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ABSTRACT

THE USE OF NANOSTRUCTURED 316L STAINLESS STEEL FOR
ORTHOPEDIC AND CARDIOVASCULAR APPLICATIONS:
FABRICATION, CHARACTERIZATION, AND IN VITRO CELLULAR
INTERACTIONS

ErdaoYawar Kemal
Doctor of PhilosophyBiomedical Engineering
SupervisorAssoc Prof. Dr. Batur Ercan
Co-SupervisorProf. Dr. PelinMutlu

January 202498 pages

316L stainless steeSS) is one of the commonlysed implant materials in
biomedical applications due to its ideal mechanical properties, acceptable
biocompatibility, and low cost. However, the bioinert nature of 383led to
limited osteointegration in orthopedic applications, gmbr endothelization in
cardiovacular applicatio;m Furthermore,infection, nickel ion release stent
restenosignd limited corrosion resistanaee major clinical challengedor SSand

led to gradual decline of its use as an implant material.

To eliminate the aforementioned issues, nanoscale surface modification 08316L
can be a potential remedy. In this thesis, nanostructures having different
morphologies and feature sizes were ifaied onthe surfaces Afterwards, the

physical and chemical properties of anodized surfaces were characterized.

For orthopedic applicationsn vitro cellular interactions showed thdione cell
viability on 200 nnmanodimple surfaces was promoted up8&compared tmon
anodizedsurfaces. Moreover, a 71%nd 58% decrease inS. aureus and P.



aeruginosacolonies were detected @0 nmnanodimplesurfaces compared the

nonanodized surfaces.

For cardiovascular applicationsn vitro HUVECs functions thrived on the
nanostructured surfacegurthermore the nanostructured surfacaignificantly
promoted endothelial cell viability, enhanced cellular migration, stimulated nitric
oxide and prostaglandsecretionwhile down-regulatingthe exprasions of VCAM

and ICAM geneanddecreased platelet adhesion and hemolysis rate

The findings of this thesis indicate that nanostructured B$turfacesmproved
corrosion resistance and enhahcendothelization and hemocompatibility.
Simultaneously, thee surfaces promoted osteoblast interactions and restricted the

bacterial attachmepnshowcasing their potential for biomedical applications.

Keywords: 316L SS Anodization;NanostructureSurface topographyioactivity
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ORTEPEDKK VE KARDKYOVASK|LER UYGULAMAL
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CHAPTER 1

INTRODUCTION

316L stainless ste€B16L SS)is amongthe commonlyused implant materiglin
cardiovascular, dental amdthopedic application@Bekmurzayeva et al., 2018)s
illustrated in Figire 1.1, 316L SS presents numerous opportunities as an implant
material in the bodyT his materialis preferred due tds idealmechanical properties
and corrosion resistance, acceptable biocompatibibityd ease of manufacturing
(Chen & Thouas, 2013Nouri & Wen, 2021)316L SS also provides a significant
price advantage comparealother metallic biomaterials €., titanium and titanium
alloys), which makes it the material of choice to fabricate implanteideveloping
and underdeveloped countries across the w&utha et al., 20t 3/1ohandesnezhad
et al., 2022)

There arevarious types of stainless steelwhich are classified by their
microstructure: austenitic, ferritic, martensitic and duplex stdw austenitiphase
of 316L dainless stees commonly preferred in application anghinly composed
of iron, chromium, nickel, molybdenum aatbw amount of carbof hence. t he
It has a facecentered cubicHCQO) crystalstructure and characterizeby very low
yield strengthto-tensile strengthatio (Talha et al., 2013)Chromium contenbf
316L SSprovidesresistant to corrosion and improig oxidation resistance at high
temperature The presence of low amounts of carlffr03 wt%)alsoimproves its
corrosion resistanceand minimize potential adverse tissue respong€hen &
Thouas, 2015)In addition austenitic 316lSShas non-magnetic propeis, which

is critical for magnetic resonance imagingeugand thereforeit is preferable for
orthopedic applications.
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Figure 1.1 Major applications of 316L SS as an implant material in the body
(Resnik et al., 2020)

1.1 The Problems Associated with 316L Stainless Steel Imfant in

Biomedical Application

Despiteits numerous advantageberearesome clinical challenges oiing316L
SS implants irthe body, such adts bioinert nature, localized corrosion problems,
nickel ion releasewhich can lead tallergenic andnflammatory effectsas well as
platelet activation and thrombosis formatidém addition,bacterial attachmerand
the risk of infectionis also critical for 316L SS implantSurface modification of
316L SSwas proposedo overcomethesecomplications(Staruch et al., 2017
Cherian et al., 2022)n this thesiswe investigated major problerassociated with
the use of 316L SSeparately for orthopedic and cardiovascular applications.



1.1.1 Orthopedic Applications

The bioinert nature of 316L SS hinders the desired cellular respiomis€new bone
formation and osseategration in orthopedic applications. Inadequate
osseointegration would lead to micromotion of the implant and, in the longeaurt,

in failure due to aseptic loosening. Aside from lacking bioactivity, another important
problem of 316L SS implants ikeir septic failure. Since 316L SS does not possess
any antibacterial activity, once bacteria attach and subsequently form a biofilm on
its surfaces, it is very difficult to eradicate it. Frequently, it requires a revision
surgery and replacement of thepglant. Considering that most bacteria build
resistance to commonlysed antibiotics, fighting with infection is becoming a

pressing issue.

In clinics, infection posessignificant drawbacks for all orthopedic applications, and
there is still no definitiveremedy for this issue. Therefore, treatiag implant
infection can bechallengng due to the complexity of the process, the high cost
associated with the treatmerind oftenthe requirement for a revisiosurgery
Bacterial ##achmentbon implant surfaceis a criticalandplaysanimportantrole in
theformationof biofilm. Oncebacteria adhere to the implant surlgdbeybeginto

form a biofilm.Thebiofilm is acolony of bacteriahat adhere to each other and to a
surface.Biofilm formation consist bmainly three steps: i) initial attachmeand
adherencef bacteria, ii) accumulatiodue to cellular aggregatipandiii) biofilm
detachment of bacterial ce(lsu et al., 2022)Thus once biofilm formsit is difficult

to eradicate the infection bthe host immune system and antibiotitherapy
Thereforeit can lead to various complications, including tissue damage and implant
failure. That being said, if initial t,tachmentof bacteria to implant surfasscan be
preventedit provides arucialfactorin preventing biofilm formation and reducing
the risk of inection Thus, adesirable orthopedic implant material is anticipated to
hinder bacterial attachment or minimize biofilm formation. Simultaneously, it should

enhancehe cellularresponsesandparticularly promaot osseointegration.



Staphylococcus aurey$. aureusand Staphylococcus epidermidi$. epidermis
are the most commoapacteriacausng implant infection(Pietrocola et al., 2022)
For example, mexamination involving 242 orthopedic patiefasinfections linked

to both internal and external fixation systeregealed tha®. aureusvasthe primary
pathogen. Conversely, infections associated with knee and hip -pristheses
exhibited S. epidermidisas the predominant bacterial specis®ontanaro et al.,
2011) Another study from UK showed that 44% of orthopedic implant infections
were caused b$. aureugLamagni, 2014)

It was first discoveredthat cicada wingshaving nanotopographyshowed
antibacterial effect againBtseudomonas aerugino$@. aeruginosg asillustrated
in Figure 1.» (lvanova et al.,, 2012)In addition it was found that natural
nanotopography of dragonfly wisghowed bactericidal proprties(Bandara et al.,
2017) Thus, nanostructuredmodification of implant sufaces emergd as a
promising approach for preventing bacteatihchmenand biofilm formationThe
surface propertiesuch asurface topography, chargehemistryand energyplay
critical roles in the bacteriakttachmen{Cheng et al., 201%Zheng et al., 2021)
Especially, ceating a nanostructured topography on implant surfaeaesbea
promising strategy to improve the bigloal responseandat the same timprevent
bacterial colonization on 316L SS implant surfagiésrath et al., 2022Rasouli et
al., 2018)



o .

c) )
Q o Q" WA R "W
-5 U .
Y B \ \
v ~ ) p
w | ¥ S v ) Ny N
'w (\ I\.\ \ 'w » .w 'w 1‘
g \.»\1) » & 5 § ’w !
- . / - S O\ \ (\‘\ - -
i e Bl =,
Charge Wettability Roughness Topography Stiffness

Figure 1.2 @) Scanning electron microscopeEB!) image ofthe nanostructured
surfaceof cicada wingp) bactericidal effect athe nanostructured ocicada wing
towardsP. aeruginosglvanova et al., 2012)) schematic illustration of various

surface propertieshich influence bacteriadttachmen{zZheng et al., 2021)

1.1.2 Cardiovascular Application

Coronary artery disease (CAD) is primarily caused dblgersclerotic plaque
formation irsidethe coronary arteries, which carry oxygen rich blood to the heart.
CAD is the leading cause ofnortality worldwide, andit is associated with 17.8
million deaths annuallyBrown et al., 2023)The inner layerof coronary arteries
consistsof endothelial cellswhich provides an anticoagulant barrier between the
vessel wal and blood.Therefore endothelial cells have m@ar role inmaintaining
hemostasisand regulate thrombosis, platelet adhesion, smooth muscle cell
proliferation, inflammation and blodtbw (Galley & Webster, 2004ober & Sessa,
2007) Endothelial dysfunction playsmajorrole in the formation of atherosclesie



(JebariBenslaiman et al., 2022\therosclerosiss a progressive condition where

fatty deposits, cholesterol, calcium, and other substances accumulate on the inner
walls of the coronaryréeries as shown in Figure 1.Q.ibby et al., 2019) These
deposits form plaques that narrow or block the artevidgen coronary arteries are
narrowed or blocked, oxygen and nutrieich blood cannotreach heart muscle.
Whenthis situationoccurs heart muscle cells begin to d@gtentiallyleadng to

arrhythmia and heart attackEventually, it camesult infatality.

artery narrowed by
atherosclerotic

endothelium

smooth
endothelium muscle cells
o7

fibrous
cap

transformed lipids, calcium,
smooth muscle into foam cells cellular debris
© 2010 Encyclopadia Britannica, Inc.

Figure 1.3 Healthy artery(on the left)compared with an artesffected by
atherosclerosifon the right)Britannica, 2023)

1.1.2.1 Coronary Artery Stent

Arterial stent application is one of treatment me#iod coronary artery diseasa.
stent is a smalknd expandablaube made of metal or polymeand it iscrimped
ontoa balloon catheter. Steistinserted into thearrowedarteries tdreat or prevent
a blockage andteep them opelFu et al., 2020)Figure 14 illustrates the steps
involved in stent placement in a narrowed art¥henballoontip of the catheter
reaches thelagueformedagainst thearterywall, the balloons expandedo push
theplaquel artery walls operOnce the artery is widened, the loalh is deflated and



removed, while the stent is locked in place, holding the vessieven after the
balloon is deflatedThe stent remains in place permanently to maintain the widened

artery.

