adhesion and viability of non-cancerous NIH/3T3 cells. Thus, we demonstrated that

selenium nanoparticles decorated TiO2 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
Thewidespreaduseandpersistingnegativepropertiesof somemetallicbiomaterialsfor tissue
engineeringor surgicalinstrumentsaimedresearchesto modulatethesurfacecharacteristics
of biomaterialsinto theform with desiredfunctionalsurfaceproperties.Therapidprogressin
nanotechnologyenabledusto approachandmimic thetissueenvironmentviasurfacemodifi-
cationsincludingchemistry,topographyor roughnessthatcansignificantlychangetheinter-
facebetweenindividual materialandtissuecellsor bacteriaandthus,resultsin different
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responsesin celladhesion,viability,metabolism,antibacterialor anti-inflammatoryactivity.
For instance,it waspreviouslyreportedin independent�� ����� studiesthat thenanotopogra-
phyplaysacrucialrole in thecharacterandstrengthof thecellularinteractionto suchamodi-
fiedsurfacewith apositiveimpacton theresultingcellularresponses[1±5].Moreover,
nanostructuredbiomaterialswereconsideredto exhibitvariousqualities,suchasantibacterial
activity[6, 7] or improvedbioactivity[8, 9] thatwerenot observedfor their non-structured
forms.

Materialssuchastitanium (Ti) andits alloysarewidelyusedin manyreplacementsinclud-
ing orthopaedical,dentalandcardiovascularimplantsandmedicaldevices[10]. Thefavorable
mechanicalproperties,exceptionalcorrosionresistanceandbiocompatibilityof titanium [11]
wereattributedto apassivethin film of titanium dioxide(TiO2) formedon Ti surface[8]. This
thin layerwasalsoconsideredto impart bioactivityandchemicalbondingbetweenimplant
andthebone[2]. Nanostructuringof titanium film into theform of nanotubes(TNTs)has
attractedgreatattentionfor improvingcelladhesion,growthanddifferentiation[9, 12,13].
Laterfindingsprovedthestrongrelationbetweenthecellresponsesandnanotubedimensions
[4, 14,15].Forexample,mesenchymalstemcellsshowedtheimprovedresponseon nanotubes
with smallerdiameters(~15nm) [4, 16],whileosteoblastspreferrednanotubeswith bigger
diameters(~70nm) [12]. Theadhesionwasfasterandstrongercomparedto thecontrol,
whichwasthoughtto avoidformationof fibroustissuecausedbyaweakcell-surfaceinterac-
tion [2].

Manyapproachesweresubsequentlyintroducedto enhancetheperformanceof TNT sur-
faces.Someaimedto increasetheantibacterialactivitythroughloadingthenanotubeswith
variousantibiotics,suchasvancomycin[17] andgentamicin[18] or their decoration/doping
with variousnanoparticles,includinggold[19,20],silver[8, 21]andzincoxide[22]. Other
addressedthebiocompatibilitythroughcoatingwith bioactivecompounds,suchasPLGA
[23], chitosan[23], hydroxyapatite[24] or growthfactors[25].

Recently,treatmentof bio-surfaceswith seleniumattractedattention.Seleniumisan
important elementthatplayscrucialrole in preventingcancerandprotectingcellsfrom oxida-
tivedamage[26,27].It hasbeenreportedto exhibitnot only antibacterial[28±31],but also
anti-cancer[28,32]andanti-inflammatory[29,33]propertiesthatmakeseleniuminteresting
for variousapplicationsincludingoncology[28,32],regenerativemedicine[34] andtissue
engineering[29,30,35±37].Seleniumnanoparticle(SeNPs)decoratedTNTswerestudiedand
reportedpreviouslyfor its antibacterialandanti-inflammatoryproperties[29]. Resultssug-
gestedthatseleniumnanoparticlesenhancedantibacterialpropertiesof TNTswhichcaused
thedecreasein colonyforming unitsof bothgram-positiveandgram-negativebacteria.How
suchasurfaceeffectedcancerousandnon-cancerouscellsremainedunanswered.In another
reportedresearch[28], thereleaseof seleniumnanoparticlesfrom TiO2 nanotubescovered
with chitosanwasstudiedfor antibacterialactivity.Authorsdeclaredthatsuchafabricated
anddesignedsurfacepositivelyinfluencedtheviability of osteoblastsandnegativelyaffected
cancerouscells,whilepromotedtheantibacterialactivityof TNTs.However,thisantibacterial
effectcouldbeattributedto chitosan,whichis,in thefact,antimicrobial[38] andbiocompati-
ble[39]. Authorsin thisstudyalsoadmitted,thatno discernablelayerof Seor Senanoparticles
wasobservedon their samples.

In our work,weintroducedthefabricationof TiO2 nanotubesof 50nm in diametervia
anodicoxidationof titanium layerdepositedon siliconwafer.Nanotubesweredecoratedwith
chemicallysynthetizedseleniumnanoparticlesof threedifferentsurfacedensities.Designed
films werecharacterizedwith contactanglemeasurement,SEM,XPSandAFM techniques.
Dueto theabsenceof reportsregardingtheinteractionof suchasurfacewith tissuecells,we
studiedmutualeffectof seleniumnanoparticlesandTiO2 nanotubeson antibacterial

Se-NPs decorated TiO2 and cytocompatibility
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propertiesagainst�. ��	� andviability of osteosarcomaMG-63cellsandnon-cancerousNIH/
3T3fibroblasts.

Materials and methods

Preparationof nanotubesvia anodicoxidation
TiO2 nanotubeswerefabricatedfrom 500nm thick titanium layersputter-depositedon silicon
waferviaelectrochemicalanodizationaccordingto protocolestablishedpreviously[40]. The
fabricationprocessisschematicallydepictedin Fig1.Briefly,electrochemicalanodizationwas
performedwith voltagerampfrom 0 V to 15V andthestepof 1 volt persecondin theelectro-
lytesolutionof ethyleneglycol(C2H6O2, p.a.,Penta,CZ),1.2wt%ammoniumfluoride(NH4F,
SigmaAldrich, DE) and2 vol%of deionizedwater(Millipore Corp.,USA,18,2MO). When
thevoltagereachedthemaximumsetvalue,thevoltagewasmaintaineduntil thecurrent
reachedzerovalue.Sampleswerethenrinsedwith deionizedwater,driedwith streamof nitro-
genandsubsequentlyannealedin vacuumfurnaceat450ÊCfor 3 hours,with theheatingramp
of 5ÊCperminute.

Decorationwith seleniumnanoparticles. Theprotocolfor preparationof selenium
nanoparticlesolutionwasinspiredbypreviousstudycarriedbyLiu etal.[29]. The3 mL of 100
mmol L-1 L-glutathione(Sigma-Aldrich)and3 mL of 100mmol L-1 sodiumselenite(Sigma-
Aldrich) wereblendedtogether.To control theamountof seleniumnanoparticlesdecorated
onto thesurface,differentvolumesof ultrapurewaterwereaddedto individual mixtures±9
mL for low,6mL for mediumand3 mL for highseleniumnanoparticleconcentration.Finally,
50�L of 1mol L-1 NaOH solutionwasaddedto initiate thereactionat room temperature.The
formationof nanoparticleswasopticallyobservedasagradualchangein thecolor from trans-
parentto red.100�L of nanoparticlesuspensionwasthenintroducedonto thenanostructured
surfaceandincubatedfor 20minutes.After that,sampleswererinsedseveraltimes,and

Fig 1. Fabricationschemeof Se-NPdecoratedTiO2 nanotubefilm. TiO2 nanotubeswerefabricatedviaanodicoxidationof 500nm thick titanium layerdepositedon
siliconwafer.Nanotubesweredecoratedwith different concentrationsof seleniumnanoparticles.

https://doi.org/10.1371/journal.pone.0214066.g001
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subsequentlysoakedin ultrapurewaterto removenon-adsorbedparticles.Scanningelectron
microscopyandatomicforcemicroscopywasusedto checkthequalityof nanoparticledecora-
tion, andto analyzetheamountanddiameterof seleniumnanoparticles.Prior to bio-charac-
terizations,fabricatedsurfacesweresterilizedwith UV irradiation for 15minutes.

Characterizationof nanostructuredfilm
Thewettabilityof sampleswasmeasuredat room temperaturebydeterminationof watercon-
tactangleof 5 �L waterdrop introducedon samplesurfaceafterUV irradiation (Phoenix300,
Surface& ElectroOpticsCo.,Ltd,KOR).Contactanglewasevaluatedusingtangentline
method2 (higherangles)andtrigoniometric functionsmethod(lowerangles)implementedin
softwareSurfaceware8.Thesurfacemorphologyandnanoparticlessizewascharacterized
with scanningelectronmicroscope(SEM,Mira II, Tescan,CZ) andtheroughnesswascalcu-
latedbyatomicforcemicroscopyin dry non-contactmode(AFM, NanoWizzard3,JPK).
Chemicalcompositionof sampleswasdeterminedwith X-rayphotoelectronspectroscopy
(XPS,AXISSupra,KratosAnalyticalLtd, UK). TheXPSspectrawereanalyzedbyapeakfitting
software(CasaXPSversion2.3.18PR1.0)providedbySPECSGmbH (Berlin,Germany).Raw
datawereprocessedby thesubtractionof aShirleybackgroundfor secondaryelectronsand
elementpeakfitting wasusedto estimatetherelativeelementmolar fraction.Theintegralof
thepeakwasdividedbyarelativesensitivityfactor(R.S.F.),whichischaracteristicfor eachele-
ment.Finally,theconcentrationprofile of seleniumreleasedfrom thesurfacewasdetermined
with inductivelycoupledplasmamassspectrometry(ICP-MS).Decoratedsampleswere
immersedinto 3 mL of ultrapurewaterfor 15days.At selectedtime points,1.5mL of solution
wascollected.Samplesweresubsequentlydriedwith nitrogenstreamandimmersedinto 3 mL
of freshultrapurewater.

Antibacterial test
Antibacterialpropertiesof seleniumNPsdecoratednanotubeswereevaluatedthroughthebac-
terialviability assaywith gramnegative�. ��	�. Non-decoratednanotubesurfacewasusedasa
control.Thesampleswererinsedwith waterandsterilizedwith UV for 15minutesbeforeeach
experiment.Briefly,50�L of bacterialsuspensionwasspreadonto thesurfaceandincubated4
hoursat37ÊC.Subsequently,adheredbacteriawerewashedout with phosphatebuffersaline
(PBS)andcollectedbacterialsuspensionwasdiluted100timeswith PBS.Bacteriacultured
plateswerepreparedusingagar,yeastextract,NaClandtryptone.The200�L of dilutedsolution
wasinoculatedon preparedagarplatesandincubatedfor 24hoursat37ÊCand80%humidity.
Agarplateswerethenphotographedandcolonyforming unitswerecalculated(CFUmL-1).

Cell culture
ThecancerousMG-63cellsandnon-cancerousNIH/3T3 cellsweremaintainedin complete
Dulbecco'sModified Eagle'smedium(DMEM) supplementedwith 10%fetalbovineserum
(FBS),2mmol L-1 L-glutamine,and5%penicillin/streptomycin (50U mL-1 and50�g mL-1) at
37ÊCin ahumidified 5%CO2 incubator.Cellswereharvestedby trypsinizationwith 0.25%
trypsin-EDTAsolutionat75%confluencyandseededwith adefineddensityonto thesterile
samplesplacedin apolystyrenemicroplate.

Cell adhesionandviability
Theadhesionof MG-63andNIH/3T3 cellsonto TiO2 nanotubesdecoratedwith selenium
NPsandonto thecontrol (TiO2 nanotubeswithout seleniumnanoparticles)wasqualitatively
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evaluatedfrom imagestakenbyanopticalmicroscope(Axio ImagerM2m, Zeiss).TiO2 and
TiO2 ±SeNPssampleswereplacedin a24-wellplateandusedasthesurfacefor cellseedingat
adensityof 1�103 cellsperarea.Theimagesof cellsweretakenat3 hours.Viability of MG-63
cellswasmeasuredwith XTT assayandevaluatedon days1,2,and6aftertheseeding;theini-
tial celldensitywas1�103 cellsperarea.Briefly,thecellswereincubatedfor adefinedperiodof
time andthengentlywashedtwicewith pre-heatedphosphatebuffersaline(PBS).Themixture
of 100�L culturemediumand50�L of tetrazoliumdye(XTT, 1 mgmL-1 in DMEM and
25�mol L-1 PMSin PBS)wasaddedinto eachwellcontainingthesamplesandincubated2
hoursin CO2 incubator.100�L solutionweretransferredfrom eachwell into anew96-well
plateandtheabsorbancewasmeasuredat450nm with amicroplatespectrophotometer(Beck-
manCoulterParadigm).Thelive/deadstainingof MG-63cellsand3T3fibroblastswasper-
formedat theday6.Thecellsweregentlyrinsedwith pre-warmedPBSandincubated15min
with 2 �M Calcein-AMand1.5�M propidium iodidesolutionin PBS.Thecellswerefinally
rinsedtwicein PBSbeforeimagingwith afluorescentmicroscopecoupledto aCCDcamera
(Zeiss,Germany).

Statisticalanalysis
Meanvaluesandstandarddeviationsof obtaineddatawerecalculated.Statisticallysignificant
differences(p < 0.05)wereconfirmedusingStudent'st-test.All showndataareexpressedas
themean� standarddeviation.

Results and discussion

Surfacecharacterization
SeleniumNPsdecoratedTiO2 nanotubeswerefabricatedviaanodicoxidationof titanium
layerdepositedon siliconwaferfollowedby theadsorptionof chemicallysynthesizedselenium
nanoparticles.Fabricationof nanostructuredsurfaceresultedin TNTswith thediameterof
51.72� 5.55nm (Fig2A) andlengthof 500nm (Fig2B).Thesurfacewasdecoratedwith spher-
icalseleniumnanoparticles(Fig2C)of 88.93� 6.87nm in size,which issignificantlybigger
thannanotubediameter.Thusthenanoparticlescoveredthetop of thenanotubesatSe-Low
(Fig2D),Se-Medium(Fig2E)andSe-High(Fig2F)densitiescorrespondingto numberof
3.2� 1.14(low),9.1� 1.20(medium)and18.5� 2.37(high) particlesper4 �m 2, respectively.
Accordingto Boxplotof obtaineddata(Fig3) andShapiro-Wilktestof normality,bothnano-
particleandnanotubesizehavenormaldistributions

SEManalysisalsorevealedthediscreteTiO2 nanotubeswith thenanoparticledensityand
nanotubediameterconsistentoverthewholesurfaceof thesample.AFM analysisfurther
showedtheincreasein root meansquared(RMS)roughnessof sampleswith increasingsurface
densityof nanoparticles.TheRMSvaluefrom bareTNTsto Se-HighTNTsrangedfrom 16.6
nm to 24.1nm.

Measurementof UV-treatedTNTswettabilityshowedsignificantdifferencebetweendeco-
ratedandnon-decoratedTiO2 nanotubes.Thecontactangleof barenanotubesandnanoparti-
cledecoratednanotubeswasassessedto values~20Êand~48Ê,respectively.Thedifference
betweenindividual nanoparticlesurfacedensitieswas~1.5Ê.Seleniumnanoparticlescan
slightlyincreasethecontactangleof TiO2 surfacesaswaspreviouslyreported[41] andthis
effectwasalsoretainedaftertheUV irradiation.

X-rayphotoelectronspectroscopyof seleniumdecoratedTiO2 nanotubeswasdoneto con-
firm thepresenceseleniumin thesamples.Therewasno significantchangein bondingstates
of Ti2p andO1safterthedecorationwith nanoparticles.TheXPSquantitativeanalysisof
selectedelementswassummarizedin Table1.Thepercentageof seleniumSe3dproportionally
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increasedwith increasingsurfacedensityof nanoparticles.Wealsoobservedapeakcorre-
spondingto thepresenceof sulfur.Thesulfurpeakwasobservedfor all nanoparticledecorated
samplesevenaftermultiple washingstepsand24hoursimmersionin ultrapurewater.It could

Fig 2. SEMimagesof fabricatednanostructures.AnnealedTiO2 nanotubes(A), their crosssection(B),andseleniumnanoparticles(C).TiO2 nanotubesdecorated
with Se-Low(D), Se-Medium(E)andSe-High(F) concentrationsof nanoparticles.

https://doi.org/10.1371/journal.pone.0214066.g002

Fig 3. Boxplot of normal sizedistribut ionsof nanoparticle(A) andnanotube(B). BoththeboxplotandShapiro-
Wilk testof normalitysuggestednormaldistributions.

https://doi.org/10.1371/journal.pone.0214066.g003
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correspondwith theadsorptionof glutathione,or otherproductof reactioncontainingsulfur
on thefabricatedsurface.

TheICP-MSanalysisintroducepowerfulandsensitivetechniquecapableof detecting
metalsandseveralnon-metalsatconcentrationsaslow asonepart in 1015(part per
quadrillion,ppq).Weusedthis techniqueto obtainthereleaseprofile of seleniumfrom the
nanotubesurface.Theanalysisshowedtheminimal releaserateof seleniumatmaximumtens
of ppb(Fig4),suggestingastrongbondbetweenSeNPsandnanotubes.Thebiggestcontribu-
tion to thetotal releasewasduring thefirst 24hours,whichcanbestill attributedto thewash-
ing seleniumout from thenanotubes.Overperiodof time, thereleasedamountof selenium
steadilydecreased.Sampleswerethencheckedwith SEMmicroscope.Comparedto images
takenbeforethemeasurement,no significantdifferencein SeNPsurfacedensitywasfound.
Further,thereleaseratewassignificantlylowerthanin researchdonebyLiu etal.[29], in
whichauthorsattributedtheimportanceof releaseto thecytotoxicityof selenium.Theques-
tion iswhethersuchalow concentrationof seleniumcanresultin thetoxicity for somebacte-
ria andtissuecells.Takinginto theconsiderationit beneficialpropertiesin thehumanbodyat
higherconcentrationthanour measurableppbvalues,webelievethat thereisanothermecha-
nismof toxicity viatheinteractionof cellmembranewith combinationof nanoparticleand
nanotubeproperties,nanoparticlesizeandsurfacedensity.

Antibacterial propertiesof SeNPsÐTiO 2 nanotubes
To protecttheadhesionandproliferationof pathogenicbacteriaon biomaterialsconsistin coat-
ingswith antibiotics,biocidalagentsor antibacterialnanoparticles.Seleniumnanoparticlesare
well-knownfor antibacterialpropertiesto thewiderangeof bacteriaevenif themechanismof
actionisstill unknown[42]. It hasbeenreportedbyTranetal.[30] thatseleniumnanoparticles
inhibited thegrowthof gram-positive
���
�	������� ������. Liu etal.[29] incorporatedthese
nanoparticlesinto TNTsto enhancetheantibacterialactivityof TNT surfaceto ���
����
�� ��	�
with 50%efficiencycomparedto bareTNTsin 24hours.In our experiment,wecomparedthe
antibacterialefficiencyof seleniumdecoratedTiO2 nanotubesatdifferentseleniumnanoparti-
clesurfacedensityagainst�. ��	� in ashortfour-hour incubation.Comparedto thebarenano-
tubes,seleniumdecoratedTNTsexhibitedenhancedantibacterialproperties(Fig5).Shorttime
interactionof surfacewith bacteriawasefficientto decreasethenumberof �. ��	� coloniesfor
Se-LowandSe-Highabout60%and90%,respectively.Evenif weconfirmedtheantibacterial
propertiesof Se-TNTssurface,thequestioniswhetherbacteriawerekilled byseleniumrelease
in ppbconcentration,asindicatedby ICP-MSat thefirst 24hoursor by thenanoscalesurface
topographyandchemistryof Se-TiO2-TNTswhichcanbenon-adhesive,anti-proliferativeor
membranedamagingfor somebacteria[29,30,36,43].SeleniumnanoparticlesandTiO2 are
negativelychargedatphysiologicalpH andthusrepulsivefor thenegativelychargedmembrane
of �. ��	� [44]. Thismight alsosuggesttheinhibition mechanismof �. ��	� adhesionandprolifer-
ationon Se-TiO2-TNTssurfaceatashorttime incubation.

Table1. XPSanalysisof selenium decoratedTiO2 nanotubes. Relativepercentageof selectedelementscalculated
from narrowspectra.

TNTs
[%]

Se-Low
[%]

Se-Medium
[%]

Se-High
[%]

O1s 55,93 56,12 55,89 51,92

Ti2p 12,75 11,69 11,98 11,11

C1s 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
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Viability assayof normal andcancercells
Adhesionplaysafundamentalrole in celldevelopment,differentiation,communicationand
migration,andduring thepathogenesisof awiderangeof diseasesincludingcancer[45], oste-
oporosis[46], andatherosclerosis[47]. Thestrengthof celladhesionto substrateisacrucial
considerationin biomaterialdesignanddevelopment.On theotherhand,seleniumisknown
to beinvolvedin anti-canceractivitywhileprotectingthebenigncells[27,28,32,48].Thuswe
studiedtheeffectof seleniumnanoparticledecoratedTiO2 nanotubeson adhesionandprolif-
erationof cancer(MG-63cells)andnormal(NIH/3T3 cells)cells.Theadhesionandmorphol-
ogyof bothcellswasqualitativelyevaluatedby takingDIC images3and24hoursaftercell
seedingasshownin Fig6.TheNIH/3T3 cellsadheredon control TNTsandSe-LowTNTssur-
facewith fibroblasticwellspreadelongatedmorphology.Se-Mediumsurfaceshowedalittle
deteriorationin cellsmorphologyturning theelongatedmorphologyto theroundedshapebut
still welladhered.TheNIH/3T3 cellson Se-Highsurfacewerecompletelyround in shapewith
obviousapoptoticcells.Theunfavorableconditionsreflectingthechangein cellmorphology
resultedin lowernumberof attachedcells.Thesimilareffectof seleniumdecoratednanotubes
wasobservedfor adhesionandmorphologyof cancerousMG-63cells(Fig6).Thesecellsat

Fig 4. Thecumulativereleaseprofile of selenium.Individual samplesweremeasuredwith ICP-MStechnique.Measuredreleasewas
highlydependenton initial SeNPsconcentrations.

https://doi.org/10.1371/journal.pone.0214066.g004
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theday1attachedto thecontrol andSe-Lowsurfacesbut exhibitedmoreroundedshapecom-
paredto thenoncancerouscells(Fig6).Celladhesionexperimentdemonstratedthat thesele-
nium nanoparticledecoratedTiO2 nanotubescausedunfavorableconditionsfor cancerMG-
63andnormalNIH/3T3 cells,particularlyatSe-MediumandSe-HighTNTssurface,com-
paredto thecontrol TNTsandSe-Lowsurface.In orderto knowwhetherthesemicroscopic

Fig 5. Bacterialassayof viability expressed in colonyforming units. Senanoparticledecorated TiO2 -TNTswereexposedto gramnegativebacteria�. ��	� for 4hours
andtheantibacterialeffectSe-TNTswascomparedwith undecoratedTNTs.� indicatessignificantdifferencebetweencomparedsamples(p = 0.05).

https://doi.org/10.1371/journal.pone.0214066.g005
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observationswerenot doneby theslowadhesionrate,weperformedproliferationassayby
measurementof cellularactivityusingXTT assay.Our resultswith NIH/3T3 cellssuggested
that therewasno significantdifferencein proliferationrateatday1and2 for Se-LowandSe-
Medium TNTssurfacescomparedto thecontrol group(Fig7A).At theday6,XTT assay
showedincreasedproliferationrateof NIH/3T3 cells.Thedecreasingtendencyof measured
valuesat thisdaytowardsSe-Mediumcanbeattributedto thesloweradhesion,activityor pro-
liferationof cellson suchsurfaces.Anyway,theSe-LowandSe-Mediumsurfacepromoted
activityandproliferationof NIH/3T3 cells.Proliferationratein NIH/3T3 cellsculturedon Se-
High TNTssurfacewassignificantlydecreasedatday1,2 and6.It cameout from thesmaller
initial numberof cellsadheredwellon Se-Highsurfaceasobservedwith adhesionassayand
suggeststhat thisseleniumnanoparticlesurfacedensitywasnot compatiblewith theadhesion
andproliferationof noncancerousNIH/3T3 cellscomparedto theSe-lowersurfacedensities
andcontrol TNTssurfaces.Thesimilar resultswereobtainedfor thecancerousMG-63cells
(Fig7B).Theunfavorableeffectof seleniumnanoparticledensityfor cancerouscellswasstron-
geratSe-Mediumsurfacecomparedto thenoncancerouscellsandmaximalatSe-Highsur-
face.Wecanalsoobservefrom our resultsthatMG-63cellsdid not adherewellselenium
decoratedsurfacesbut whenadhered,theydid not increaseactivityor proliferationratesince
no significantchangein absorbancewasobservedatday6 comparedto day1 and2.Finally,
wedid live/deadstainingof bothcellsto checktheviability of cellsat theday6.Theimages
(Fig6) confirmedour quantitativeresultsobtainedfrom theproliferationtest.Thecancerous
cellsgraduallydetachedtheseleniumdecoratedsurfaceandcomparedwith thecontrol,mostly
dyingcellsoccurredattachedthesurface(Fig6,redcolor).Fibroblastsshowedsignificant
decreasein anumberof adheredcellson Se-Highsurfaceandafewdyingcellson Se-Medium
surfacewhichagainsupportedour resultsfrom proliferationassay.