Increased Blood Flow Widened Artery

= O

Figure 1.4 A schematic representation thie stent implantation isidea narrowed

artery.

1.1.2.2 Challenges of Using816L SSBare Metal Stent

The first succesul stent implantation i coronary arteryasin 1986(Igbal et al.,
2013) The demand for stents is significgnincreasingeach yeadue to the growing
prevalence of heart disease and population grékdhet al., 2020)316L SS isone

of the mostcommonly used stent matesalue to its ideal mechanical properties,
and lowelastic reoil (Wang et al., 2018 However,variousissues related t816L
SS, as well athe implantedtentmaterial of choicgcanlead to unsuccessful clinical
applications Firstly, using bare metal surfegevhich are bioinert,cause delagd



endothelizationandmay potentiallypromote inflammation and smooth muscle cell

proliferation.

In-stent restenos{$SR)is anothemajor issuén clinical applicatios. ISR is defned
as the renarrowing of a stented coronary artafjer stent implantatiofTorrado et
al., 2018) This renarrowing is a result oéndothelial cell layer damage with
subsequent neointimaloliferation around the stenfascular smooth muscle cells
migrate towards areas of injury, proliferate &man the neointimal.3R remains an
essential problem in all cardiovascular stent appboatiand it occus about10i
30%of the caseafter stentindYao et al., 2021)

Figure 1.5 a) Crosssection ofacoronary artery immediately after bare metaint
implantaton, andb) formation ofsignificant instent restenosis with neointimal
hyperplasia (red star) after six mosthf bare metal steninplantation(Chadiet.

al, 2017)

Stent thrombosis is anothsignificant complication in clinical applicationStent
thrombosis pertains to the development of blood clots ostémésurface, which can
cause sudden blockage of ttenting arteryStent thrombosis can occat acute,
subacutegarly (within 30 days after implantatipnlate (between 1 month and 1
yeal), and verylate (>1 year after implantatiQrperiods after implantationA study
revealed that stent thrombosis is associated witbrgality rate ranging from 5% to



45% andrecurrence rate of 120% at 5 yearq/Gori et al., 2019Noaman et al.,
2020) There are many reasorf®r stent thrombosjssuch as delayed e
endothelization on the stent surface, surface properties of the stent, slow coronary
blood flow, and low shear stress leading to activation ofinlrensic pathway.

Platelet activation on the stent surface may also cause stent thrambosis

On the other hand, corrosion and wear of 316 SS stents in the body are major issues
andleading to the failure of implantatiomhe surface chemistry and gassive film

layer of stainless steel directly affect the corrosion behavior of suviflten a stent
corrodes, it loses its mechanigaibperties and releases harmful metal iqk®ster

et al., 2001)Nickel ion releaeshaveadverseeffecton humanwhich may cause
inflammation skin allergeror carcinogenicityin human bodyYang & Ren, 2010Q)

This metal ions releasefrom gent srface could change local tissue
microenvironmentthat leading to inflammation mediators and promote stent
restenosisFor example, Saito suggested thatkel ion releases from bare 316L
surfacecould major factor to stent resteno&ssito et al., 2009)

In order to address these clinicethallenges, novestent designs andhaterial
developmentesearch areritical (Clare et al., 2022for instance, the development

of drugeluting stents and bioabsorbable stents are innovative strides in this field.
However, druegluting sterg have majorlongterm problems such as delad
endothelizatiorand healinglateand very latestent thrombosis, and inflammation.
On the other hand, biodegradable stents promise new developments and may help
address some of these issues in clinical applicatidosethelessit come with
certain limitations Biodegradablgpolymer stent have lower mechanicatength

while biodegradablenetal sterahave shorter degradation timegich @mpromise
radial strength(Zong et al., 2022)To enhance the mechanical properties of
biodegradable stentshey are fabricated tdiave thicker struts compared to
traditional metal stent$lowever the hicker gruts can affect blood flow dynamics
and may contribute to a higher risk of restenq@iswen et al., 2016)Also,
biodegradable stents may delay the healing procasd potentially lead to
thrombosisin the case obiodegradable stenising Mg or Zn alloys, gas bubbles



canbe releasednd likely to delay healing of the vessel by accumulating around the
implant(Im et al., 2017)

Numerous research efforts aim to addressatiseementionedssues, seeking to
minimize adverse effects and establish an ideal stent surfadefoal applications
(Jaganathan et al., 2014ritically, the stent surface mudie offer rapid
endothelization, high corrosion resistance, and optimal hemocompatibility for
successful stent implantatigBian et al., 202; Fu et al., 2020)Towards this goal,
surface modifications to create a nanostructure on the 316L SS stent surface can be
apromising method to enhance the functiorelular integrity of the stent material

(Park et al., 2020)

1.2 Surface Modification: Anodization

Anodization (anodic oxidation) @electrochemical process to gramoxide layer
on the surfaces of valve metals upon the application of a DC potential in certain
electrolytes.The anodization method can be applied to various metath as
titanium andtitanium alloys(Gardin et al., 2021Chopra et al., 2021 pluminum
(Feng et al., 2014)tantalum(Uslu et al., 2021)iron (M. Li et al., 2017) zinc
(Guillory et al., 2019Sanchez et al., 201,13tainless ste€dDhawan et al., 20173)
Co-Cr (Nagai et al., 2014)\andetc. By controlling the anodization parameters, it is
possibleto fabricate oxide based nanofeatures on metallic surfacesiding
aluminum(Davoodi et al., 20205. Liu et al., 2021 )titanium(Minagar et al., 2012
Piszczek et al., 2020¥irconium (Zal etal., 2022) and etc A basic setup for
anodizationof 316L SSis shown inFigure 1.6 The anodization setp consistsof
two electrodes, wére 316L SSserves as the anode and platinuserveas the
cathode,an electrolyte andan electricalconnecion to a DC power supply. fie
nanostructuré surface properties, whicinclude feature size topographyand
morphologyof the nanostructuresan be controlled by changirgectrochemical
parameterssuch as applied DC potential, anodization duragbextrolyte type and

concentrationtemperaturepH, anoce-cathode distance, and etc.
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Figure 1.6 Schematigepresentatiofor anodization oB16L SS.

The anodization mechanism of stainless steel is complicatestiinthclear and it
requires further resear¢Zhao et al., 2021)in literature, several studies revealed
that the use of perchloric acid as an electrolyte for the anodization of stainless steel
providesformationof nanostructures aie surface(Tsuchiyaetal.,201Be n| i n a
et al., 2022)Also, variousstudies usg H.SCQs (Asoh et al., 2016pr NHsF (Kure et

al., 2012)containingelectrolytes to fabricate nanostructsion stainless steelhe
mostwidely acceptedanechanisnfor theanodizationof 316L SS consists dhree
stageft Do m2 nguez .mthe fast step wh2n0316R 5S is exposed to a
sufficient DC potential in an electrolyte solution, the formation of an oxide layer on

the surface occur@).
XM(Cr, Fe, Ni) +-O2 A MxOy (Cr203, FeOs, NiO) (1)

In the secondtep dissolution of the oxide layer starts and nanostructure formation
begins on the surfas€2). The electrolyte color changes to broyellow during

anodizationwhich indicateshe dissolution of the oxidayer.

Cr,0s+ 6H" A 2CP*" + 3H:0 )
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FeOs+ 6H" A 2F6*+ 3H,0
NiO+2H* A Ni%+ H:0

In the third stage, the reaction between dissolution and oxide formation reaches
equilibrium, and @alances established for the growth of the nanostructure oxide

layer.

1.2.1 Anodization for Orthopedic Application

In the lastcouple ofdecade, anodization of different metallic implant components
received considerable attention due to it is simplicity and ability to obtain
nanofeatures having different feature sizes and morphologies by changing the
anodization parameterise., voltage, ime, andetc. (Indira et al., 2015L. Mohan et

al., 2020 Zhao et al., 2021)For instance, our research group previpueseated
nanopores, nanodimples, nanotubes, and nanocoral morphologies on tantalum
surfaces and controlled the feature size of these morphologies between 20 and 140
nm to enhance the osteoblast (bone cell) functions on these suiistest al.,

2021) In other study, we formed nanotubular structures on titanium surfaces via
anodizationand controlled the feature size of these nanotubular structuvesdnet

25 and 140 nm. The nanotubular structures improved exosome secretion, which in
turn stimulated the endothelial cell viabiliggardin et al., 2021) A similar study
showed thadluminumcould beanodized to obtain nanopores bawore size range

of 2575 nm,and itwas found that the larger pore size on anodized aluminum
dramatically enhanced cellular proliferatigNi et al., 2014) Also, our research
group showed that anodized nanostructured tantalum swriadeanced stem cell

differentiation and improve corrosion resistafiEedogan et al., 2023)

Similarly, in vivo studes confirmed thaanodizedhancstructured Ti6AI4V surface
promoted osteoblast proliferation and differentiation comparethaauntreated
Ti6Al4V surface.Moreover,the in vivo resultsof rat animal model demonstrated

that8 weeks after the surgee ratio of bone volume to total volumeasfodized
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implant was 43.4%, which represented 1.5 times thtieaontrol implant, as shown
in Figure 1.71n addition, thenanostructured implant gaces significantly enhanced
new bone formation and the direct bone integration between the ingpldritone

tissue(Ren et al., 2021

Acid etched Control

Anodized

Figure 1.7 Histological staining at week ({eft) and week §right) after
implantation The blue, light yellow, and black padre bone tissue, fibrous tissue,
and Ti6Al4V implant, respectivelfRen et al., 2021)

Several studies investigated the fabricatad nanostructures on 316L SS surfaces
via anodizationand characterized theffect of anodizationon surface properties

( Gy cz kWiwskak e;Beal i n a2 @&2elularifunctionf atift & )
al., 2013 Dhawan et al., 2017pand bacterial colonizatiof(Gonzalez et al., 2021
RodriguezContreras et al., 2018For example, anodized 316L SS surfaces
containing both microand nanopores were shown to induce ostechkaestcell

adhesion, which was correlated with increased surface rougthfmset al., 2020)
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In a recent study, anodized 316L SS implants were shown to improve bone recovery
4 weeks after implantation and supported osseointegratioa rabbit model
However, these anodized implants had-noiform and unordered nanostructures

on implant surfaceCho et al., 2021 Aside from tissue interactignvarious studies
identified the nanostructured surface topography to inhibit attachment and growth of
bacteria(Resnik et al., 2020Chopra et al., 2021Yhough the anodization method
was not used, nanoscale surface topography on SSsheagn to be critical in
limiting S. aureusindP. aeruginosaolony formationWu et al., 2018)In addition,