Fig 6. Adhesionandmorphology of MG-63(cancer)andNIH/3T3 (normal) cellscultured on Se-NPsdecoratedTiO2 nanotubes. DIC imageswere
takenafter3and24hourscultivation.Live/deadstainingof cellswasperformedwith calcein(greencolor)andpropidium iodide(redcolor)at theday
6.

https://doi.org/10.1371/journal.pone.0214066.g006

Fig 7. XTT viability assayof MG-63(B) andNIH/3T3 (A) cellscultured on Se-NPsdecoratedTiO2 nanotubes.� indicatessignificantdifferencebetweencompared
samples(p = 0.05).

https://doi.org/10.1371/journal.pone.0214066.g007
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Our observationisconsistentwith othersimilar reportof Chenetal.[28] in whichthesele-
nium nanoparticlesreleasedfrom TiO2 nanotubesanddiffusedthroughthechitosanlayer,
decreasedadhesionandviability of cancerousosteoblasts.Otherreportssuggestingselenium
asapromisingandfavorablefor noncancerouscells[28,32]wasnot confirmedin our experi-
mentssincetheSe-HighTNTssurfacewassignificantlysuppressingthenoncancerousNIH/
3T3cellsadhesionandviability.To concludetheseresults,theexactmechanismthatmakes
theanti-canceractionof seleniumwork isstill asubjectof researchaswellasmuchwork must
bedoneregardingtheinfluenceof seleniumtowardsnoncancerouscells.However,selenium
nanoparticledecoratedTiO2 nanotubescanbepromisingbiomaterialsurfacefor tissueengi-
neeringsincethemechanismsof actioncombiningtheantibacterialseleniumnanoparticles
andnanostructuredTiO2 surfaceisstill unknown.

Conclusion
In thispaper,TiO2 nanotubeswith 51,72� 5,55nm diameterdecoratedwith differentsurface
densitiesof sphericalseleniumnanoparticleswith 88,93� 6,87nm diameterwerefabricated
viaanodicoxidationandcharacterizedwith SEM,XPSandAFM. Thereleaserateof selenium
measuredwith ICP-MSwasfoundout verylow for alongperiodof time,which indicatesfor
thestrongandstableadsorptionof seleniumnanoparticleson TiO2 nanotubes.Theantibacte-
rial activityof Se-NPsdecoratedTNTswassignificantlyenhancedin 4 hoursincubationfor
gramnegative�. ��	� whichsuggestthestrongantibacterialeffectof seleniumcomparedto the
bareTNTssurface.Thecelladhesionandproliferationof cancerousMG-63cellswasobvi-
ouslydecreasedon seleniumdecoratedsurface,confirming theanti-canceractivityof selenium
comparedto thebareTiO2 nanotubes.TheNIH/3T3 fibroblastsadheredandproliferatedon
bare,Se-LowandSe-MediumTNTssurfaces.TheSe-Highsurfacedensityof nanoparticles
wasfound to beincompatiblewith NIH/3T3 celladhesionandproliferation.Therefore,it is
importantanddesirableto find anoptimalsurfacedensityof seleniumnanoparticlesto bedec-
oratedon TiO2 nanotubesincluding thenanoparticleandnanotubediametersthateffectively
kill bacteria,cancercellsandremainsfavorableto thenormalcells.
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ity of AgNPs – TiO2 nanotubes:
in� uence of di � erent nanoparticle stabilizers

Ondrej Bilek,a Tatiana Fialova,b Alexandr Otahal,c Vojtech Adam, ab

Kristyna Smerkovaab and Zdenka Fohlerova *acd

Enhanced antibacterial properties of nanomaterials such as TiO 2 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 in � uence of di � erent 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 di� erent 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

functional layer of nanoparticles plays an important role in antibacterial properties and the synergistic

e� ect such nanoparticles and TiO 2 nanotubes have had di � erent e� ects on adhesion and viability of G �

and G+ bacteria. These � ndings could help researchers to optimally design any surfaces to be used as an

antibacterial including the implantable titanium biomaterials.
Introduction
Antibacterial properties of metals, 1 metal oxides2 and alloys3

have found signi � cant 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.4 However, bacterial contamination, resistance to antibi-
otics, and the development of bio � lms 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. 5 Nevertheless, many
materials must be extra-modi � ed to introduce the antibacterial
coating based on chemically attached antibacterial peptides,6

metal oxides,2 organosilanes7 or polymers8 in order to inhibit
the bacteria adhesion, growth and plaque formation. Besides,
bacteria can also be killed based on photocatalytic properties of
speci� c materials that have been successfully applied in water
, Brno University of Technology, Purkynov
a.fohlerova@ceitec.vutbr.cz

ry, Mendel University in Brno, Zemedelska

iversity of Technology, Technicka 10, Brn

edicine, Masaryk University, Kamenice 75

hemistry 2020
puri � cation or air cleaning. 9 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 bio � lm formation that protects bacteria
against antibiotics. 10 The NPs size and shape11 and the topog-
raphy of the nanostructured surface, including the type of the
material can e� ectively modulate the antibacterial properties. 12

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.13 Apart from these, the anti-adhesive
surface may arise from the morphological and physico-
chemical properties of materials. 14 Even if the antibacterial
properties of speci� c 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.15

Ti and its alloys have been applied in biomedicine for many
years.16 The smooth surface of titanium implants does not
appear to be su� ciently bioactive and su� er from infections
and � brous tissue development. Therefore, the TiO2 nanotubes
with nanoscaled topography become an interesting nano-
material to be recognized as an attractive and promising for
biomedicine. 17,18 TNTs have been found to have good corrosion
resistance, biocompatibility, hemocompatibility, and enhanced

a
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3/
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bioactivity. 19,20 Moreover, a nanostructured surface can modu-
late the protein adsorption and cellular responses such as
adhesion, proliferation, or di � erentiation and antibacterial
properties.21 In a positive way, the enhanced or stimulated
biological response due to the nanostructured TiO 2 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. 22 The
simple and controllable fabrication of highly ordered TNTs via
electrochemical anodization process has been found to perform
tunable drug-release of vancomycin23 or gentamicin. 24 In addi-
tion to antibiotics loading, the doping with strontium and
samarium 25 or decoration with nanoparticles such as gold, 26,27

zinc oxide,28 selenium,29,30 and silver31,32 have been demon-
strated to enhance the antibacterial properties of TNTs.33–38 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.39 To date, colloidal
nanoparticles with di � erent surface coatings have been
synthesized and evaluated for their antibacterial action. 40,41

However, the antibacterial properties of a free and decorated
nanoparticles are supposed to signi� cantly di � er. To our
knowledge, there is no information about the synergistic anti-
bacterial e� ect of TiO2 nanotubes and Ag nanoparticles with
di � erent functional layers.

In our work, the array of � 50 nm diameter TiO2 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
Fig. 1 General experimental � ow chart.

44602 | RSC Adv. , 2020, 10, 44601–44610
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 2

nanotubes were fabricated by single-step anodic oxidation in
the electrolyte solution composed of ethylene glycol (Penta, CZ),
1.2 wt% ammonium � uoride (Sigma Aldrich) and 2 vol% of
deionized water (Millipore Corp., USA, 18.2 MU).42 Electro-
chemical anodization was performed with a voltage ramp
between 0 V and 30 V with a ramp speed of 1 V s� 1. The anod-
ization time was 30 minutes per sample. A� er 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 TiO2 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� 1

stock solutions) as depicted in Fig. 1. Because di� erent nano-
particles exhibited di � erent degree of adsorption rates onto the
TiO2 nanotubes, we optimized the dilution of stock solution for
each nanoparticle to achieve the same number of nanoparticles
This journal is © The Royal Society of Chemistry 2020
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per surface area. Then, 15mL of diluted nanoparticle suspen-
sion was dropped onto the heated TNTs surface until drying.
Decorated samples were rinsed� ve 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, Krato
Analytical Ltd, UK). XPS spectra were analyzed by a peak� tting
so� ware (CasaXPS version2.3.18PR1.0) provided by SPEC
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). A� er overnight cultivation
at 37 � C on blood agar, the strains were diluted in Mueller
Hinton broth (Oxoid, UK) to the concentration of 1 � 106 CFU
mL� 1 (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 � xated 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.
Fig. 2 Boxplot of nanotube diameter distributions calculated from
SEM images.
Antibacterial test

Live/dead � uorescence 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
le� 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. A� er
the incubation, samples were washed � ve times with sterile
saline. The staining of bacteria with Live/Dead BacLight
Bacterial Viability and Counting Kit (Thermo Fisher Scienti � c)
was performed as recommended by the manufacturer. The
samples were observed by inverted� uorescence microscope
Olympus IX71 (Olympus, Japan) at a magni� cation of 20� .
Captured images were analyzed with ImageJ so� ware. 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)
speci� c for live and dead bacteria was calculated.
This journal is © The Royal Society of Chemistry 2020
S

Antibacterial properties of silver NPs decorated nanotubes
were further evaluated via colony counting method. A bacterial
inoculum with a density of 10 8 CFU mL� 1 was prepared as the
stock solution. Samples were rinsed in sterile water and 100 mL
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 200mL 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 � 1).

Statistical analysis

Mean values and standard deviations of obtained data were
calculated. Statistically signi � cant di � erences (p < 0.05) were
con� rmed using Student's t-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 � 419 mm per each
sample and bacterium. Colony counting method was performed
in duplicate.

Results and discussion
Characterization of TNTs and AgNPs–TNTs surface

TiO2 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 di � erent 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 TiO2 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 con � rm the uniform
distribution of Ag nanoparticles on the TNTs surface, several
RSC Adv., 2020, 10, 44601–44610 | 44603



Fig. 3 AFM image showing root-mean-square (RMS) surface roughness of TNTs (A) and SEM image of as-annealed non-decorated TiO 2

nanotubes prepared by single-step anodic oxidation (B) and silver-decorated TiO 2 nanotubes (C). The nanoparticles are indicated by arrows.

Fig. 4 XPS survey of TiO2 nanotubes decorated with AgNPs (A), high resolution Ag 3d spectra (B) and high resolution spectra Ti 2p (C).

Table 1 XPS analysis of bare-(control) and AgNPs decorated TiO2

nanotubes. Relative percentage of selected elements calculated from
narrow spectra

BPEI [%]
Citrate
[%] Lipoic [%] PEG [%] PVP [%]

Control
[%]

O 1s 51.42 50.28 50.74 51.49 51.29 51.07
Ti 2p 16.95 16.02 15.66 16.75 15.98 16.42
C 1s 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
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independent SEM images were evaluated for the number of
nanoparticles per scanned area. The analysis of SEM images
con� rmed the decoration of TNTs surface with 3–4 nano-
particles on the area of 4 mm2 for each of di � erently 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 2 surface for bare- and silver-modi� ed samples was
investigated by X-ray photoelectron spectroscopy (XPS). In
Fig. 4A, a typical XPS survey of the TiO2 surface a� er AgNPs
decoration is shown. The survey shows the Ti, C, O and Ag
signals, indicating that silver nanoparticles are adsorbed on the
TiO2 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 di � er
signi � cantly 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 CO2 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 3d5/2 and 3d3/2

orbits of Ag0 (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 � t. Additionally, high resolution XPS spectra of the Ti 2p is
shown in Fig. 4C. The Ti 2p3/2 peak has a maximum at 459 eV
which can be assigned to TiO2. There is no contribution from
metallic Ti (BE ¼ 453.8 eV) which could be attributed to
a thickness of oxide layer (> 10 nm).

Antibacterial properties of AgNPs-TNTs surfaces

The array of TiO2 nanotubes has been previously found to
exhibit antibacterial action in a certain extent compared to the
� at surface but it still has been clearly insu � cient for use as an
antibacterial surface. On the other hand, the silver nano-
particles exhibited strong antimicrobial performance against
wide spectra of microorganisms.43 Although the mechanism of
their antimicrobial action is not clearly understood, several
mechanisms have been proposed. Those include the continual
This journal is © The Royal Society of Chemistry 2020



Fig. 6 The adhesion and live/dead assay of E. coli on AgNPs-TNTs
surfaces. Data is expressed in % of total image area. All samples
showed statistically signi � cant di � erence (p < 0.05).
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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.44,45 The antimicrobial activity of nano-sized silver
particles was also found size- and shape-dependent, one of the
reasons could be that di� erent morphologies provide di � erent
areas to interact with bacteria and thus results in di � erent
antibacterial e� ciency. In accordance with most reported data,
the smallest-sized spherical AgNPs (<50 nm) were more e� cient
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
a� ect the cell–surface interaction resulting in di � erent anti-
bacterial action.39,46 Since the nanoparticle stabilizers have not
been extensively investigated for their antibacterial action of
adsorbed nanoparticles, here we compared � ve di� erent NPs
stabilizing agents by the decoration of AgNPs on TNTs nano-
tubes. The synergistic antibacterial activity was evaluated for
three bacteria such asE. coli, P. aeruginosaand S. aureus.
-

c

Adhesion and viability assay of G� bacteria

The evaluation of the adhesion and viability of bacteria on
AgNPs-TNTs surfaces,E. coliwas chosen as a� rst representative
model of Gram-negative bacteria. Some strains of E. coli are
known for bio � lm formation, which can be the source of
persistent medical-device related infections.47,48 SEM micro-
photograph (Fig. 5A) shows E. coli growing and colonizing
control TNTs surface. Live/dead images and image analysis ofE.
coli a� er 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 � uorescence 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 a � nity to intercalate DNA and
Fig. 5 SEM image ofE. coli grown on control TNTs surface with bacteria de
performed on di � erently functionalized Ag-NPs decorating TNTs nanotub
cells). Abbreviations: PVP (polyvinylpyrrolidone), BPEI (branched polyeth

This journal is © The Royal Society of Chemistry 2020
it is able to replace SYTO9. Therefore, the red � uorescence
signal is generally considered as dead cell and green signal as
live cell.49,50 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 > lipoi
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 unmodi � ed TiO2

nanotubes.32,51,52

Generally, Ag nanoparticles signi� cantly 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
tail showed in the insert (A). Live/dead � uorescence staining of E. coli
es ((B) red color represents dead cells and green color represents live
yleneimine), PEG (polyethylene glycol).

RSC Adv. , 2020, 10, 44601–44610 | 44605



Table 2 The live/dead ratio of G � and G+ bacteria on TiO 2 nanotubes
decorated with di � erently 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

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 signi� cant di � erence (p < 0.05).
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bacteria, “ lipoic acid ” and “citrate” samples showed signi� -
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 e� ciency.58 For instance,
since the lipoic acid, citrate, and PVP have a negative charge at
physiological pH, 53–55 the repulsiveness between negatively
charged NPs and bacterial cells is supposed to dominate.
However, a signi� cantly high surface coverage on citrate and
lipoic acid functionalized AgNPs –TNTs surface compared to
PVP was observed. Further, the pKa value of TiO2 is between
5.3–6.2.56 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� nd 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
Fig. 7 SEM images ofP. aeruginosaadhered on control TNTs sample and
of P. aeruginosa adhered on di � erently functionalized Ag-NPs decorated
viations: PVP (polyvinylpyrrolidone), BPEI (branched polyethyleneimine),

44606 | RSC Adv. , 2020, 10, 44601–44610
importantly, the nanoparticle functionalization layers signi � -
cantly contributed to the antibacterial e � ect of AgNPs-TNTs
surface against E. coli.

Further, we tested all samples against Gram-negative P.
aeruginosa, which is also known for the bio � lm formation. It is
the second most common Gram-negative bacteria causing
orthopedic implant infection 57 and multidrug resistance. 58

Fig. 7A and B shows the SEM image ofP. aeruginosaon the
control TNTs surface and live/dead staining of bacteria on
AgNPs decorated TNTs with di� erent nanoparticle functionali-
zation layers, respectively.

The data from image analyses of live/dead staining of
P.aeruginosa(Fig. 8 and Table 2) showed a signi� cant 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, di � erent composition of
bacteria membrane, topography and chemistry of TiO2
bacteria detail showed in the insert (A). Live/dead � uorescence images
on TNTs nanotubes ((B) red ¼ dead cells; green ¼ live cells). Abbre-
PEG (polyethylene glycol).

This journal is © The Royal Society of Chemistry 2020



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 signi � cance (p > 0.05).
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nanotubes and Ag nanoparticles.59,60 These factors probably
acted synergistically, as was demonstrated by our results.
Additionally, the viability of P.aeruginosaon 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. aureuswas chosen as a representative bacterial model for the
evaluation of the adhesion and viability of Gram-positive
bacteria on AgNPs-TNTs surfaces. In comparison toE. coli and
P. aeruginosa, the primary source of hospital-acquired infec-
tions dwells in already infected people. S. aureusis bio� lm-
forming bacteria on bones, heart valves, or implanted mate-
rials.61 Results obtained from live/dead assay suggested thatS.
aureusadhered 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 signi � cantly 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 di � erently on AgNPs decorated TNTs surfaces
as the increased adhesion and viability were observed compared
to the G� bacteria. S. aureuswas also more resistant to the
character of NPs functionalized layers. To get better antibacte-
rial properties of AgNPs-TNTs surface againstS. 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 di � erent design of antibacterial
surface for such resistant G+ bacteria.

Colony counting assay of G+ and G� bacteria

Results from � uorescence staining showed the degree of
bacterial adhesion a� er 24 hours and the living/dead cell ratio.
Colony counting method performed in this work re � ects the
Fig. 9 SEM images ofS. aureusadhered on the control TNTs sample with
of S. aureusperformed on di � erently functionalized Ag-NPs decorated on
represents live cells). Abbreviations: PVP (polyvinylpyrrolidone), BPEI (br

This journal is © The Royal Society of Chemistry 2020
bacterial adhesion and viability a � er 4 hours' incubation of
bacteria with AgNP-TNTs surfaces. Here, we performed colony
counting assay for E. coli and S. aureusas 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.
Di� erent 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 signi� cantly 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)
a� er 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
bacteria detail showed in the inset (A). Live/dead � uorescence staining
TNTs nanotubes ((B) red color represents dead cells and green color

anched polyethyleneimine), PEG (polyethylene glycol).

RSC Adv. , 2020, 10, 44601–44610 | 44607



Fig. 11 The graphs of colony counting experiments expressed in colony forming units for E. coli (A) andS. aureus(B). Bacteria was exposed to
surfaces for 4 hours, and the antibacterial e � ect was compared between individual samples. * indicates that there is no statistical signi � cance.
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a signi� cant di � erence of results obtained for two incubation
times. The explanation for this observation could be that
bacteria sense, adhere and grow on di� erent surfaces with
di � erent speed.
Conclusion
In this paper, the arrays of TiO2 nanotubes were fabricated via
single-step anodization of polished titanium foil. The nano-
tubes were decorated with silver nanoparticles stabilized with
di � erent functionalization layer such as polyvinylpyrrolidone,
branched polyethyleneimine, citrate, polyethylene glycol, and
lipoic acid. The antibacterial activity of Ag-decorated TiO 2

nanotubes was tested against three bio� lm-forming bacteria,
such as Gram-positiveS. aureusand Gram-negativeE. coliand P.
aeruginosausing � uorescence 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 con� rmed by the synergistic e� ect of particular nano-
particles and TiO2 nanotubes on adhesion and viability of G �

and G+ bacteria. For future work, the antibacterial properties of
TiO2 nanotubes will be evaluated for di � erent 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 bil ayers sputtered
on substrates to cover the “missing” smallest size range of
10–40 nm for structuring an advanced inorganic biomaterial—
Al2O3-doped Ta 2O5 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. VC 2017 Wiley Periodicals, Inc. J Biomed Mater Res Part B:

Appl Biomater, 106B: 1645–1654, 2018.

Key Words: tantalum oxide, anodizing, porous anodic
alumina, nanostructure, biomaterial, cell culture
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INTRODUCTION

Recent progress in research and development for advanced
functional materials has given rise to a number of surface “n-
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.1 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 modi“ed by altering their surface properties.
In this way various cellular responses can be induced and
controlled.2 Porous structures,1 nanoleaf, and nanoneedles,3

nanotubes,4 nanodots,5 or random structures have been
fabricated via various methods. In addition, a number of

extra modi“cations have been carried out to enhance
osteointegration.6…10It 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;11 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 “eld in many works. The most extensively studied TiO2
nanotubes have proved their positive impact on cell responses
compared with an unstructured titanium.12…16Most 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.17,18 Nanostructured
tantalum-oxide domes and huts were reported to reveal good
adsorption of “bronectin and directed cell surface interac-
tions.19 Since it has been proved that nanotubes may be anodi-
cally grown on a variety of metals including zirconium,
niobium and tantalum,20,21 the tantalum-oxidenanotube “lms
have been examined on their anticorrosive and biocompatible
properties promoting protein adsorption and improving
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cellular function.4 Despite the reported improvements in the
biomaterial surface properties in relation with cellular
responses, some contradictory results have also been
obtained.19,22,23 Obviously, the results reported so far need to
be reproduced, compared, and sorted out before making “nal
decisions on their importance for further in vivo research.

The tantalum biocompatibility studies have been extended
to tantalum-oxide nanodots grown electrochemically on
substrates,24,25 some covered with platinum,5 with sizes of
10, 50, 100, and 200 nm, tested on various cell lines.26 The
originality, reproducibility, and size diversity of this environ-
mentally friendly approach (called in the modern literature
the porous-anodic-alumina [PAA]-assisted anodizing), “rst
reported by Surganov and Mozalev27 and elaborated in later
publications,28…30complemented by the promising biocom-
patibility results, deserves a special attention. From the recent
reports,24…26the behavior of various cells seems to be in”u-
enced by the dot sizes and spacing between the dots. How-
ever, in the mentioned publications a number of important
details of the “lm morphology and chemical composition have
been beyond the authors• consideration, which makes yet
impossible to understand well and describe conceptually the
functioning of the “lm/cell interface. As a matter of fact, the
“lms are not •nanodotsŽ but rather three-dimensional (3D)
nano-hillocks or mounds, with the shape being tuned by the
electrical conditions and the nature of anodizing solution.28,29

Second, the •dotsŽ 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.24…26Another important but unaddressed feature is
that the dots might be doped with electrolyte-derived species
and especially residues of the alumina barrier layer,28 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,20,23 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.5 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
(H2SO4), 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 “lm morphol-
ogy and surface chemistry has made it possible to distinguish
between the nano-mounds themselves (mixed Al2O3-Ta2O5

oxides with sulfur species) and the spacing around the mounds
(pure Ta2O5). This helped systematically consider the chemical
composition, physical shape, population density, and size

diversity on the sensitive osteoblast-like cell response. Further-
more, serum proteins mediated interactions between the mixed-
oxide nano“lms 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 SiO2-coated silicon wafers. The wafers
were then cut into 2 3 2 cm2 pieces, which were anodically
oxidized (anodized) individually in a specially designed poly-
tetra”uoroethylene (PTFE) three-electrode cylindrical cell,
with a protecting ring de“ning a working area within a circle
of 1.5 cm2. 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.29

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 H2SO4

aqueous solution31 at room temperature to form a PAA “lm
having self-organized porous structure extended down to the
Ta underlayer28 [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
Al2O3/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
at a constant rate of 50 mV s2 1 to a higher value, so as to force

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) �lm 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.
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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.28,29 To remove the PAA overlayer, the
samples are dipped in a hot mixture of chromium and phos-
phoric acids for 3 min,28 then washed in distilled water, and
dried in an oven at 1208C [Figure 1(d)].

Three types of PAA “lms and hence the PAA-assisted tan-
talum-oxide-based nano-mounds were prepared by growing
the PAA “lms in sulfuric acid electrolytes of concentrations
ranging 2.0…0.4 mol L2 1 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.24…28

The surfaces and cross-sections of the nano-mound
samples were imaged in a TESCAN MIRA II “eld emission
microscope, operated at 30 kV. As the material of the
nano-mounds is a good dielectric,30 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 ”at Ta 2O5 “lm 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 l L 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 modi“ed Eagle•s medium
supplemented with 10% fetal bovine serum (FBS), 2
mmol L2 1

L-glutamine, and 5% penicillin/streptomycin
(50 U mL2 1 and 50 mg mL2 1 at 378C in a humidi“ed 5%
CO2 incubator). Cells were harvested by trypsinization
(0.25% trypsin-ethylenediaminetetraacetic acid) at 70%
con”uency and seeded with a de“ned 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 (”at) Ta2O5 “lm 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 13
105 cells per well. The experiment was carried out 2 h after
the seeding in complete medium (in the presence of serum

proteins) and in serum-free medium. Proliferation of MG-63
cells on the nanostructured surfaces and on the ”at “lm
was measured with MTT assay and evaluated on days 1, 3,
and 7 after the seeding; the initial cell density was 13 105

cells per well. Brie”y, the cells were incubated for a de“ned
time and then gently washed twice with pre-heated phos-
phate buffer saline (PBS). The mixture of 150mL culture
medium and 50 mL of tetrazolium (3-(4, 5-dimethylthiazolyl-
2)-2, 5-diphenyltetrazolium bromide (MTT), 1 mg mL2 1 in
PBS, pH 7.4) was added into each well containing the sam-
ples. After 4 h inside the 5% CO2 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 ”at “lm 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.). Brie”y, 80mL cell lysate was
incubated with 50 mL p-nitrophenol phosphate (5
mmol L2 1) for 60 min, and the absorbance at a wave length
of 405 nm was measured to the control. The amount ofp-
nitrophenol produced by the enzyme was calculated from
the calibration curve and the activity of ALP from each sub-
strate was expressed in nmol h2 1 mL2 1 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 b-actin and vinculin
To visualize and evaluate the cytoskeleton arrangement of cells
on the different nanostructured surfaces relative to the ”at tan-
talum pentoxide “lm, the b-actin and vinculin were stained for
24 h after cell seeding. The cells on the sample surfaces were
washed with PBS and “xed 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 mmol L2 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 ”uorescence microscope
(Zeiss Axio Imager M2m). Antibodies and ”uorescence probe
were purchased from Sigma.
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Statistical analysis
The mean values and standard deviations were calculated
for the biological experimental data. Student•st test was
used to determine signi“cant differences between the groups.
p-values of < 0.05 and < 0.01 were regarded as statistically
signi“cant.