Jang et al. showed that naexiured 316L SS surfaces fabricated by electrochemical
etching significantly inhibitedscherichia coli(E. coli) andS. aureusattachment.
Though nanofeatures were identified to inhibit bacteria colonization, it should be
noted that aforementioned nandtees were irregular and did not possess an array

of repeating nanostructured topographical feat(ifasg et al., 2018)

Althoughnanofeaturedurfaces on 316L SS were fabricated via different techniques
to interact with various tissues, most of the fabricated surface features were non
uniform. Theycould not be scaledp for large curved areaandtheywere prone to
delamination failure, which would limit their use in orthopedic applications.
Anodization of 316L SS to provide uniform and controllable nanofeatures would be
advantageous, and optimization of the nanofeature size to enhance bione cel
functions and artiouling properties is required for their adaptation in orthopedic
applications. Therefore, the first aim of the thesis study is to identify a surface
topography that enhances bone cell interactions and, at the same time, limitlbacteria
colonization on 316L SS. For this purpose, we fabricated and characterized ND
structures on 316L SS using anodization. The effect of the ND size on bone cell
functions and antiouling properties against Grapositive S. aureusand Grarp

negativeP. aerugnosawas investigated.
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1.2.2 Anodization for Cardiovascular Application

There are several studies in the literature investigating the anodization of implant
materiak used for stents vitro andin vivo. For exampleNuhn et alindicatedthat
titanium stents havin@Onm diameternanotubularstructuresreducel stenosis by

30% compared tthe barestainless steaurface, as shown in Figure 1@luhn et

al., 2017) In addition, the nanostructured Ti stent showed 15.6% and 5.6% thinner

neointima over the struts compared to the bare Ti and SS stents.

P6929 ¢
UA-PROX 1RC "

Bare SS Stent

Bare Ti Stent

.

Nanotubular Stent

Figure 1.8 Stentedabbitarteries after 28 daysf implantation The
nanoengineered stents shema 15.6% and 5.6% thinner neointima over the struts
compared to thbareTi stent andareSS stent control grougbluhn et al., 2017)
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In another study, it was demonstrated that anodized zinc implants enhanced
corrosion resistance and improved endothelization with no observed neointimal
growth.However, the success rate of the polished implant surfabe @xpeiment

was observed to be only 44% due to lack of endothelization and the absence of

roughness on the implant surfg€uillory et al., 2019)

In other studynanoscaleoatedtitania on stainless steel stent sueswas shown

to improveendothelization. In addition, about 50% decrease in neointimal stenosis
and no thrombosis formation were observed aftgiantationin rabbit artery for 8
weeksin vivo. However significant lumen narrowing and-sient restenosis were
observed inthe bae SS stentThis stent restenosis occurrencaeatatedto poor
endothelizatiorwith no tissue ingrowth and lack of nanoscale topography on stent

surface as shown in Figure 9 (Cherian et al., 2020)

Bare SS

Titania Nano SS

Figure 1.9 The histology images difare(top) andb) nanoscald¢itaniacoatedSS
stent(bottom) after 8 weeks of implantatiqiCherian et al., 2020)

1.3  Aim of the Study

Despite its widespread us#l,6L stainless steel implatill havemajor drawbacks
in biomedic applicatiors. Various studiesare continually exploring surface
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modifications to address dhenges and improve the@iocompatibilityof 316L SS
implants. That being saidthere is a limitechumber ofstudiesinvestigatingthe
fabrication ofnanostructureon 316L SS antheir biologicalinteractiorsin vitro for
both orthopedic and cardiovascugplicationsTo fill this gapin literature, m the
first chapter othethesis, we brieflyintroduced316L stainless steel implantisedn
biomedical applicationsstated materiahduceddrawbackf using 316L SS, and
highlighted surface modification as a potential remddythe second chapter, we
investigated the use oanostructure@16L SSfor orthopedic applicationgnd how
osteoblast functions and bacterial colonization were altered up®nsurface
modification In the third chapter, we comprehensively investigated nanostructured
surface for cardiovascular stent applicatioBedothelial cell viability, migration,
functions, gene expression, along wilatelet adhesion and hemolysis ratere
investigated. In theirdal chapter of the thesisve discussed the results and future

perspectives of the nanoscale modiffddL SS implant$or biomedical devices.

Thus, the aims of this thesis are as follows:
1- For orthopedic applications;

Chapter2 focuses ommproving the osteoblast cellar interactions and limihg the
bacterial attachment on implant surfacEherefore, this chapter agn

(1) to obtain nanostructusg(ND) on the 316L stainless steel surfaemdto
characterie of physical and chemical properties tfe nanostructured
surfacs,

(i) to investiga¢ the osteoblast cellular interactiomsth the nanostructured
316L SS surface

(i)  to investigaé anti-fouling and antibacterial properties afnostructured
316L SSsurfaces
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2- For cardiovascular stent applications;

Chapter Jocuses onmproving corrosion resistance, enhamgendothelizationas
well aslimiting stent restenosis and thrombdsisstent applicationsTherefore, this

chapteraims

(iv)  to obtain two diferent morphologiesND and NP) with different feature
sizesto enhanceorrosion behavior andnit nickel ion release

(v) to evalua¢ human umbilical vein endothelial cqHUVEC) interactions
(proliferation, migration, cellular morphology, cellular functions and gene
expression) witlthe nanostructure@16L SSsurfaces.

(vi)  to limit plateletattachment onto the nanostructured 316L SS sutfaces
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CHAPTER 2

ANODIZED NANOSTRUCTURED 316L SS ENHANCES OSTEOBLAST
FUNCTIONS AND EXHIBITS ANTI -FOULING PROPERTIES

In this study, arrays of nanodimples (NDs) having controlled feature sizes between
25 and 250 nm were obtained on 316L SS surfaces by anodization. Results
demorstrated that the fabrication of NDs increased the surface area and, at the same
time, altered the surface chemistry of 316L SS to provide chromium -caike
hydroxiderich surface layersin vitro experiments showed that ND surfaces
promoted up to a 68%idher osteoblast viability on the fifth day of culture.
Immunofluorescence images confirmed a veplitead cytoskeleton organization on

the ND surfaces. In addition, higher alkaline phosphate activity and calcium mineral
synthesis were observed on the NEfaces compared thenonranodized 316L SS.
Furthermore, a 71% reduction $ aureusand a 58% reduction iA. aeruginosa
colonies were observed on the ND surfaces having a 200 nm feature size compared
to nonanodized surfaces at 24 h of culture. Cunivgdy, the results showed that

ND surfacenano topographyfabricated on 316L SS via anodizatiemhanced
osteoblast viability and functions while preventing S. aureusandP.

aeruginosabiofilm synthesis.

2.1 Materials and Methods

2.1.1 SamplePreparation

Austenitic 316L SS foil (0.5mm) was cut into 1 x 1%sized samples. Prior to
anodization, samples were ultrasonically cleaned in acetone, ethanol and distilled
water each for 10 minutes, respectively. For anodization, the samples were connected
to a DC power supply (Genesys 300V/5, TDK Lambda) which haaalkectrode
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configuration. A platinum mesh was used as the cathode and 316L SS samples were

used as the anode. 316L SS samples were anodized in ethylene glycol monobutly

ether (EG, Sigm&ldrich) solution containing 7.5 % (v/v) perchloric acid (HGJO

Sigma-Aldrich) to obtain nanofeatured surfaces. Anodization experiments were
carried out at temperatures | ower than 6
nanofeatures, applied potentials were altered between 25 and 80 V, and anodization
durations were set betégn 1 and 20 min. After the anodization process, all the

samples were rinsed with distilled water and dried at room temperature.

2.1.2 Surface Characterization

The surface morphology tiie noranodized (NA) and anodized 316L SS surfaces

were investigated bgcaining electron microscope (SEM, FEBova Nano 43P

equipped with a secondamlectron detectorFor analysis of thenanofeature
dimensionsthe measurements were compleien 30 different surface features

triplicate using ImageJ 1.51 softwafdationd Institute of Health. Atomic force

microscopy (AFM, Veeco, Multimode Vvas used to characterized nanoscale

roughness of the samples. Surfaces were scanned in tappdeusing a silicon

AFM tip having a10 nm radius. For each sample, 1 2Tields wereanalyzed at

arate of Hz. The AFM data were analgd using Image Plsoftware. The micron
scaleroughnessaluesof the samples were measured using a profilometer (MarSurf

PS 10) from at least three different locations. iydrophobicityof the samples s
characterized using a goniometer (EasyDrop,
e L) was dr opped osastile drap avatdr coatacthrgndlet thea n d

sample interface wemneasuredChemical compositiomf the outermostsurface

oxide layer on 316L SSvas characterized witk-ray photoelectron spectroscopy

(XPS; PHI 5000 Versa Probejjuipped witthh mo n o ¢c h r o meay sowce.A | KU X
High resolution spectra of theér 2p, Fe 2p, O 1s, and C 1s peaks were obtained. C

1s peak was used aderwence and set at 284.8 e¥urve fitting of peakavere

performed with XPBeak 41 software.
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2.1.3 Cytotoxicity Testing

Human osteolalsts (hFOB 1.19, ATCCCRL 137 2) wer e cul tured u:c
Mo di f i e dVediuang DMER,sSigmaAldrich) supplemented with(Rs fetal

bovine serum (FBS, Sigmal dr i c h) , 1% peni ci-Aldrichini str e
and 1% Lglutamine (Sigm&A | dr i ch) wunder standard cell
and 5% CGQ). Prior to cell culture, 316L SS samples were sterilized with 70%
ethanolfor 15 min, followed byJV sterilizationfor 30 min.3-[4,5-dimethylthiazol

2-yl]-2, 5diphenyl tetrazolium bromide (MTBssay was used to assessseiface

interactions hFOBs were seeded onto sterile 316L SS samples at a dens@ of 1
cells/cnt and cells werecultured up tds daysin vitro under standardell culture
conditions ( 3)7Afték Be mesaibedbtivhe @@mdsamples were

rinsed with 1xPBS and transferred to fresh wél€d 0 Mg TLsolution (1 mg/ml)

was added do each sample and samples were incubated fotalform formazan

crystals Theformazan product was solubilized ®IM HCL solutionpreparedn

isopropanal 250 € L o fsolutidn éromdeach samplewvaditransfered

obtain absorbance readings 570 usinga microplate readefThermo Scientific

Multiskan GQ. The absorbance values sédmpleswithout cells (blank) were

subtracted from the obtainedbsorbancelata MTT experiments were repeated for

three times with thregamples in each replicate

2.1.4 Cellular Imaging

Cellular morphology was assessed both with SEM anchunofluorescence

imaging Prior to imaging, hFOBs seeded onto sterile sampézs culturedunder
standard cell cul tur 8. Auhe 8day of cubureSFOBs3 7 AC &
were fixed using 4% paraformaldehyde (SigAldrich) for 20 minutes. For SEM

imaging, fixed cells werdehydrae¢dwith 30, 70, 90, 95 and 100% (vAthanol for

10 min each Afterwards, samples wetesatedwith hexamethyldisilazengigma

Aldrich) and left to dryfor 12 hr The dried samps were coated with gold using
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sputter coateand the images were captured with SEM (Rieva Nano 43) For
immunofluorescencemaging fixed cells were permeabilized with 0.2% Triton X
100 for 30min and blocked with 5% BSA for 30 miActin fibers were stained with
phalloidin prepared at a 1:200 dilution factor (Abcam) for Nuclei of the cells
were stained with 4 Nglianidinc2-phenylindole dihydrochloride (DAPI) solution
prepared afl:40 0@ dilution for 30 min.Images were captured with a confocal
microscope (Zeiss LSM800) and merged with ZEISS ZEN Imaging Software.
Quantitative analysis was completedsing ImageJ (NIH)n triplicate using three

replicates for each experiment.