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
Al2O3-doped Ta2O5 oxide, which will be explained in detail
in the Discussion section. An example of the modeled “lm
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-

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 ”at (reference) Ta2O5 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 (51.66 4.88) relative to
the ”at “lm (58.5 6 2.68), while with increasing size of the
mounds the “lms become relatively more hydrophobic, with
the contact angle slightly exceeding 608.

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.

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.
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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 ”at and
10 nm nano“lm, then deteriorates with increasing size of the
nano-mounds. The percentage of rounded cells remains
nearly constant regardless of “lm 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 ”at Ta2O5 “lm. 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 (186 3%), increasing on the 40
and 10 nm mounds (256 3% and 686 2%, respectively),
being maximal on the ”at Ta2O5 “lm.

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 signi“cantly promoted on the 20 and especially
40 nm nanoarrays on day 7 whereas no consistent differences
are observed for the ”at and 10 nm structured “lms.

Evaluation of ALP activity
The activity of ALP was measured on day 5 after cell seeding
(Figure 7). The cells showed signi“cantly higher biochemical
activity on all the nano-structured surfaces relative to the ”at
Ta2O5 “lm, 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

FIGURE 3. Examples of 3D computer-aided modeling of metal-oxide
nano-mounds synthesized via PAA-assisted anodizing of tantalum on
a substrate. De�nition 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. DeÞnition 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)/cm2 3 1010 25 12 4

De�nition of the measured parameters is given in Figure 3.

FIGURE 4. Measured values of static contact angles for water on the
�at (reference) Ta 2O5 �lm and 10, 20, and 40 nm nano-mound
surfaces.
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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 �at Ta 2O5 �lm 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 signi�cance ( p < 0.05) between
nanostructured and the �at Ta 2O5 �lm are marked as # ( n 5 4).

FIGURE 6. MTT proliferation test on MG-63 cells cultured on the �at
Ta2O5 �lm 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 �at surface ( n 5 8).

FIGURE 7. Activity of ALP of MG-63 cells on day 5 versus the size of
the nano-mounds. The # indicates p < 0.01 relative to the �at Ta 2O5

�lm ( n 5 8).
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terms of adhesion, proliferation, and metabolic activity and
can thus be “rst considered for tissue engineering.

Cell surface area and immunostaining
In this work, with help of a Java-based image processing pro-
gram (ImageJ), the cell surface area was displayed and ana-
lyzed on day 1 after cell seeding. The results show that the

cells occupy larger areas on the 20 and 40 nm structured sur-
faces compared with the ”at and 10 nm structured “lms, on
which no signi“cant differences are observed, as seen from
the graph of Figure 8 and (a)-images in Figure 9. Further-
more, experiment on ”uorescence staining of actin “laments
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 ”at Ta2O5 “lm have more compact
shapes, being also spread with organized actin stress “bers,
while the lamellipodia seem to be more reduced. All surfaces
tested here exhibited the huge “llopodia 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 ”at “lm
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 “lms, that is, each
nanopore causes the growth of a mound. The shape and

FIGURE 8. Evaluation of cell surface area on the �at Ta 2O5 �lm and
10 to 40 nm mixed-oxide nano-mound arrays. # indicates p < 0.01
relative to the �at �lm ( n 5 30).

FIGURE 9. (a) Optical microscopy images showing the morphology of the cells on the nano-mound arrays. (b) Topographical �uorescence microscopy
images of actin staining with (c) the details of �lopodia projection of MG-63 cells cultured on the �at Ta 2O5 �lm 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 con“guration and size of the alumina cells, being
further affected by the “eld-assisted solid-state reactions and
stress generation at the alumina/tantalum interface.32 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 Ta2O5 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
“lm, unlike the case of much deeper anodizing of aluminum
foils (approximately 20…200l m).33 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,28 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 pro“le within an array of the oxide nano-mounds
(Figure 3).

As has been reported,28 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 “lm
surface even after an Ar-ion sputter-cleaning cycle. This is
unlike the case of PAA-assisted anodization of Ta inoxalic-acid
electrolytes,29 where the oxide nanodots grow well separated
by metallic tantalum having no anodic “lm 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 pro“le within
the nano-mounds owing to the speci“c co-operative ionic
transport through the alumina barrier layer. This ends with
the self-organized formation of an Al2O3-doped Ta2O5 oxide
region located at the tops of the nano-mounds. As such mixing
occurs under the high electric “eld, 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 SF6 plasma commonly used in micro-
fabrication for dissolution of Ta and Ta2O5. This implies that
the material composing the mounds may not dissolve in the
living cell environment and hence neither Ta51 nor Al31 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 “lms prepared here revealed the hydrophilic char-
acter, with the contact angles slightly increasing (approxi-
mately 51…618) with increasing the size of the mounds, which
generally “ts the data reported elsewhere.25 Although many

relevant studies point out that the cell attachment and spread-
ing are favored on moderate hydrophilic biomaterial surfaces
compared with hydrophobic surfaces,34 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.35

Apparently, other factors, such as the “lm chemistry, topogra-
phy, or protein adsorption may direct the behavior of living
cells in a much more de“nite way than the surface wettability
of a biomaterial.36

One of the objectives was to evaluate the in”uence 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
signi“cantly in”uence cell adhesion.37 It is well known that
cell adhesion is determined by the properties of sub-
strates,10 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 “ndings showed clearly that, without serum proteins,
the osteoblast-like cells are capable of effectively recogniz-
ing the differences in the “lm nano-morphologies and likely
the chemical composition of the “lms. Obviously, the cells
prefer most the 40 nm mounds and slightly less the 20 nm
mounds, as con“rmed by the higher number of cells ”at-
tened on these surfaces, especially in comparison with the
”at Ta2O5 “lm, 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,38,39 some noticing no impact of the
nanoscale roughness on either proliferation of osteoblast cells
or protein adsorption.40 The our “ndings 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.24,25 To
assess the in”uence 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 ef“cient
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,41,42 a few contradictory conclusions are also found in
the literature.39,43 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 “nal conclusions and deciding the
areas of application.

Cellular morphology is an important factor used in charac-
terization of healthy cells, and it is in”uenced 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.3,5,6 Generally speaking, although rather similar effects of
the surface topography on cell morphology and activity have
been described for various nanostructured biomaterials,44 the
reported results cannot yet be well summarized and
described conceptually due to the complexity of experiments,
the high number of important variables, and con”icting
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 TiO2 nanotubes induced higher
expression of ALP and other markers,45 whereas rather con-
tradictory conclusions on the preferable nanotube diameters
smaller than 50 nm have been made in another related
work.23 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.22,46 It is evident that more multi-disciplinary
studies are needed to fully de“ne 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 speci“cally, 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 signi“cantly
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 “ndings 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-
ci“c topography and size range for the mounds of 10…40 nm,
which has not been considered in previous studies. The “lms
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 “lm morphology and surface
chemistry allows for precisely distinguishing between the
nano-mounds themselves composed on Al2O3-doped Ta2O5

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 “rst 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 signi“cantly higher
proliferation and ALP activity on all the nanostructured
surfaces relative to the ”at Ta2O5 “lm, with best behavior
revealed on the 40 nm array.

3. The well-organized actin “bers 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 ”at
and 10 nm structured surfaces. Conceptually, the evolution
of MG-63 cell morphology “ts 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 “nd-
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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Anodic formation and biomedical properties
of hafnium-oxide nanofilms

Zdenka Fohlerova *ab and Alexander Mozalev a

Hafnium dioxide (HfO 2) 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 2, suboxide Hf2O3, and

oxide-hydroxide compound HfO 2�nH2O whereas the flat film is mainly HfO 2. 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 a�nity 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 e�ect, 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

surface chemistry and the impact of nanostructuring at the nanoscale.

1. Introduction
A biomaterial is an engineered substance specifically shaped to
direct any of therapeutic or diagnostic procedures. Biomaterials
di�er 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.1 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. 2

Several refractory metals including tantalum, niobium,
titanium, zirconium, and hafnium have recently been explored

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.3 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.4,5

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 3 and also
attractive for biomedicine. 6,7 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 vivo3,8 and
investigation of corrosion properties of pure hafnium in a
biological environment. 7 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. 9 Bulk hafnium alloys have
been investigated for their mechanical properties, 10,11 cyto-
compatibility, and hemocompatibility, 12 cell…surface interaction,
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and protein adsorption. 13 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).14 In
this regard, hafnium dioxide (HfO 2) 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. Moreove r, recent advances in surface
structuring at the nanoscale have accelerated preparation and
application of metal-oxide biomat erials 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 e�ects of
surface nanostructuring 15,16 and further modifications 17 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 hafniavia anodic oxidation/
dissolution of hafnium foil, 18,19 nanotubes within the anodic
alumina templates via atomic layer deposition,20 nanorods,
nanosprings, and nanohelix by electron-beam evaporation,21 or
hafnia nanoparticles through chemical synthesis. 22…24The 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. 25

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,26,27 there have been
no reports on interaction of any nanostructured HfO 2 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 work25 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 sti�ness and

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, sur face 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 w ith 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 substratevia 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 � 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 cm2)
was secured by a PTFE protecting ring attached to the upper
electrolyte-containing part of the bath. The bath was filled with
300 cm3 electrolyte, the working temperature was maintained at
23 1C 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.28 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 H 3PO4 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 elsewhere29 (Fig. 1c0). The speci-
mens were rinsed in several deionized waters and dried in an
oven at 120 1C 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 H 3PO4 by sweeping
potential from 0 to 50 V, with a rate of 0.1 V s� 1, followed by a
30 min current decay. This was expected to give a uniform
compact anodic HfO2 film, about 100 nm thick, with a feature-
less surface morphology (Fig. 1a0). 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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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 bu�er
three times over 5 minutes. Then the cells were dehydrated in
50, 70, 90, 95, and 100% ethanol series as reported elsewhere.30

A thin layer of gold was magnetron sputtered over the cell-
covered surfaces and cross-fractures of samples to reduce
charge-accumulating e�ect 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 K a source. The X-ray emission
energy was 150 W with a 15 kV accelerating voltage. Typical
operating pressures were less than 10� 9 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 mML-glutamine, and 5% penicillin/
streptomycin (50 U mL� 1 and 50 mg mL� 1 at 37 1C in a
humidified 5% CO 2 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.

2.3 Bacterial test of viability

Antibacterial activity against Escherichia coli(E. coli) was evalu-
ated on the flat and nanostructured films. 45 mL of suspension
containing the bacteria was introduced on the sterilized film
surfaces and incubated at 37 1C 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 mL bacteria dilutions
were incubated at 371C 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� 1) and fibronectin (FN; 50 mg mL� 1) stock solutions
were prepared in phosphate bu�er saline (PBS) and used as
model proteins in this work. 50 mL of a known concentration of
the protein solution (0.5 mg mL � 1 BSA and 50mg mL� 1 FN) was
pipetted onto the sample surface and kept in a 12-well cell culture
plate for one hour inside the CO 2 incubator. The unattached
proteins were collected, and their concentrations were then
optically quantified. Commassie B rilliant Blue assay was carried
out by adding 250 mL reagent to 5 mL protein solution in a 96-well
plate. The amount of unattached proteins was deduced from
calibration curves and the initi al 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

Fig. 1 Schematics for forming anodic hafnium-oxide nanofilms: (a) sputter-deposition of an Al/Hf bilayer onto a SiO 2-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 0) dissolution
of the PAA layer to finalize the nanostructured hafnium-oxide film. The flat hafnium-oxide film shown in panel (a 0) is prepared by chemical dissolution of
the initial Al layer and subsequent compact anodization of the Hf layer.
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onto each sample surface placed in a 24-well plate at a density
of 1 � 105 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 � 104 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 mL culture medium
and 50 mL tetrazolium dye (MTT, 1 mg mL � 1 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 100mL
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� 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. 31 The cantilever sti�ness was calibrated
by measuring its thermal noise. The force mapping procedure
was performed as step by step recording of 16� 16 maps of
force distance (FD) curves; set point 1 nN,Z length 15 mm, 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 sti�ness. 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 20,70-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. 25mM
DCFDA in PBS was added to stain cells for 15 min at 371C. The
samples were then rinsed in PBS and imaged in di�erential
interference contrast (DIC) and fluorescence modes in an optical
microscope at excitation/emission wavelength of 470/520 nm
(Axiotron II Zeiss).