2.15 Cellular Functions

To assess hFOB functions, cells were incubated up to 5 weeks using osteogenic cell

medium (DMEM F12, 10% FBS, 1%4g | ut ami ne, 1% penicillinist
ceg/ mhastorbic acid, 0. 01 -glyeraprosplhateeuhdera s one, 1
standard celc ul t ur e condi t i o)nTo(measureAACP amtivity, 5% CO
hFOBs were seede dcelistcnf ento dterire saimples. Ab2% 3,21 10

and 5 weeks of culture, samples were rinsed
wells, followed by additom f 400 &L 0.2% Triton X solution
cell s. Cel | |l ysates were centrifuged at 14
supernatants. ALP activities were assessed using a commercially available kit
(ab83369, Abcam) f o Islinstnugtiong Abisdibancenvaluesi f act ur er
were obtained using a microplate reader (Thermo Scientific Multiskan Go) at 405

nm. The ALP activity of hFOBs were determined using a standard absorbance

concentration curve of phosphate run in parallel. For alizarirsreda i ni h g, 3110
cells/cnt were seeded onto sterile samples. At 2, 3, 4, and 5 weeks of culture, cells

were fixed with 4% paraformaldehyde for 20 min. After rinsing the samples with
distilled water, 500 €L of a 40edomd ali zarin
each sample and samples were kept for 30 min at 80 rpm. Then, each sample was

rinsed with distilled water once more to remove unbonded Alizarin red. Calcium
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deposited on the samples were visualized with optical microscope (Huvitz). For

guantitatne anal ysi s, 500 eL of a 10% cetyl pyr

10 mM disodium phosphate was added onto each sample, followed by mixing the
samples in the dark for 1 h at 80 rpm. At the end of 1 h, the absorbance values were
measured with a micptate reader (Thermo Scientific Multiskan) at 562 nm. ALP
and alizarin red assays were performed in triplicate using three replicates for each

experiment

2.1.6 Anti -Fouling Performance

Bacterial tests were conducted with grpositiveStaphylococcus aure(S. aureus
ATCCE 259 2 3 EXegaiveldseudgomenas aeruginog®. aeruginosa
ATCCE 27853E) t ofoutng properties of sampies. Bacteria ivere
taken from the stockulture and streakeahto a tryptic soy broth (TSBagarplate

After 24 hr, a singleolony fromthe agar plate wasoculatedinto 3% TSB and
incubated at BA C f orat 20BrpmhS. aureusand P. aeruginosabacterial
suspensions were prepared accaydim 0.5McFarland standardsind then further
diluted 1:100with 1xPBS prior to seeding. 0.5 ml bacteria solution was added onto
each sample anhcteria were allowed to adhere for 1 hr. After 1 hr, samples were
gently rinsed with 1xPBSransferredo freshwells and incubatedvith 0.3% TSB
at37AC up to 24 hr. At 1, 4, 12 atod 24
steriletubes containing 1#BS. Each sample was vortexed for 90 secondstich
bacteriafrom the sample surfac@sto the PBSsolution. Afterwards, PBS solution
containing the bacteria wererialy diluted, followed by plating20 kL of each
dilution onto agar plates. After 18 h of incubatiohe thumber otolonies on the
agar plates was counted argportedper milliliter of bacteria solution for each
sample To visualize the adherent bacteria, samples inoculatedSvigureusor P.
aeruginosavere gentlyrinsedwith 1xPBSat 4 and 24 hr of cultureSEM imaging
protocol detailed in section 2.4 was followed.
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Biofilm formation on samples was evaluatedtbystal violet (CV) staining. Similar

bacteria seeding and culture protocol were followed. After 24, 48 and 72 hr of
incubation,media on the samples were aspirated. Afterwards, the samples were
washed 1xPBS and transfe ed t o fresh well s. Bi ofi Il m wer
0.1% CV solutionfor 15 min Once staining was completed, CV solutions were

aspirated and the samples were gently washed three times with 1xPBS. Once samples

were dry, 500 OL e taddedforl5 mindddEgolvesCy¥ dyet i on wa's
staining the biofilm. @tical density valueweremeasured até nm.

2.1.7 Statistical Analysis

The SPSS software wassed for the statistical analysis. Gmay analysisof
variance (ANOVA) warforrheddr data @analfssp <t0.85wvds wa s

considered statistically significant.

2.2 Results and Discussions

221 Surface Characterization

Figure 2.1a showsthe schematic of the electrochemical -sgt used for the

anodization experiments, where a platinum mesh was used as the cathode and 316L

SS samples were the anode. Tharrenttime (I-t) graphs obtained during

anodization of 316L SSamples were provided ingare21 b. As evident i n t|
curves, the formation of nanostructured surfaces consisted of three characteristic

regions when higher voltages were used. In the first region, current passing through

the system decreased swiftly, which was a result aleolayer formation on the

316L SS surfaces. This was followed by a second region where current passing

through the system increased. In the second region, dissolution of the oxide layer

started and formation of nanostructures began. Finally, gradualadecne the

current was observed in the third region due to the limited ionic diffusion across the
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oxide layer on the surfaces. The formation of three distinct regions ot tiraph

was inline with literature for anodization &S sampleslin contrastthese three
characteristic regions in thd braph did not appear when lower voltages were used
during anodization. This was primarily due to lower voltages not being able to
provide enough driving force for voltage induced oxide layer formation and
dissdution mechanisms to dominate over each other at specific regions of the |
graph. Though oxide layer formation and dissolution mechanisms were still active,
three distinct regions were not evident on ttegtaph. After anodization of 316L
SS, the surfee morphology was verifiedith SEM (Fig 2.1c-f). It wasobserved that
highly ordered uniform nanostructureformedon the 316Lsurface. The obtained
nanostructures had a dimgike morphology, and thus these anodized samples were
referred as nanodimp(&lD) samplesit was observed that the ND sizas sensitive

to the anodization voltagasthe applied voltagavasincreasd, thefeature size of
NDs increased, as welln fact, arrays of NDs having a controlled and uniform
feature sizeranging from 25to 25 nm were fabricated bgltering the applied
voltage(Fig 2.1c-f). Fig2.1g showed thathere was dinear relationship betwedhe
applied voltage anthe feature size ofhe nanalimplesforming on 316L SS(R?
0.98) In this studywe selected 8ifferentND sizes for sample characterization to
cover both nano and submicron size regimes. The selected Nvsia25.3 N 1.8

nm, 110.8 N6.1nm, and 28.9N12.5nm, and these samples were referred a@ D
ND100 and ND200, respecély. In addition, thenonanodized316L SS samples
were used as control, and they westerred adNA (Erdogan & Ercan, 2023)
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Figure 2.1 a) Schematic of the anodization-sgt b) Currentime graphs obtained
during anodization of 316L SS. SEM micrographs of ¢) NA, d) ND25, e) ND100,
and f) ND200samplesg) ND feature size vsoltage graph for anodizesampes

Table 2.1 Therelation betweemnodization voltagavith duraton andthe obtained

nanofeature size.

Vol tagl 25 30| 40| s0 60 70
Dur at 20 15| 10 10 5 1.5
( mi n)

~

Nanofe|l 25N339N177N]11
Si ze 18 2.5 3.3 6.

26



Figure 22 shows AFM micrographs and the corresponding roughness profiles
across the given lines on the sample surfadé®gse figures verified that the
anodization processreated aunique nanostructured topography on 316L SS
surfaces. The roahean square roughness values (Sq) calculated thenAEM
scans were 1.5 N 0.2, 2.9 N 0.5, 9.7

ND100 and ND200 samples, respectively (Table 1). Furthermore, surface areas of

thesampl es were calculated to be 0.94 K

0 . 2 7 forete NA, ND25, ND-100 and NB200, respectively (Table 1). It was

clear that nanoscale surface roughness and surface area of 316L SS increased upon

anodization. In fact, the increase in ND feature size increased both surface roughness

and surface aredhe ND200 sample had the higheanoscale roughnegs< 0.05)
and had the largest surface arpa(0.01)comparedo theNA. It should be noted

that the surface roughness measurements and area calculations were limited with the

resolution of the AFM tip to interact with the dimple shaped nanostructures on the
316L SS surfaces. Thus, surface morphologies could only be paréiptgsented

on the AFM micrographs. RMS and calculations represented the lower limit to the
RMS of the surfacesln addition, the roughness profile of the ND structures

increased with an increase in NE&ature size, which were measured to be around 1

N 3. 16 N 1.8 and 70 N 2.6 nm for ND25,

However, when microrscale surface roughness was measured, there was no
significant difference between ND and NA surfaces (Table 1). These results
indicated that anodization press did not change micrometer surface roughness, yet
increased the nasoaleroughness of the surfaces.
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Figure 2.2 AFM images and the corresponding roughness profiles obtained across
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Table 2.2 Nano and micron-scale surface roughnessvalues, surface areas, and

sessiledrop watercontactangles forthe NA, ND25, ND100, and ND206amples

*p < 0.05 and **p < 0.0tompared to NA.