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 t 555 (Invitrogent )
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 di�erences between the groups. P-Values
of o 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, 25 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 � 108 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. 25 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.32…34

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
SiO2/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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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, B 200 and
B 350 nm wide at the tops and bottoms respectively, of 7 �
108 cm� 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, havi ng comparable dimension but not
letting the cells spread around the rods. 35

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 7/2 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, 25 the Hf 4f 5/2

peak for each species was constrained to be at a fixed energy
increment of 1.68 eV above the Hf 4f7/2 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 4+ in
stoichiometric HfO 2 (B 37 at%). The lower-energy doublet,
shifted to � 1.23 eV, is associated with photoelectrons emitted
from Hf 3+ oxidation states created by Hf2O3 suboxide (B 28 at%).
The highest-energy doublet, shifted to +1.0 eV from the Hf4+ level,
is associated with hydroxyl groups bonded with hafnium in an
oxide-hydroxide compound HfO2�nH2O, which was formed due
to incorporation of OH � ions into the oxide structure during

Fig. 2 Comparative SEM views of hafnium-oxide nanofilms synthesized via (a) anodization of the Al/Hf bilayer in 0.2 M H 3PO4 solution at 150 V,
re-anodization to 300 V, and PAA dissolution (•nanostructured• film), (b) anodization of the Hf layer in 0.2 M H 3PO4 by increasing polarization from 0 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.
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the anodic processes (B 35 at%). This interpretation may be
further supported by the case of PAA-assisted WOx nanorods,
also giving a peak above the W3+ level associated with the oxide-
hydroxide component … so called •tungstic• acid.36 The Hf 4f
region of the flat film (Fig. 2b) is fitted by two spin…orbit doublets
with symmetric lineshapes with the 4f 7/2 binding energies at
18.2 and 19.1, which can be assigned to HfO2 (B 90 at%) and
HfO2…OH (B 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 fl at 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 e�ect 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.37 As hafnia nanoparticles
and coatings have reportedly been e�ective with Gram-negative and
Gram-positive bacteria,38 we have examined the antibacterial capa-
city of HO nanofilms developed in this work. The antibacterial
e�ciency of the nanostructured HO film was estimated with
Gram-negativeE. coliand 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

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.39,40 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 a�ect substantially
bacterial adhesion.41 With the HO nanofilms prepared here, the
influence of nanostructure dimension, which may potentially be
tuned in the range of 50…800 nm,25,42 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, 43

and it is generally expected that the proteins lose their native
structure when being adsorbed.44 This may significantly a�ect
the final adhesion and the behavior of cells on the nanostruc-
tured surfaces, as reported, for instance, for titanium and its
alloys.45 The roughness and increased surface area of nano-
structured coatings are reportedly the factors that promote
biocompatibility of the materials. 46 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 di�erence
between the amounts of each protein adsorbed on both surfaces.
Although being rather rare in practice, a similar indi�erence in
adsorption of BSA and FN has been pointed out for titanium
surfaces having various roughness at the nanoscale.47 In this
regard, the result of the present work supports the statement

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 o 0.05 for
the flat surface in comparison with the nanostructured one ( n = 6).

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 e�ect on the amount of adsorbed proteins. 48

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 e�ect of
protein adsorption, which means that proteins having higher
mobility arrive first to the surface. 49 For the case of titanium, a
correlation has been suggested between the isoelectric points
(Ip) of proteins and the features of the surface morphology. 47

However, we were unable to confirm such e�ect for the HO
nanofilms (Ip B 7.0)50 interacting with albumin (Ip B 4.8) or
fibronectin (Ip B 5.5).51

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, di�erentiation, 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. 52,53

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

and viability, 54 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 technologies55 to evaluate the e�ect 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 (•sti�er 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. 56 An
increased elasticity has been reported, for example, for cancer
cells compared with normal cells. 57 A decrease in elasticity has
been explained, for instance, by ageing or di�erentiation. 58

The e�ect of cell ••sti�ening•• on nanostructured polystyrene…
poly(bromostyrene) demixed polymer films compared to a flat
film has been reported in previous study. 59 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.60

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 di�erences 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 di�erences 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

Fig. 5 Di�erential 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.

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

Hafnium-oxide film
Young•s
modulus, kPa

Scratching
force, nN

Roughness
Ra, 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 sti�ening the cells. 61 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 di�ers with type of cells and surface properties
and may range from pN to tens of nN, 62 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.54 Although several studies have suggested that the
oxidative stress is related to cytotoxicity of nanoparticles, nano-
wires, or nanotubes,53 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
e�ect on living cells. Even if there would be a risk of stressful
conditions on these substrates, the cells could e�ectively defend
themselves by producing and activating cellular antioxidants.

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
CO2 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.16,63 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

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.

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 o
0.05 for the nanostructured surface in comparison with the flat one ( n = 6).
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the cell behavior may arise due to di�erences in the diameter,
spacing, or population density of structural elements composing
the films, which could significantly a�ect cell proliferation, adhe-
sion, or di�erentiation. 16,64

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.65…67To 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 sti�ness (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 ligands68 or through

the force mediated between the attached cells.69 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. 70 Alternatively, the
clustering may arise from minimizing the unfavorable contacts
of cells with the substrate, resulting in cell multilayers. 71 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.16 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

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) sh ow
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 2), suboxide (Hf2O3), and oxide-hydroxide
compound (HfO2�nH2O) in comparable amounts, whereas the
flat film is mainly HfO 2. The two surfaces disclosed good
antibacterial behavior, the nanostructured one showing even a
two-fold enhanced antibacterial e�ect 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 e�ect, 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 a�nity for cell
cluster formation are among the features of the nanostructured
film, both surfaces reveal good cytocompatibility and do not
produce pathological e�ects 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 ZrO2 bioceramic coatings derived from the 
anodized Al/Zr metal layers 

Zdenka Fohlerova,a,b,c Kirill Kamnev,a Marcela Sepulveda,a Jan Prasek,a and Alexander Mozalev*a,b  

ZrO2-based bioceramics are actively introduced into commercial use due to their superior durability, corrosion resistance, 

and in-�À�]�š�Œ�}�����}�u�‰���š�]���]�o�]�š�Ç���Á�]�š�Z���š�Z�������}���Ç�[�•���}�Á�v���u���š���Œ�]���o�•�X��The nanostructuring of ZrO2 ceramics may further enhance their 

useful properties. Here we synthesized ZrO2 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 ZrO2 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.1 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 and bone tissue reconstruction, 
including prostheses, osteogenic scaffolds, and medically 
implanted devices to deliver medication, monitor body 
functions, or provide support to organs and tissues.3 The 

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.4 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.5 The 
mechanical roughening enables a random pattern of surface 
features with various amplitudes and spacings.6 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.7,8,9 
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 Al2O3, TiO2, and ZrO2, 
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 
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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 Ta2O5, Nb2O5, TiO2, HfO2, and WO3 nanostructures of diverse 
shapes and dimensions.15,16,17,18,19 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.20 Up to date, 
Ta2O5 and HfO2 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 

ZrO2-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, ZrO2-based coatings have 
shown an enhancement of the osseointegration of implants.24 

The amassed reports underline good biocompatibility and 
reduced plaque formation for ZrO2 ceramics due to the low 
bacterial adhesiveness.25 Since ZrO2-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 ZrO2 ceramics26,27 has already 
been assessed in experiments with living cells28,29  and 
simulated body fluids,30,31 both showing promising results.   

From the above consideration, it is highly anticipated that 
the fabrication of self-organized nanoarrays of ZrO2 protrusions 
via the PAA-assisted anodizing32 and investigation into their 
biocompatibility may be a steppingstone toward advancing the 
properties and extending the niche of biomedical applications 
of ZrO2-based materials. 

In the present work, ZrO2 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 ZrO2 nanostructured 
surfaces were studied in comparison with a flat unstructured 
ZrO2 anodic film. More broadly, the findings expected from 
these experiments, linking the response of Saos-2 cells with the 
features of novel ZrO2 nano-morphologies, were foreseen to 
improve the understanding of complex processes occurring 
during the interaction of osteoblast-like cells with ZrO2 
bioceramics and with nanostructured metal-oxide biomaterials 
in general. 

Experimental 
Sample fabrication 

The starting substrate was a single-�•�]������ �‰�}�o�]�•�Z������ �ð�_�� �^�]�� �Á���(���Œ��
covered with a thermally grown 400 nm thick SiO2 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 × 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 (C2H2O4), phosphoric (H3PO4), and etidronic 
(C2H8O7P2) 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 
H3PO4 by sweeping the voltage from 0 to 50 V. This was 
expected to generate a uniform, compact anodic ZrO2 film, 
about 150 nm thick, with featureless surface morphology.  

Surface analysis 

The surfaces of anodic films were examined via SEM in a 
TESCAN MIRA II field emission electron microscope operated at 
30 keV. The cross-fractures of the substrates with anodic films 
were observed in an FEI 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-�ô�ñ�¡�•�� �Á���Œ����
�u���]�v�š���]�v������ �]�v�� ���}�u�‰�o���š���� ���µ�o���������}�[�•�� �D�}���]�(�]������ �����P�o���[�•�� �u�����]�µ�u��
(DMEM) supplemented with 10% fetal bovine serum and 5% 
penicillin/streptomycin (50 U mL-1 ���v�����ñ�ì���…�P���u�>-1) at 37 °C in a 
humidified 5% CO2 incubator. Cells were harvested by 
trypsinization with 0.25% trypsin-EDTA solution at 75% 
confluence and plated at a seeding density of 1 × 104 viable cells 
per cm2 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 



Journal Name  ARTICLE 

This journal is ©  The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

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 con�š�Œ�}�o���~�d�Z���Œ�u�}���^���]���v�š�]�(�]���¡���W�]���Œ�����¡���>���,��
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-�î
;-
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 H2O. Mouse 
human anti-�À�]�v���µ�o�]�v�����v�š�]���}���Ç���~�í�W
-�í�ì�ì�����]�o�µ�š�]�}�v�•�����v���� ���o���Æ�����&�o�µ�}�Œ��
488 goat anti-�u�}�µ�•�������v�š�]���}���Ç���~�í�W
-�í�ì�ì�����]�o�µ�š�]�}�v�•���Á���Œ�����������������(�}�Œ��
1 hour each to stain vinculin. The actin fibers were stained with 
�����š�]�v�Z�����¡���ñ�ñ�ñ���~�/�v�À�]�š�Œ�}�P���v�¡�•���(�}�Œ���ï�ì���u�]�v�����š 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 µm2 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 
�u���v�µ�(�����š�µ�Œ���Œ�[�•���‰�Œ�}�š�}���}�o���~���>�W�����•�•���Ç�U�����]�}�s�]�•�]�}�v���/�v���X�•�X�����Œ�]���G�Ç�U���ô�ì 
µL cell lysate was incubated with 50 µL 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. 

 

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+/Mg2+) and 
fixed with 4% paraformaldehyde for 20 min at room 
temperature. Then the cells were washed twice in deionized 
water, and 500 µL Alizarin Red S solution (20 mg mL-1 in H2O) 
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 
���v���o�Ç�•�]�•�� �Á���•�� �‰���Œ�(�}�Œ�u������ �µ�•�]�v�P�� �^�š�µ�����v�š�[�•�� �š-test and one-way 
analysis of variance (ANOVA) with a confidence level of 95%. 

Results and Discussion  
Morphology of anodic ZrO2 films 

The PAA-assisted zirconium anodizing was expected to produce 
an anodic film consisting of a thin uniform ZrO2 layer populated 
with the ordered arrays of self-aligned spatially separated ZrO2 
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 ZrO2 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 H3PO4 electrolyte 
at 50 V. The surface and sectional views of Fig. 1a show a lack of 
any specific nanoscale surface features. Therefore, this 
anodizing, as expected, resulted in a completely smooth and 
uniform in thickness ZrO2 coating, hereafter termed in the text 
���•���Z�(�o���š�[��oxide film.  

Type 2 sample is represented by an anodic oxide film that 
was prepared via 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 ZrO2 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. 
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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 
�Z�v���v�}�u�}�µ�v��s�[�X�� 

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 
�š���Œ�u���������•���Z�v���v�}�‰�]�o�o���Œs�[�X 

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 
�š���Œ�u�������]�v���š�Z�����š���Æ�š�����•���Z�v���v�}�•�š�µ�u�‰s�[�X The anodizing details and 
the SEM-measured dimensions of ZrO2 anodic films are 
presented in Table 1. 
 
 

Table 1 Types, formation conditions, and geometrical parameters of nanostructured ZrO2 anodic films prepared (as shown in Fig. 1) for biomedical experiments. 