Sample Surface Surface Surface Water
Nanostructured | Micronstrucutred Area Contac}
roughness roughness (e M) Angle (A

(Sq) (Ra) ]

NA 1.5 N 0.129\D.004 094N O.| 63. 6
ND25 2.9 N 0.1220.006 0.97N 1a . 69.7N .53
ND100 9.7N 2%t . 0.126\0.007 110N 1@.  65. 3
ND200 20.1N2.1* 0.123\0.008 1.74N0.27* | 72 . 6 N

Sessile dropvater contacangles value forthe samples were given in TableWe

can assume that all the samples in this study showed hydrophilic characteristics
independent of having NDs or not due toaleontact angles values below®®n

the other handD200samples had a slightly higher water contact angle compared
to NA (p<0.05) This resultcould be explaineavith CassieBaxtertheory, which
included the effect adurface roughnesm contact angleSince anodization process
created NDs on 316L SS surfacéswas possible thawater dd not completely
penetratehroughthe NDs and ld¢t someair gaps whichled to an increase in water

contact angle valuef ND20Q

High resolution XPSpectra ofNA, ND25 and ND20Gampleswere provided in
Figure2.3. Curve fittingfor chromium peaks (Figuz3a) showed that NA surfaces
consisted o€r(0) (metallic chromium), GOs, Cr(OH) (hydrated chromium oxide)

and CrQ components and expressed peaks at aroun®,5535.5, 576.8 andl79.0

eV, respectively. Upon the anodization, Cr(0);@y Cr(OH) and CrQ peaks for

the ND25 samples slightly shifted to 574.1, 575.9, 577.1 and 579.0 eV, respectively.
For ND200 surfaces, &3, Cr(OH) and CrQ peaks shifted to 575.8, 576.9 and
578.9 eV, respectively(Latifi et al., 2013) The anodization process alterdte
chemical composition of the outermost layer of 316L SS and led to an increase in
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the Cr(OH} content for ND25 and ND200 surfaces compadoadA. Changes in the
oxidation state of chromium led to higher binding energies in the Cr 2p spectra.
Metallic Cr on thesurfaces was oxidized during anodization. However, the Cr(0)
peak was still apparent for the ND25 surfadas to lower potentials used during
anodizationOn the other hand, Cr(0) peak disappeared from the XPS spectrum for
the ND200 surfaces, whiacould be correlated with accelerated oxidation at higher
voltages. Similarly, anodization process affected the chemical composition of Fe 2p
at the 316L SS surfaces. Fig@r8b showed curve fitting for Fe 2ppeaks, where

NA surfaces consisted of méiairon (Fe(0)), FeOs and FeOOH at 707.0, 710.2

and 711.7 eV, respectively. Upon the anodization of 316L SS, Fe(f); Bad
FeOOH peaks for the ND25 surfaces slightly shifted to 707.2, 710.6 and 712.2 eV,
respectively. For the ND200 surfaces, Fe(@&Oz and FeEOOH peaks appeared at
707.0, 710.4 and 712.1 eV, respectively. The intensity of the Fe(0) peak decreased
on the anodizedurfaces compared to the NA surfadéhen peak intensities were
compared, the lowest Fe(0) intensity was observed for Bi#ON surfaces, followed

by the ND25 surfaces and the highest Fe(0) intensity was observed for the NA
surfaces. On the other hand, an opposite trend was observed@ay Where the
highest FgOz intensity was observed for the ND200 surfaces, followed BN
surfaces and the lowest peak intensity was observed for the NA suffaiseesult

was an indication for oxidation of the metallic Fe and formation eDfen the
surfaces of 316L SS upon anodization. When XPS peaks were carefully investigated,
it was observed that anodization reaction led to slight shifts for all of the chromium
and iron peaks towards higher binding energies. This could be attributed to the
diffusion of oxygen anions into the 316L SS matrix during anodization process.
When negativel charged oxygen anions migrate towards positively charged 316L
SS anode, their concentration inside the 316L SS lattice increased, which led to
higher binding energies for the electrons. In literature, the color change of electrolyte
used during anodizath was provided as an indirect validation ofdxade layer
dissolution during anodizatigoand our findings were #ine with this assessment.

When Cr(oxide+hydroxide) / Fe(oxide+hydroxide) ratios of the surfaces were
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analyzed, NA surfaces had a ratio®R0, while this ratio was 0.44 and 0.48 for
ND25 and ND200 surfacesespectively. Thigesult indicated the formation of
chromium oxide and hydroxide, while iron oxide and hydroxide content diminished
attheND surfaces layers. The highsolution spectim of O 1s (Fig.3c) was curve
fitted with three different peaks at 529.8, 531.2, and 58%.4or the NA surfaces
and these peaks were assigned to net@les, hydroxides, and adsorbed water,
respectively. These peaks on ND25 and ND200 surfaces stufs9.9, 531.4 and
532.8 eV.The intensity of thdwydroxide peak significantlincreased on ND25 and
ND200 compared to NA. The hydroxylation degree ({OH) was quantitatively
analyzed to be 0.91, 1.09 and 1.28 for NA, ND25 and ND200 surfaces, redgective
The overall increase in the Oebntent might provide some negative charge for the
ND25 and ND200 surfaces. The increased intensity of CH{@éBk (Figure2.3a)
supported the formation of hydroxyl groups on the oxide layer (Fg3@®. This

was reléed to oxidation and dissolution of Cr under the applied voltages. When
voltage was applied, initially chromiwoxide formed on the 316L SS surfaces.
Afterwards, this layer dissolved inside the electrolyte to form chrorhiydnoxide,
whose XPS peak was ayged at higher binding energies. Overall, XPS results
showed that anodization procedsanged thesurface chemical layeromposition,
which, might have contributetd theaffects biological and antibacterial properties
of 316L SS.

a) Cr 2p,, c) O1s 2
Cr{OH), cr,0
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Figure 2.3 High-resolution XPS spectra tdfieNA, ND25, and ND200 sample
surfacedor thea) Cr 2p3/2, b) Fe 2p3/2, and c) O 1s peaks.
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2.2.2 Osteoblast Interactions

Figure2.4 showed that osteoblasts were viable andesstully proliferated olNA,

ND25, ND100 and ND20Gurfaces up to 5 dayis vitro. ND200 significantly
enhancecFOB proliferation compared to NA at th& dnd 39 days of culture (p
<0.05). At the end of '8 day, ND200 and ND100 both promoted higt#iOB
viability compared to NA (**p<0.01 and *p<0.05). The reason for the increased
cellular viability on ND200 could be explained with its unique surface properties.
Specifically, ND200 had a higher nanoscale roughness and surface area compared to
NA (Table 1) The increased surface area promoted higis¢eoblast adhesion,
proliferation and viability on ND200Similarly, nanodimpldike structures on
anodized 304L stainless steel promoted ostecbkastell viability and functions.
However, theaforementioned study did not investigate features less than 100 nm
pore size(Dhawan et al., 2017b) Similarly, Ernestoet al. reported anodization
proaess increased surface roughness, resulting in enhanced cellular viability on
nanostructured titanium surfacgPartida et al., 2017)SEM micrographs of
osteoblasts after 3 days of culture were presented in Figdiee. These
micrographsdemonstrated that hFOB interadtto a greater extend with the ND
samples compared to the NA sam@@EM imageglearly showed hFOBs expressing
more filopodia on ND surfaces compared to NA. Cellular morphology and
cytoskeletal organization was also investigated with fluorescetaogirg (Figure

2 4f-i), where bluedye-stained nuclei and reddye-stained f-actin filaments.
Fluorescent microscopy images reveaedell-spreadcellular morphology with
well-organized factin fibes for hFOBson ND surfaces. Quantitative analysis of
hFOBrevealed that cells covered a surface afea3N0.1, 2.2N0.3*, 2.1N0.3%,

and 2.2N 0.2* (10° x mm?cell) for NA, ND-25, ND-100 and NB200 samples,
respectively. Clearly, osteoblasts spread more on ND samples cortp&tad*p

< 0.05). The differences in cedurface interactions could be attributed to the changes
in the surface topography of the ND samgfean et al., 2013)t has been suggested

in literature that cellular adhesion was sensitive to nanosoalghnessof the
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surfaces, whichied to enhanced cellaradhesiorand proliferatior(Hsu et al., 2020
Cho et al., 2021)The existence of numerous filopodia extensions and longer actin
filamentson nanodimpled surfaces indicated that nanoscale topography provided a

suitable environment for ceflurface interactions.
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Figure 2.4 a) Osteoblast viability othe NA, ND25, ND100, and ND208amples
upto5daysnvitro.* p < 0. 05, and **p < @&. 01. (b1
osteoblastsitthe third day of culture  ( f T i ) Nu caktie (red)étdinedu e ) and
osteoblasts othe (b, f) NA, (c, g) ND25, (d,h) ND100, ad (e,i) ND200 samples
atthe third day of culture.
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To investigate hFOB functions &A, ND25, ND100 and ND208urfaces, l&aline
phosphatase activitfALP) and calcium mineral deposition assays were completed
up to 5 weeksn vitro (Figure2.5). It wasobserved that at thé'®and 3¢ weels of
culture hFOBs cultured oiND200expressed higméALP activity comparedo NA

(p < 0.05). However, at theéand5™ weeksof culture no difference was observed
between the sample grousgure2.5a). ALP playedan important role in early bone
formation andit wasan early-stagemarker to indicate osteogenic differentiation of
osteoblastsThis was evident in our results wheranctructured surfaces promoted
higher ALP activityat early time points, as it wagquired for successful bone
synthesisin vivo. To assesgalcium mineral depositioof hFOBs, alizarin red
staining wasonductedor NA, ND25, ND10Q and ND200surfacesup to 5 weeks

in vitro (Figure2.5b). It was observed thahineralizationgradually increasedith

cell culture timeafterthe 29 weekin vitro. NA samples consistently had the lowest
mineralization at each time point. At th& and 4" weeks of culture, ND200
expressed the highest mineralization compared tostfaces (p<0.01). At the"s
week of culture, all ND surfaces promoted higher calcium mineral deposition
compared to NA (p<0.05)The optical microscope images of the AlizaRed
stained samples demonstrated abundant calcium deposits snrfédes at the'
week in vitro. These images qualitatively confirmed absorbance readings and
confirmed higher mineral content (red color) on the ND surfaces compared to NA.
Since cellular spreading was shown to promote cellular functions, enhanced ALP
activity and calcium mineral synthesis on ND surfaces could be attributed to the

well-spread hFOB morphology on NddirfacegPan et al., 2013)

Nanoscale topography of the surfaces significantly affect adsorption of RGD peptide
bearing proteins, vitronectin, fibronectilaminin and collagen, which stimulates
adhesion and functions of bone c€llsio et al., 2022Le et al., 2013)Nanoscale
roughness was also correlated with upregulationstéogeniggenesand ensured
better interaction between bone and impl@fitet al., 2020) Our resuls indicated

that the nanostructuresirfaces promoted hFOBability, spreading and functions

Also, nanoscale surface topography of ND surfaces induced higher ALP activity and
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Anti -Fouling Properties
Since creating nanostructured topography on 316LSS surfaces enhanced hFOB

viability and functions, these surfaces were further investigated to assefssi Bimd
P. aeruginosalgramnegative) orthe surfaces were assessed by counting colony

behavior of 316L SS. Thdtachmentand growth ofS. aureuggrampositive)and

2.2.3



forming units (CFUSs), as given in Figuz6 and2.7, respectively After 1 h of
incubation, the quantity of adhereéhtaureusolonieswas 61%, 62% and 66% less

for ND25, ND100 and ND200, respectively, compared to NA (Figga). At 4, 12

and 24 h of cultureS. aureugrowth on ND200 surfaces wesduced by 7%, 79%

and 71%, respectively, compared to M surfacesin addition,S. aureuggrowth

on the ND25 surfaces was 57%, 72% and 68% reduced compared to NA surfaces at
4,12 and 24 h of culture, respeetiy. For the ND100 surfaces, 62%, 72% and 70%
reduction in CFUs was observed after 4, 12 and 24 h of incubation, respectively,
compared to the NA surfacéSEM images confirmed a similar trend that ND200
surfaces limite. aureugrowth compared to NA sfaces at 4 and 24h vitro (Fig
2.6(b-e)). Moreover, agar colony counts further confirmed that nanostructured
surfaces had lesS. aureusolonies compared to the NA surfaces (Eig(f-i)). A
similar trend was also observed for graegative P. aeruginoa growth on
nanostructured surfaces. The results showed that ND25, ND100 and ND200 surfaces
significantly limited attachment of P. aeruginosaby 71%, 70% and 77%,
respectivelycomparedo NA after 1 h of incubation (Figuiz7a). In fact, after 4,

12 and24 h of incubationP. aeruginosacolony counts were 88%, 75% and 58%
reduced on ND200 surfaces compared to NA surface, respectedgruginosa
CFUs on the ND25 surfacegere 86%, 66% and 54% reduced compared to NA
surfaces after 4, 12 and 24 hin€ubation, respectively. For the ND100 surfaces
84%, 65% and 54% reductiomere observed after 4, 12 and 24 h of incubation,
respectively, compared to the NA surface. SEMrographs in Figure.7(b-e)
further confirmed reduceB. aeruginosagrowth on ND20 surfaces compared to

the NA surfaces at 4 and 24h of cultumevitro. It was important to note that our
experiments also showed limited biofilm growth up to 72 h on ND200 compared to
NA for both bacteria strains (Figu2esj and2.7j). At 24 h of inculation the biofilms
formed byS. aureusindP. aeruginosan theND200 surfaces were reduced3326

and 31%, respectively, compared to the NA surfasethe end of 48 and 72 h, the

biofilms formed by S. aureuson ND200 surfaces were 27% and 25% less,
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regectively, compared to the NA surfacédoreover, he biofilm formed byP.

aeruginosaon ND200 surfaces was 15% less at the end of 48 h compared to NA.
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Figure 2.6 a) S. aureugolony counts othe NA, ND25, ND100, and ND200
samplesSEM micrographs db. aureusfter (b,c) 4 h and (de) 24 h of culture on
the(b, d) NA and (ce) ND200samplesRepresentativ8. aureugolonies orthe
f) NA, g) ND25, h) ND100, and i) ND20& 24 h of culture. j)5. aureusiofilm

formation onthe NA and ND200sample*p < 0.05 and **p < 0.01.

The change in surface propertisach as surface roughness, chemistry, charge and
wettability are important to control bacteriateehmentand biofilm formation

material surface@~eng et al., 2034Cheng et al., 2019)n this study, we observed
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that anodization processrfaces clearlplayed an important role on the afduling
properties of 316L S@.. Liu et al.,2016 Ercan et al., 2011)'hough anodization
process did not change the micron scale roughness of the 316L SS surfaces, it
increagd their nanoscale roughness (Table 1). Our results showed that fabrication
of nanodimple structures affected bactewimface interactions, and decreased
bacterial attachment, growth and biofilm formation on the 316L SS surfaces.
Nanometer scale surfaceughness obtained via anodization had a significant effect
of limiting bacterial growth. Our results wereline with previous findings where
nanoscale surface roughnessstainless steel was found to decrease grow#. of
aeruginosaand S. aureugWu et al., 2018)In fact, several studies showed that
fabricating nanoscale surface features limited bacterial growth despite having greater
suface aregJang et al., 2018 eng et al., 2014Singh et al., 2011)or instance,
Agbeet al showed that antibacterial efficiency of the anodized aluminum increased
linearly with increased pore diameter and surface nanoscale emgghithey
informed that 151nm pore size effectively killed 100% Bf €oli) (Agbe et al.,

2022) The mechanism of action for afitiuling characteristics for the
nanostructured surfaces was closely linked to the nanoscale topography of the
samples. It was suggested that bacteria could attach more easily and establish more
stableattachments on smooth surfaces compared to rough(dheet al., 2018)
Having this said, nanostructuredugmesscould restrain bacterialteachmentby
decreasing the contact aregtween the bacteria and the surfaces. It was proposed
that nanostructure on 316L SSled to deformation and stressn the bacterial
membranesand thus samples exhibited bactericieféct(Jang et al., 2018)n our

study, while nanostructurg@dpography causkstress orthe bacterial membranes,
nanosmooth surfas (.e. NA) provided higher contact area with bacterial
membranes anskt the stage fanore suitable attachment, which was demonstrated

in Figure2.8. It could also be speculated that anodized samples, despite having a
higher total surface area, mightaally have less available area for contact between
the bacteria and the anodized layer due to having dimple morphology which had

relatively deeper regior{eng et al., 2015Yhough lacterial cells, especially gram
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negative bacteria, could still deform, bend and maintain their contact with the
underlying surface via their appendages, the dimple morphology might limibeell
surface contact area. Thus, it was possible that area dedatbacteria to attach

on the anodized nanodimpled surfaces might be less than the area calculated with

AFM.

P._aeruginosa

a) 650 A

Figure 2.7 a) P. aeruginosaolony counts otheNA, ND25, ND100, and ND200

samplesSEM micrograph®. aeruginosafter (b,c) 4 h and (de) 24 h of culture

onthe(b,d) NA and (ce) ND200samplesRepresentative. aeruginosaolonies

onthef) NA, g) ND25, h) ND100, and i) ND20€amples a24 h of culture. jP.

aeruginosabiofilm formation onthe NA and ND200samples*p < 0.05 and **p <
0.01.
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In addition to the nanoscale topography, surface chemistry of 316L SS also changed
during anodization. Changes in the surface chemistry could alter the hydroxylation
degree and the surfaceacbe, which might affect bacteriatachmentand growth

(S. Li et al., 2019)Considering that bacteria possessed negatively charged surfaces
due to carboxyl, amino, and phosphate functional groups on their cell membranes,
they were expected to adhere more effectively onto positively charged surfaces due
to electrostatic interactis (Zheng et al., 2021¥7hu et al showed thaE. coliand

S. aureuseffectively adhereanto the positively charged surfaces by electrostatic
attraction, and as a result proposed negatively charged surfaces to restrict bacterial
attachmen(Zhu et al., 2015)Research conducted on anodized alumina showed that
when the nanopore size on the surfaces decreased, surface area of the samples was
increasing, which was enhanced repdsforces between the surfaces and the
bacteria. The increased repulsive forces were, in turn, reducing the bacterial
attachment onto the nanostructured surf@iéerg et al., 2014¥%imilarly, our results
showed that the nanodimple surface topography on the anodized surfaces,
independent of the size of the nanodimples, reduced bacterial attachment, growth
and biofilm formation compared to the NA surface lacking nanofeatures. In our
study, the hydroxylation dgee (OHO?) was increasing for the nanodimple
surfaces compared to NA surfaces, which might hint for increased negative charge
on the sample surfaces. Additionally, the anodization process was also increasing the
total surface area for the ND sampleslfle 1). Since ND surfaces had a higher
surface area which was also enriched with,GHcould be speculated that the
negative charge accumulated on the increased surface area of the nanodimple
samples might contribute to the afduling properties (Figte 2.8b). Althoughthe
anti-fouling effect of negative charges @H" could be partially cancelled by the
positively charged catiorferming metal hydroxide on the anodized surfaces, excess
OH,, if present, might still contribute to the decreased bactesiahization on the

samples.
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To sum up, electrochemical anodization d4f6B SS created a uniform array of
surface features having nanodimple morphologsgbrication of nanostructured
surfacetopography on 316L S@reat affected hFOB viability and bacterial growth
Nandeaturedsurfaces proved to berducive to the proliferain andmineralization
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of bone cellsin vitro, and has the potential to promote early osseointegration.
Additionally, creatingnanodimple morphologies having 200nm feature cGiz&l6L

SS surface provided antfouling properties thatdecreasedS. aureus and P.
aeruginosagrowth in vitro. To the best of ouknowledge, this is the firdtme
nanostructured surfacegpographynanodizedB16L SSsurfacesvas demonstrated
simultaneously to upregulatd-OB functionswhile limiting bothS. aureusandP.
aeruginosa biofilm formation. According to these results, we suggest that
anodization of 316L SS implant surfaces is a simple,-effsttive and efficient
methods to remedy bioinert nature and septic failure of 316L SS based orthopedic
implants, andharodimple morphologies having 200nm feature siz8 8L SSwas

promisingfor bone tissuengineering applications.
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CHAPTER 3

FABRICATION NANOSTRUCTURED 316L SSFOR CARDIOVASCULAR
STENT APPLICATIONS : IMPROVED CORROSION RESISTANCE AND
ENHANCED IN VITRO ENDOTHELIZATION AND HEMOCOMPATIBILITY