 
 
Sample type Anodizing electrolyte PAA growth/ 

V 
ZrO2 growth / 
V  

Diameter/ 
nm 

Spacing/ 
nm  

Length/ 
nm 

Population density/ 
cm-2 

nanomounds 0.6 M C2H2O4 40 50 65 95 55 1.3×1010 
nanopillars 0.1 M H3PO4 150 250 130 260 290 1.7×109 
nanostumps 0.02 M C2H8O7P2 300 450 220 650 320 2.4×108 

 

 

 

 

 

 

 

Fig. 1 SEM surface and cross-fracture views of ZrO2 films derived from an Al/Zr bilayer on a SiO2�l�^�]�� �•�µ���•�š�Œ���š���� �À�]���� ���v�}���]�Ì�]�v�P�� �]�v�� �~���•�� �ì�X�ò�� �D�� �}�Æ���o�]���� �����]���� �~�Z�v���v�}�u�}�µ�v���•�[�•�U�� �~���•�� �ì�X�í�� �D��
�‰�Z�}�•�‰�Z�}�Œ�]���������]�����~�Z�v���v�}�‰�]�o�o���Œ�•�[�•�U�����v�����~���•���ì�X�ì�î���D�����š�]���Œ�}�v�]���������]�����~�Z�v���v�}�•�š�µ�u�‰�•�[�•�X�����}�o�µ�u�v���~���•���•�Z�}�Á�•�������µ�v�]�(�}�Œ�u�����}�u�‰����t ZrO2 film fabricated via anodizing a layer of Zr in 0.1 M phosphoric 
�����]�����~�Z�(�o���š�[���(�]�o�u�•�X��All unlabeled scale bars are 500 nm. 
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Cytocompatibility of anodic ZrO2 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.36,37,38 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.39,40 From our previous works, the 
nanostructuring of various common and emerging bioceramic 
materials such as TiO2 (nanotubes), Ta2O5 (nanorods), and HfO2 
(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 ZrO2 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 ZrO2 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 ZrO2 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 ZrO2 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 ZrO2 surface with no 
significant difference. However, the number of adhered cells 
slightly decreases on the nanostructured ZrO2 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 ZrO2 
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 ZrO2 

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 ZrO2 
surfaces at the nanoscale accelerates DNA synthesis. Moreover, 

Fig. 2 Saos-2 cells cultured on ZrO2 surfaces derived from the anodically oxidized Al/Zr 

bilayers on SiO2/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.44 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 > 
�v���v�}�u�}�µ�v���•��	Z���v���v�}�‰�]�o�o���Œ�•��	Z���v���v�}�•�š�µ�u�‰�•�X��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 ZrO2 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 ZrO2 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 ZrO2 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 

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.45,46,47 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.48 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.48 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.46,47 Obviously, the sizes, shapes, 
spacings, and population densities of the oxide nanostructures 
impact the behavior of the cells on the ZrO2 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.  

  

Fig. 2 Evaluation of spreading area of Saos-2 cells on ZrO2 surfaces derived from the 
anodically oxidized Al/Zr bilayers on SiO2/Si substrates. 
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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 ZrO2 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 

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 ZrO2 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.49 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 

Fig. 3 SEM cross-fracture views of (a) a flat ZrO2 anodic film, (b, c, and d) nanostructured ZrO2 anodic films on SiO2/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. 

Fig. 5 Immunofluorescence staining of vinculin (top row) and actin filaments (bottom row) of Saos-2 cells after one day of culture on ZrO2 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.50 
Nanostructured surfaces have previously been reported to 
enhance the production of these specific markers even in the 
absence of osteogenic factors.44 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.51 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 ZrO2 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 

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,52 where the specific surface topography 
was the key factor stimulating osteoblast maturation and 
mineralization. 

Summary and perspectives 
The qualitative comparison of the anodic ZrO2 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 

Fig. 4 Alkaline phosphatase produced by Saos-2 cells cultured on ZrO2 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. 

Fig. 5 Optical microscope images of Alizarin-Red stained extracellular calcium visualizing the effect of ZrO2 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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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. 
The easy and precise control 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 ZrO2 
bioceramic coatings with advanced biomedical properties. The 
anodizing technology is scalable for large surfaces and is also 
suitable for non-planar objects.53 The PAA-assisted anodization 
can be used to cover the surfaces of many other metals and 
metal oxides with a thin nanostructured ZrO2 bioceramic layer. 

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

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.15 In this course, the 
exploration of novel solutions for PAA-assisted anodization such 
as, for instance, selenic acid54 may open unprecedented 
opportunities for tailoring the surface properties of zirconium 
oxide biomaterials to achieve antibacterial and anticancer 
effects.55 

Conclusions 
All the anodic ZrO2 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 ZrO2 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 ZrO2 surface and 
the worse cytocompatibility of the big and rough ZrO2 
nanostumps reinforce this conclusion. 
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Fig. 6 Qualitative comparative biological responses of Seos-2 cells to ZrO2 surfaces 
derived from the anodically oxidized Al/Zr bilayers (as shown in Fig. 1 and 4). 
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these stimuli through the generation of 
traction force is fundamental for physi-
ological and pathological pathways.[�]

The investigation of cellular forces 
depends on in-vitro platforms that can 
mimic processes and the sti�ness 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.[�–��]  All these techniques possess 
some advantages and disadvantages[��]  and 
o�er a variety of mechanisms through 
which cells can move, divide, remodel, dif-
ferentiate, communicate, and sense their 
microenvironment.[��]

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 �.�–�� �m 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 de�ned 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 � to 
��� nN �m ��  for typical PDMS pillars.[��]  For the small defor-
mation �x, the lateral force F can be calculated using Hooke’s 
law, as described in Equation�(�):[��]

F k x
ED
L

x
�

� � � � �·
3
64

4

3 	 (�)

Most authors have published the micropillars with lower 
spring constant and thus the sti�ness or high aspect ratio 
pillars from sti�er polymers for increasing the spatial resolu-
tion. The molding technique frequently used for polymers such 
as PDMS with Young’s modulus � to � MPa[��]  permits the pre-
cise fabrication of a low aspect ratio micropillars. The molding 
high-aspect-ratio micropillars is more challenging because it 
is di�cult 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.

Living cells sense and respond to mechanical signals through speci�c 
mechanisms generating traction force. The quanti�cation of cell forces using 
micropillars can be limited by micropillar sti�ness, 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 � and �.� 
and spring constant of �.� and �� �N �m �� , respectively. The upper part of 
micropillars is coated with a ��� nm layer of SiO� , and results con�rm 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 sti�ness. Sti�er micro-
pillars enhance cell adhesion and proliferation rate, and a stronger cellular 
force of ��� µN 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 
underlying polymer membrane does not have to be considered. Additionally, 
SiO� /parylene C micropillars can broaden the range of sti�er substrates to be 
probed by cells.
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�. Introduction

The mechanical and adhesion properties of living cells are 
guided by chemical signals and external physical stimuli; cells 
have been exposed to di�erent external forces such as the mag-
netic force,[�] shear stress,[�]  or the mechanical properties of the 
substrate.[�,�]  The importance of the interplay between chemical 
and physical stimuli and the sensitivity of cells’ response to 

The ORCID identi�cation number(s) for the author(s) of this article 
can be found under https://doi.org/��.����/admi.���������.
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Nevertheless, molding allowed the production of PDMS 
micropillars of di�erent sti�ness 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 sti�ness became an 
important progress in measurement of cellular forces because 
a broad range of substrate sti�ness can mimic the various 
sti�ness of physiological tissues, which can range from ���  to 
�� � �Pa, from the softest brain to the sti�est bone, respectively.[��]  
Moreover, the rigidity of tissue can be signi�cantly changed 
due to diseases such as cancers, Alzheimer´s disease, or spinal 
cord injury.[��]

Besides PDMS, di�erent polymers have been used to fab-
ricate micropillars such as polyacrylamide,[��]  poly(methylmet
hacrylate),[��]  SU-�, [��]  and polycarbonate (PC).[��]  For instance, 
a high aspect ratio (���) of SU-� micropillars with E� �  ��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-� polymer, a 
polycarbonate with Young’s modulus of �–��GPa has been used 
to fabricate ultrahigh aspect ratio (up to ��) pillars with spring 
constant � � nN � m� �  to enhance cell di�erentiation[��]  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 � and �.� 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 signi�cance of the cellular force transducer here is 
the elimination of the micro-contact printing of proteins, given 
that the SiO�  thin �lm allows the covalent binding of proteins 
or peptides, or simply enables a charge or di�erent 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 di�erences in printing quality.[��,��]  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 � ��GPa can, compared to other polymers used for 
pillar fabrication, broaden the range of material sti�ness 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.

�. Results and Discussion

�.�. Fabrication and Characterization of SiO� /Parylene Pillars

The array of SiO� /parylene micropillars was fabricated on a 
�.��mm � �.��mm silicon substrate by “top-down” technology, 
as described in Figure S�, Supporting Information. The micro-
fabrication process of micropillar development provided the 
array of the hexagonally ordered parylene pillars with a ��.���m 

diameter, ��� �m center-to-center distance, and rod-like mor-
phology, as con�rmed by a scanning electron microscopy 
(Figure��A). The deposition of a �����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 di�erent elemental composi-
tions, which allowed us to visualize the localization of the SiO�  
on top of the pillars. The EDX image in Figure� �B 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 con�rmed the selective deposition 
of SiO�  on top of the micropillars and therefore the e�cacy of 
the proposed individual fabrication steps.

The sti�ness of the micropillars was modulated by varying 
their height, giving the pillars a height of � and ��� m and an 
aspect ratio corresponding to � and �.�, 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�(�). Based on this 
Equation�(�), the parylene micropillar with a length of � and ��� m 
has a spring constant of k� � � � �.� � N � m� �  and � �� � N � m� � ,  
respectively. The spring constants of the parylene micropil-
lars are thus signi�cantly higher, compared to the already pub-
lished spring constant of �–���� nN � m� �  for widely used 
PDMS.[��,��]  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�� �� � � N � m� �  and k�� �� � � N � m� �  
by changing the aspect ratio. To our knowledge, micropillars with 
such high k� � � � �� � N � m� �  have not been used for the meas-
urement of cellular force as we further con�rmed that they can 
be sensed and bent by cells. Additionally, the fabrication process 
of our micropillars provides technological resolution of ��.�� � m, 
ensures good spatial stability of micropillars as well as temporal 
stability due to the chemical inertness of parylene.

�.�. Micropillars Patterning

Patterning the micropillars to enhance cell adhesion is the �rst 
step guaranteed by the use of nanotechnology to selectively 
deposit a thin layer of SiO�  on top of pillars. Generally, the 
protein modi�cation of micropillars in order to measure cel-
lular force requires the selective deposition of a protein such as 
�bronectin on top of the pillars via microcontact printing[��]  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 S�, Supporting Informa-
tion. The SiO� /parylene patterning was �rst investigated on bulk 
substrates because the chemistry on such pillars di�ers from 
PDMS ones and must be optimized. To ensure the binding of 
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the protein to the SiO�  layer, selective SiO�  oxidation was per-
formed by treating it with a piranha solution at a �:� ratio (step 
� in Figure S�, Supporting Information). The procedure exposed 
hydroxyl groups on the silica surface, while the parylene C side-
walls remained unreacted,[��]  as con�rmed by the measurement 
of contact angle (CA). The piranha-treated SiO�  decreased the 
CA value from ����  to � ��� , making the surface more hydro-
philic while the parylene C surface remained unchanged ����� 
(Figure�� a,b and�a�, b�). The silanization of the hydroxyl reached 
the SiO�  substrate with the (�-aminopropyl)triethoxysilane  
(APTES), which fed the amino-terminal groups on the sur-
face that changed the CA from ����  to � ���  and from � ����  to 
� ����  for SiO�  and parylene C, respectively (Figure� �c,c�). This 
SiO�  chemistry has strong support in the literature[��]  and sig-
ni�cantly, 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-���. 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 ����  (Figure� �d,d�). A similar CA  
value for Pluronics to treat polymers has been reported for 

PDMS,[��]  suggesting the successful nature of parylene C 
coating. The amino-functionalized SiO�  surface remained 
unmodi�ed because the CA value did not change signi�cantly. 
The patterned surface of the micropillars was �nally modi�ed 
by the covalent immobilization of the �bronectin on the amino-
terminated SiO�  surface by crosslinking it with glutaraldehyde. 
The CA value changed for both surfaces because the �bronectin 
was immobilized on the SiO�  surface and a small amount of 
�bronectin was adsorbed on the Pluronics F-���-treated parylene 
C sidewalls (Figure��e,e�), which is in strong agreement with the 
literature.[��]

Moreover, even if the Pluronics adsorb some portion of the pro-
teins[��]  and the exposition of polyethylene oxide moiety suppresses 
the cell adhesion,[��]  patterning with Pluronics F-��� is generally 
accepted for the reduction of protein adsorption and cell adhe-
sion. Based on this phenomenon, �uorescently labeled collagen 
was covalently immobilized on the top of micropillars and the 
image was captured to con�rm the selective deposition of protein 
(Figure��C). Further, the adhesion of �T�-�broblasts to �bronectin 
(Figure� �D) and Pluronics-F��� (Figure� �E) coated surface con-
�rmed the reduced cell viability on Pluronics treated micropillars. 
The cells adhered to and spread on �bronectin-coated SiO�  at high 

Figure �.  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 �uorescent image of the micropillars 
with covalently bound FITC-collagen protein (C). A DIC image of �T�-�broblasts adhered on �bronectin-coated SiO�  (D). A DIC image of �T�-�broblasts 
adhered on Pluronics F-���-treated parylene C (E). The scale bar of the SEM and DIC image corresponds to ���� m and ��� � m, respectively.
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density and had the characteristic elongated shape, while the cells 
on Pluronics F-���-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�� . The XPS spectra were analyzed 
by peak-�tting software (CasaXPS version �.�.��PR�.�) 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 �tting 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 signi�cant � ��% increment of N �s was observed, 
which could be attributed to the amino-functionalized SiO� , 
while the increase in N �s on parylene C was just �.�% as shown 
in the table of Figure� �. A signi�cant increase and unchanged 
percentage of C �s was observed for APTES/SiO�  and APTES/
parylene C, respectively, con�rming the successful selective 
silanization of the SiO�  surface. Additionally, the high-resolution 

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

�.�. 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, sti�ness, and stress and these cues[��]  have been found 
to in�uence cellular adhesion, morphology, metabolic activity, 
proliferation, migration, and di�erentiation. [��–��]  The cellular 
characterization of SiO� /parylene C micropillars was assessed 
by the morphology of �T�-�broblasts 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 �uorescently labeled actin �bers and vinculin. Since our 
micropillar arrays di�ered from the pillar height, we compared 
the cellular behavior of both arrays via the parameter of pillar 

Figure �.  Table shows an elemental analysis of individual steps of SiO�  and parylene C modi�cation 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 �s and silicon Si �p for the APTES-treated SiO�  surface.