Nowadays, many researchers focus on surface engineering approaches to modify
stent surfaces to improve corrosion resistance and enhance rapid endothelization
However, there is still aracial gap in addressing the need for effective solutions to
promote rapid endothelization, prevent stent restenosis, and ensure optimal
hemocompatibility.In this study, oxide based nanostructu@tbL SSsurfacs
having two distinctsurface morphologies,which were nanodimple (NDs) and
nanopis (NPs), and controlledeature sizefrom 25 to 200 nm were fabricated by
anodization onto 316L SS surfaceéfterwards the surface morphology,
topography, ion release, corrosion behavior and sudaesistry of nanostructured
samples were characteriz&libsequentlythe interaction of HUVEC cells with the
nanostructuredsampleswere investigated The results demonstrated that the
nanostructured surfaseexhibited improved endothelization, enhancesllutar
migration, and promoteHUVEC functions such as nitric oxide and prostaglandin
production while restricting the expressions of VCAM and ICAM genés.
addition, nanostructured surfaces exhibited reduced platelet adhesioenanlysis

compared tahebare316L SSsurfaces

3.1 Materials and Methods

Austenic 316LSS foils (0.5mm) were preparéalhavel x 1 cnf sized squaresind
ultrasonically cleaned iacetone, ethanol and distilled waeachfor 10 minutes,
respectively. Anodization was conducteding a twoelectrode configuration
connected t@ DC power supply (Genesys 300V/5, TDK Lambda). Platinum was

used aghe cathode while the sample was usedhesanode. The electrolyteas
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stirredat 4 rpmusinga rotating magne#nodizationexperiments were carried out
at temperatures lower than & CThe samples were anodized using 7.5 vol %
perchloric acid(HCIO4, 70% in ethylene glycolmonobutly ether solutions to
fabricated nanodimplenorphologies. To fabricated 25 and 200nm featuredsize
nanodimplesurfaces27V was applied fo20 min and 70Mvas applied foB0 sec,
respectively.To fabricatedthe nanopit morphologies, nanodimglesamples were
anodized in 0.4 Msodium dihydrogen phosphate solutetr?0Vfor 15 min. After
the anodizatioprocessall thesamples were rinsed withstilled water and dried at

room temperatuce

311 Surface Characterization

The morphology ofsurfaceswas investigated byscanningelectron microscope
(SEM, FEI, Nova Nano 430) equipped with a seconddegtron detetor and
accelerahg voltagewas keptat 10 kV. For analysis of thdeature sizgthe at least
50different surface featurdsom each sample were measuuosihg the ImageJ 1.51
software(National Institute of Health, &hesda, MD), and the experiments were
conductedin triplicate. The surface roughness of samplas characterized by
atomic force microscopy (AFM, Multimode V, Sant@8arbard. The surface
topographyvaso bt ai ned i n afdtdlade phfieddg wemanayzead at a
scan rate of Hz. The AFM data of the samples were analyaising Image Plus
software (Peseux, Switzerland)he sirface hydrophobicityof the sampleswas
analyzedwith sessile drop water contact angle using a goniometer (EasyDrop,
KR! Snbh@, Ger many) . Ultrapure water (8 ¢€lL)
and then water contact angles the sample interface wemeeasuredThe surface
charge ofthe samples was measured as streaming potential with electrokinetic
analyzer (SurPASS, Anton Paafrhe pH value was kept 7.4 during the analysis. In
order to calculatéhe zeta potential of sampleldelmholtzSmoulchowski equation
was usedChemical compositionf theoutermossurfacdayerof the samplesvere

characterized withX-ray photoelectron pectroscopy (XPSThermo Scientifi¢
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equipped witth mo n o ¢ h r o meay sourcetigh resolltiorXspectra of the

Cr 2p, Fe 2p, Ni 2p, O 1s, and C 1s peaks were analyzed. C 1s using as reference
peak and set at 284.8 e@urve fitting ofthe peakswereperformed with XPBeak

41 software.

3.1.2 Electrochemical Polarization and Ni lon Release

Electrochemical corrosioof the samplesvascarried out in &uroCell (Gamry)kit

using a potentiostasystem (Referencel010E Gamry) A conventional three

electrode cell system comprising of tlS sample as the working electrode,

Ag/AgCl electrode athereference electrode, and a graphite rod as counter electrode

was usedn this study The open circuit potentialQC) wasconductedor 1 hour in

order toreach a steady state conditighot ent i odynami ¢ currenti
wer e sweptVitd0.2bvhat &a Scanzrdie of 0.16 mVHEectrochemical

impedance spectroscopy (EIS) measurements were perfasimegAC amplitude

of NLO mV and an applied 2H2 g uteon ¢ § 0 Or aknHyzi
Electrochemical results were repeated three times to ensure the repeatability of the
experiments. Corrosion potential (&), corrosion current densitylcr) and

impedanceiftings were determined usin@amry Echem Analyst software

3.1.3 HUVEC Cell Culture

Human umbilicalvein endothelial cells (HUVECs, ATGCRL1730 were cultured
using Dul beccods mo deM SigendAldich)gupmetnenteche d i u m
with 10% fetal bovine sem (FBS, SigmaAldrich) 1% penicillint s
(SigmaAldrich, St. Louis, MO), and 1% -glutamine (SigmaAldrich, St. Louis,
MO) under standardedi culture conditions (3% C a n d ). Bétore@@l culture
experiments316L SS samples were sterilizeith 70% ethandbr 10 min, followed

by exposing both sides of the samples to UV radiation for 30 min
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To assess cefproliferation, 3-(4,5-Dimethylthiazot2-yl)-2,5-diphenyl tetrazolium

bromide (MTT) assay wassed HUVECswere seeded onto sterile 3185 samples

at a density of 2x¥ cells/cnf andcultured up td daysin vitro. After 1%, 3 and

5 daysof culture the samples were rinsed with 1xPBS and transferred to fresh

wells. Then, 8 0  BITT solution (1 mg/ml) was added onto each well and

incubated for 4 hto form formazan crystalé&\fterward,the formazancrystals were

dissolvedin 0.1M HCI solutionin isopiopanol(40 0 /ewie | | ) . A 200 eL of
dissolvedsolution from each sample was transfer@édvells and their absorbance

valueswere reading at 570 nm using spectrophotometefThermo Scientifi¢

Multiskan G9. MTT experiments wergerformedfor three times with three

replicatedor each run

3.14 Cellular Imaging

Cellularmorphologyof HUVECs wereassessedith fluorescencetaining F-actin,
vinculin andDAPI staining procedures were applied to observectieskeleton
focal contact and nucleiof the cellsfor eachsample respectively HUVECswere
seeded ontsterile 316L SS samples 1x1dcells/cnfandi ncub at e Aftef or 72 hr .
72 hr, cul t ur edanmkthkisanplesevererinsgth pxPBSaTthen,
HUVECs were fixedwith 4% parafomaldehydefor 20 min at room temperature.
Then, thefixed cells wereinsed 1xPBSandpermeabilized with 0.2% Triton-£00

for 30 min and blocked with 5% BSgolutionfor 30 min.The permeated cells were
initially incubated with antvinculin primary anbody (rabbit monoclonal, 1:200)
for 90 mi n addihgdlexa &loue 488 doyjugated secondary antibody
(goat antirabbit IgG, 1:1,000ho target the primary antibodgr 60 min.Afterwards,
actin fibers were stained with red flescence phalloidi(l:200) for 60 min. Finally,
DAPI soluton 0 . 5% BSA i n 1)lwisB&ded ofito thedsanipeHand
incubated for 30 minCellular images were captured with a Leica DM2500
microscope (Wetzlar, Germany) at@Magnification using appropriate cubes and
filters for each stain.
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HUVECs morphologies alsevaluated with SEM imaginglUVECswere seededt
5x1Ccells/cnt onto 316L SS samples and incubated for 3 dayiro. After 3 days,
HUVECSswere fxed using 4% paraformaldehydier 10 minutes andlehydra¢d
with 30, 70, 90, 95 and 100% (vithanol for D min eachAfterward,the samples
weretreatedwith hexamethyldisilazenéigmaAldrich) and left to dryfor 12 hr
The dried samps were coated with gold usisgutter coateandthe images were
captured with SEM.

3.1.5 Scratch Assay

For analysis of HUVECs migration on the surfacesgratchassay was péarmed.
Cells at a density ofi1 1°@ellstn? were seeded on thammples and waited 24 to
reach conflueng Afterward,the cell layer was carefully scratched using plastic
pipette. Then, the cells were cultured #r8, 12 and®4 h in standardell culture
conditions(37A C a n d ,).5Ap4he @@ ofeach time point, all specimengre
rinsedwith 1xPBS andransferred to a new 24ell plate. Then, cells were fixed
with 4% paraformaldehydi®r 10 minutes andehydra¢d with 30, 70, 90, 95 and
100% (v/v) ethanol for © min each. Dehydrated cells were treated with
hexamethyldisilandHMDS, SigmaAldrich), and Eft to dry The dried samips
were coated with gold usirgputter coateand the images were captured with SEM.
The wound healing areas were measured limageJ 1.51 softwareThe
measurementsereperformedn triplicatefor eachtime point.

3.1.6 HUVEC Cell Functions and Gene Expressions

Thenitric oxide (NO) synthesis levadf HUVECs culturedon samplesip to 3 days

were detectedirom the culture mediumusing a Nitric Oxide Assay Kit (Abcam,
ab65328) according to the manufacturer 6
catalyzed with nitrate reductase into nitritdien total nitrite was converted into a

deep purp azo compoundsingGriessreagents. Thabsorbance of the purple azo
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compound was measured at 540 nwhich was directly proportional to NO
production.Theprostaglandirsynthesidevel of HUVECsculturedon samples were
guantitativedetectedfrom culture mediunusing aProstaglandin EELISA kit
(Abcam, ab133021according to protocolsA mouse IgG antibody has been
precoated onto 9%ell plates.For each sampld, 0 0 of@&ll medium were added

to the wells andnicubate at room temperature anplate shaker for 2 hours%Q0

rpm thatalong wth an alkaine phosphatase conjugatécbstaglandin E2 antibody
After incubation, excess reageniere washed pNpp substrate was added and
catalyzed to produce a yellow cokwlution Finally,5 0 stojsolutionwasadded

to all the wells, and he absrbance ofsolutionswere measured a#05 nm. The
intensity of the yellow coloration is inversely proportional to the amount of
Prostaglandin E2 captured in the platee levels of ET1 from cell culture medium
were measured by ELISA kit (Abcahi33030) according to protocols. Briefly, 100
OL of each standard and sample culture med
incubatedL hr. After washing eachell for 5 times.1 0 0 of@rdothelinl antibody
was added and incubated 30 min. Then, substratesoluasincubated for 30 min
anda stop solutionwas addednto each well. Tie absorbance dtfie solutionswas

measured at50nm.