Figure �.  CA of the SiO�  and parylene C modi�cation. a,a´) cleaned SiO�  and parylene C substrates; b,b´) substrates treated in �:� piranha solution 
for ���min; c,c´) substrates silanized with APTES at ���� for ���min; d,d´) surface treated with Pluronics F-���; e,e´) covalently bonded �bronectin 
via glutaraldehyde on APTES-silanized surface.
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sti�ness. The morphology of the �T�-�broblasts attached to 
“softer” (k�� �.� �N �m �� ) and “sti�er” (k� � �� �N �m �� ) pillars 
did not di�er signi�cantly since the shape of the cells tanged 
from polygonal to elongated (Figure��A,B,E,F). The shape of 
�T�-�broblasts on both types of micropillars corresponds to 
the typical morphology in the stationary state of well-spread 
�broblastic cells. The cells on both substrates had more 
extruding protrusions and larger lamellae. The staining of the 
actin �laments revealed prominent stress �bers that crossed 
the cell from end to end, and no disruption in the cytoskeletal 
organization was observed for either softer or sti�er micropillars 
(Figure��C,G). A notable �nding was observed for the vinculin 
staining, as shown in Figure��D,H. The cells on “sti�er” micro-
pillars (Figure� �D) showed a higher number of focal contacts, 
compared to the “softer” substrate (Figure��H) and were larger 
in size and more distributed over the whole cells. The cell sur-
face area was calculated from previously obtained �uorescence 

images of cells using ImageJ 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 signi�cantly 
larger areas for cells cultured on “sti�er” micropillars, com-
pared to a “softer” surface (Figure��A). These �ndings revealed 
better adhesion and cell contact with the underlying micropil-
lars on the “sti�er” substrate since the larger surface area and 
extensive focal contacts were enhanced here, compared to the 
“softer” substrate.

�.�. Proliferation Assay

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

Figure �.  �T�-�broblasts on the micropillars with heights of ���m (sti�er; upper images) and �� �m (softer; bottom images), respectively. Scans of the 
electron microscopy of cells showing the morphology and pillar’s de�ection (A,B,E,F). Fluorescently labeled actin �bers showing as a red (C, G) and a 
green staining of vinculin as the protein of the focal contacts (D,H).

Figure �.  Evaluation of the spreading area of �T�-�broblasts per surface area (A). BrdU proliferation assay of �broblasts on nanopillars (B). The average 
cellular force calculated from the periphery of stationary cells (C).
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measurement of �-bromo-��-deoxyuridine (BrdU) was performed 
on days one and three (Figure��B). 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 
signi�cant di�erences in cell proliferation were observed between 
“sti�er” and “softer” micropillars, while on day three, a signi�cantly 
higher proliferation rate could be seen for the “sti�er” micropillar 
array. The higher proliferation of cells could be a consequence of 
the enhanced cell adhesion on “sti�er” micropillars.

To conclude our preliminary observations of the cytocom-
patibility of SiO� /parylene C micropillars, the �T�-�broblasts 
sensed the di�erent sti�ness 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 e�ect in terms of 
cell viability and adhesive properties.

�.�. 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 �broblasts selected from SEM images in order to 
obtain a symmetric cellular force pro�le. The de�ection of the 
micropillars were measured from their original, unde�ected 
position using Image J software. The extent of the de�ection 
was then used to quantify the traction forces generated by the 
�T�-�broblasts by applying Equation�(�). To compare the force 
exerted from the cells on the “sti�er” and “softer” micropillars, 
the average force was calculated from the pillar’s de�ection that 
occurred on the cell periphery (Figure��C). Our �nding showed 
that the cells on the “sti�er” micropillars exert almost �ve 
times more traction force than those cultured on the “softer” 
substrate. For �T�-�broblasts, the average traction force calcu-
lated at the cell periphery was ��� �N and �� �N for “sti�er” 
and “softer” micropillars, respectively. This corresponds well 
with the �ndings 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 
e�ective cellular homeostasis. Our �ndings also support the 
general trend of cellular force to be stronger on a sti�er 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 di�erent aspect ratios of 
commonly used micropillars made of PDMS as a very soft 
polymer has been reported around tens to hundreds of nN.[��]  
High aspect ratio polycarbonate pillars as the sti�er 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 di�erence in spring constant is �� �N �m ��  which does 
not have to be such a signi�cant di�erence 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 ��� �N �m ��  with cellular force calculated 
��� �N which has not been published in the literature so far.

�. Conclusion

We introduced “top-down” fabrication of a highly ordered array 
of SiO� /parylene C micropillars for use as a probe for the quan-
ti�cation of cellular traction force. Micropillars with di�erent 
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 con�rmed 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 �T�-�broblasts 
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 e�ect of the micropillar-based substrates but did 
indicate a dependence on sti�ness. A sti�er 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 ���GPa; it is more rigid than other polymers used for pillar 
fabrication and thus broadens the range of material sti�ness 
that can be probed by cells or used as the cellular sensor. We  
revealed that SiO� /parylene C micropillars with a high sti�-
ness corresponding to the spring constant k��� ��.� �N �m ��   
and ��� �N �m ��  were sensed by the cells, and that the trac-
tion force can be determined even on such sti� 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 �exible micropillar substrate 
for the quanti�cation of the cell traction force that eliminates 
the micro-contact printing of proteins, and provides a substrate 
with higher sti�ness.

�. 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 S�, Supporting Information). Brie�y, a 
��� �m thick layer of parylene C (Palmchem) was deposited on the Si 
wafer using the chemical vapour deposition (CVD) method. A ����nm 
thin layer of SiO�  was deposited via a plasma-enhanced CVD at ��� �C.  
The deposition of a ���� nm thin Ti layer using the electron beam 
evaporation technique was followed by standard UV photolithography 
using the photoresist (PR) AZ ����E. Photolithography of PR created 
the pattern of hexagonally arranged features with diameter of ���m 
and center-to-center distance of ���m. The titanium and SiO�  layer 
was then etched using reactive-ion etching (RIE) inCl�  plasma and Ar/
CHF�  plasma by means of chlorine and �uorine-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 S�, 
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Supporting Information. The array of the micropillars was treated with 
piranha solution at a ratio of �:� (��% H � O�  and ��% H � SO� ) for �� 
min. The SiO�  layer was silanized with �-aminopropyl-triethoxysilane 
(APTES, Sigma) via CVD technique in a vacuum chamber at ��� �C 
for �� min. The process of silane deposition spanned �� min. The 
micropillars were then incubated with �.�% (v/v) Pluronics F-��� in 
phosphate buffer (PBS) (Sigma) to selectively coat the parylene C.  
The fibronectin (�� � g·mL� �  in PBS, Sigma) was covalently attached 
via �.�% (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 ���, SEO) 
by applying water drop on the surface. The CA was evaluated using 
Surfaceware � software and the statistical analysis was performed on 
�� 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 
(�.�� mg mL � �  in PBS, Sigma) has been performed to confirm the 
covalent immobilization of the protein.

Cell Culture and Immunostaining: �T� �broblasts (ATCC) were 
cultured in a complete DMEM supplemented with ��% (v/v) of 
fetal bovine serum and antibiotics (streptomycin ���� � g mL� � , 
penicillin ��� UI mL � � . Fibroblasts were harvested every third day. 
For immuno�uorescence staining, the cells were �xed in �% (w/v) of 
paraformaldehyde in PBS for �� min and permeabilized in �% (w/v) 
bovine serum albumin in �.�% (v/v) Triton X-��� in PBS for � h. All 
chemicals were purchased at Sigma Aldrich. A �uorescence microscope 
was used to visualize the actin �bers stained with Alexa Fluor ��� RED 
phalloidin (ready probes from Thermo Fisher Scienti�c) for �� min. 
The vinculin, being the protein of the focal contacts, was detected 
by the mouse anti-vinculin antibody (��� mg mL� � , �:��� dilution in 
PBS, Sigma) for � h and an Alexa Fluor ��� goat anti-mouse antibody  
(� mg mL � � , �:��� dilution in PBS, Thermo Fisher Scienti�c) for �� min.

Proliferation Assay: The BrdU (�-bromo-��-deoxyuridine) cell proliferation 
assay was performed by plating � � �� �  cells onto the micropillar surface 
and cultured inside the humidi�ed incubator at �� �C and �% CO� . The 
proliferation assay was performed on days one and three, following the 
manufacturer’s protocol (Cell proliferation ELISA, BrdU; Roche). Brie�y, 
��� � l of BrdU solution was added to each sample and re-incubated for 
an additional � h. The labeling medium was then removed and the cells 
were �xed and denatured with ����� l of FixDenat solution for ���min. The 
FixDenat solution was replaced with ����� l of a BrdU-peroxidase (POD) 
antibody solution and incubated at room temperature for ��� min. The 
samples were rinsed three times with a bu�er solution and incubated with 
���� � l of the substrate solution for ���min. The absorbance was measured 
at ����nm using the microplate spectrophotometer.

SEM Characterization of Traction Force: SEM imaging was performed 
after the critical drying of �xed cells on patterned micropillars at an 
ethanol gradient from ��% to ���% for � min for each dilution. The 
dried cells were evaporated with ���� nm layer of gold before imaging 
to avoid sample charging. The de�ection of the micropillars due to the 
cell traction force was obtained directly from the SEM images. The pillar 
bending was analyzed with ImageJ 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 �� imaged cells was calculated with Hooke’s law 
(Equation� �) for higher (h�� �� �m) and lower (h� � �� �m) 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 signi�cant 
di�erences between the groups. P-values of <�.�� were considered to be 
statistically signi�cant.
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The fabrication of SiO2/Parylene C micropillars 

Micropillars were fabricated with a Si (100) wafer of ~100 mm and ~535 ���P�� �G�L�D�P�H�W�H�U�� �D�Q�G��

thickness, respectively. The fabrication steps are shown in S1. The 10 ���P���R�I���S�D�U�\�O�H�Q�H-C was 

deposited on silicon using the CVD method, without substrate temperature elevation during 

the deposition. A ~250 nm SiO2 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 

SiO2 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 ���P�� �Z�D�V�� �S�H�U�I�R�U�P�H�G��(Figure S1, step 3). The PR substrate was subsequently baked 

at 110 °C for 50 seconds in an atmosphere of N2���� �7�K�H�� �U�H�V�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H�V�� �Z�D�V�� ���� ���P��

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-2) 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 O2 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 Cl2 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 SiO2 was etched by means of fluorin-based RIE in capacitively coupled Ar/CHF3 

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 O2 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 Cl2 plasma-based RIE process (Figure 

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

pieces. 

 

 

Figure S1. Scheme of the individual steps of the fabrication process of SiO2/ Parylene C 

micropillars. 

 

 

SiO2/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 % H2O2 and 96 % H2SO4) for 10 minutes (Figure S2, step 1). 

The washing step was followed by a silanization process of SiO2 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 

N2 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 

µg ml-1 in PBS) was covalently bonded via a 0.5% glutaraldehyde solution to the amino-

functionalized SiO2 layer for 30 minutes (Figure S2, step 4).  

 
Figure S2. Scheme of micropillars surface modification. 
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