The expression levels dingiogenesiggenes were quantitatively analyzed by

guantitative reatime polymerase chain reaaigqRT-PCR).Cells were seeded on

the speci me&ms mBdm)mewél | pl ates af a densit
cells/well and cultured fak, 3 and @ays After each time point, the cells on samples

were collected using trypsin and the solutions werdrifeged at 2.000 rpm to

obtained specific cells. Themtal RNA was isolated from the cells using High Pure

RNA I solation Kit (Roche Diagnostics) follo
The isolated pellets were treated with RN&se DNase (DNase; IRoche

Diagnostics) to prevent genomic DNA contamination. The quantity and quality of

the isolated RNA from each sample were measured spectrophotometrically at 260

and 280 nm using NanoDrop 1000 (Ther mo Sci e

RNA from eaxh sample was reverse transcribed with random hexamers using
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Transcriptor First Strand High Fidelity cDNA Synthesis Kit (Roche Diagnostics)
according to the manufactureroés protocol
Li ght Cyc!l er E Rodhé@Dagnostcs) to assessite expression levels of

vascular cellular adhesion moleculdVCAM-1), platelet endothelial cell adhesion

moleculel (PFECAM-1) and intercellular adhesion molecdle(ICAM-1). The

expression levels of the target genes were normaiizée mRNA level of thbeta

actingene. The gRIPCR conditions were as folis: an initial denaturation a6 A C

for 10 min, followed by 50 cycles of 95
sampl es were cool ed t o tadgétgehd werelquamtifiedx pr e s :
using the 2*®€ method Gene expression experiments were repeated three times,

with three samples used for each experiment.

3.1.7 Hemocompatibility Tests

The Hood compatibility of the specimens was performed according tetémelard
protocol(ISO 109934). The freshblood from a healthy volunteer wasllectedin

3.8 wt% citric acid sodiurnontainingtubes. In the hemolysis experiments, the blood
wascertrifuged for 15 min at 1,500 rpmo isolate the red blood cells. Thehered

blood cellswere collected andiluted into 2% suspension using 0.9% physiological
saline. A3 ml red blood cell suspensionas added oneachsample groupand
incubated at vRadME sUspensiorts wdrentrifdg forrSmin at
3500pm. A 200 Ol supernat avltplatwi® measuresha s f er r
absorbance at 450 nasinga spectrophotometefhe 2% red blood cell suspension

in the physiological saline and the distilled water were used as the positive and the
negative control, respectively. The hemolysis rate was calculated according to the

following equation:

Hemolysis rate (%) = x 100

Fortheplatelet adhesion experimentise bloodwas centrifuged foramin at 1,500
rpm to obtain the plateletich plasma (PRP)Then,2 0 0 of éhé PRP was added
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onto eachsamplandi ncubat ed aAfter Bcubaidn, the samples ere
gently rinsed with 1xPBS and theheredlatelets on surfaces were fixed using 4%
paraformaldehyde (Sigmaldrich) for 10 minutesThe samples were Bsequently
dehydrated in 30, 7090, 95 and 100% ethanotolutions eachfor 10 min
respectivelyAfterwards,thesamples wergeatedwith hexamethyldisilan€Sigma
Aldrich) and left to dry. The dried saheg were coated with gold usisgutter coater
anddistribution and morphology of th#atelets were observesith SEM.

The research on human blood was approved byQimd@cal ResearchEthics
CommitteeaDé s kapée Yél derem BeyazétMnbBtryafi ni ng and
Health in Republic of Turke{2021/106/34), and informed consent was/gn by all

blood donor participants

3.2 Results

3.21 Surface Properties

The surface morphology dhe anodized samples displayed in Fig 3.1&. SEM
images showed that nanodimple and nanopit strusiveeeobtainedon thesample
surface by anodic oxidatioWhen 316L SS foilvasanodized at 27V for 1&in and
70V for 90sec, 25and 200nm sizednanodimples were fabricataxh the samples,
respectively Then, we appliech second step anodization process for these two
nanodimplé samplesto obtain the nanopit morphology, wbse feature size was
controlledto be 25nm and 200 nm on the surfacBEM images confirmed that
feature sizes ahe nanostructured surfasecreased irparallelwith anincrease in
theapplied voltage (Fi@.1b-c). On the other handhe nanostructured morphology
on surface depeedontheelectrolyte typeln this research, samples having 25 nm
sizednanodimplg, 200 nmsizednanodimplsg, 25 nmsizednanopis and 200 nm
sizednanopis are referred as ND25, ND200, NP25 and NP20@eesvely. Also,
control surfaceés named as neanodizedNA) sample.
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AFM 2D micrographs anthe corresponding roughness profile thie samplesare

displayed in Fig 3.1. According tothe AFM analysis nancstructuredroughness
values were measured as 3.1 N 0.1, 3.4 K
nm forthe NA, ND25, ND200, NP25 and NP200 samples, respectively. Moreover,

surface areas of the samples were calculatdzse4 . 1 N 0. 1 for NA, 4
ND25, 4.8 N 0.1 for N&and4®ol, 0415fRHrONP2DOTr s
AFM measurements flamed formation of unique nanostructuredsurface

topography which wassignificantly altered upon thanodization proces€ontact

angle values of NA, ND25, D00, NP25 and NP200 samples were measorbd

608N 5. 1A, 73.5N 4.9A, 81.5N 4.5A, 34.6N
nanodimplé surfaces had a higher, whereas the nanopit surfaces had a lower water

contact angleompared tdhe nonanodizedsurface.
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SEM AFM Roughness Profile Hydrophobicity

k)
M -
WCA: 60.8°

)
WCA: 73.5°
] m)
WCA: 81.5°

B n)

] .
] WCA: 34.6°

Z 0)

] WCA: 21.7°

Figure 3.1 (ai €) SEM micrographgf-j) atomic force microscopy images and the

NP2000

corresponding roughness profiles obtained across the highlighted liriks farf)
NA, (b, g) ND25,(c, h) ND200,(d, i) NP25 ande, j) NP200 samples. The water
contact angles fahek) NA, I) ND25, m) ND200, n) IR25, and 0) NP200

samples.
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Table 3.1. Nanoscalesurfaceroughnessalues surfaceareas andvatercontact

anglesof thesamples*p < 0.05 and **p < 0.0ompared to NA

SurfaceNano Surface Area

roughness Contact Angle )

(Sa, NM) (Mm?)
NA 3.1 N ( 4.1 N 60.8N 5
ND25 3.4 N ( 4.2 N 73.5NK
ND200 23. 2*N 4.8 *N 0o 81.5N
NP25 17.5*K 4.5 *N ( 34.6%W ¢
NP200 21. 6 *N 49N &< 1| 21. 7

The high resolution XPS spectra of the Cg2peaks for the neanodized and
anodized316L SS samples are displayed in FiguBe2 The results showed that
surface chemistry was changed after the anodization proties2ps. peaksof
Cr.0zappeared &76.37eV for the NA samplesyhileit appeared d&76.89, 576.89

eV, 577.25 and 576.75 eY¥br the ND25, ND200, NP25 and NP20§ampls,
respectively. It was detected that the £ peak intensity increased on the
nanostructured surfaseomparé to the noranodized surface. Moreover, a new
CrQOs peak was observed on the nanostructured samples after anodization. Ehis CrO
peak appeared &¥8.5, 578.5, 579.7 and 579.3 eV floe ND25, ND200, NP25 and
NP200 amples, respectivelyThe high resolutin XPS spectra of thee 2p. peaks

for the noranodized and anodizedll6L. SSsamples are displayed in FiguBes.
Analysis of theFe 2p,2 analysis showed that all samples corgdifReOOH, FeO3

and metallic iron The intensity of themetallic iron peak decreased on the
nanostructuredurfaces compared to the NA surfaddse FeOs peak was observed

at 7104 eV for the NA sample,while it was observed at 721.710.7, 711.4 and

710.5 eV for the ND25, ND200, NP25 an®NP200 amples respectively.Upon
careful investigation of the XPS peaks, it was observed that the anodization reaction

caused slight shifts for all of the chromium and iron peaks toward higher binding
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energies. This phenomenon could be attributed tdithesion of oxygen anions into
the 316L SS matrix during the anodization procé¥fen we analyzechickel
components metallic nickel and NiO peakappearedat 852.8 and 858.¢eV,
respectivelyfor thenon-anodized sampjeas shown in Figure 3.0n the ¢her hand,
the metallic nickel peak disappeared completely and NiO pe@bsaredit 8562,
856.6 and 858. eV for the ND200, NP25 and NP200asiples, respectively
However, the ND25 surface congdbf metallic nickel(8534 eV), NiO (856.2 eV)
and Ni(CH)2 (857.7 eV).As shown in Figure 3, the high-resolutionspecta of Ols
werecurvefitted with two differentpeaksat529.8and5316 eV for theNA surfaces
andthesepeakswere assignedo metatoxidesandhydroxides respectively After
anodizationthese two peakappeared &31.4 and 531.6 eV for ND25, 530.1 and
532.1 eV for ND200, 531.3 and 531.8 eV for NP25, 530.3 and 531.5 eV for NP200
samples.lt was observedhat OH peak intensitysignificantly increased orall
nanostructured samplegspecially ND25 and NP25 sampledloreover, he
hydroxylationdegree(OH/0O?) wasquantitativelyanalyzecdo be 2.24 5.41, 4.85,
5.70 and 3.52 for the NA, ND25, ND200, NP25and NP200 sample surfaces

respectively.
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Figure 3.2 High resolution XPS spectra of Crzqpeaksof theNA, ND25,
ND200, NP25 and NP200 samples.
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Figure 3.3 High resolution XPS spectra of Fesgpeaksof theNA, ND25,
ND200, NP25 and NP200 samples.
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Figure 3.4 High resolution XPS spectra bii 2pz/2 peaksof theNA, ND25,
ND200, NP25 and NP200 samples.
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Figure 3.5 High resolution XPS spectra of O fisaksof the NA, ND25, ND200,

NP25 and NP200 samples.
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One of the majorssues 0f316L SS isits insufficient corrosion resistange the
human body, which causes severe complicati®hs. electrochemical behavior of
NA and nanostructured samplessultsare given in Figure 3. The positive OCP
values ofthe sample indicate better corrosion behar of samplesin general, the
lower corrosion currentlcor) represent corrosiobehaviorof surfaceand positive
corrosion potential (Ecorr) indicate thermodynamic corrosion tendency.The
polarization curve othe samples iN1xPBS are given irFigure 37b. Tafel plot
analysisrevealedEcor and torr Values ofthe samplesprovidedin Table3.2. The
results showed that the ND200 surféeelthe lowestlcorr and corrosion rate©On

the other hand, ND25 and NP25 surfaces performed lewemlues althougthely
have negative &rcompared toheNA surfacesMoreover, the corrosion rate values
of thesampls werecalculated to be 189M7.4,122IN 12. 1, 95.2 N 4. 8,
6.1 and 164.6 N thé N2 ND25n NOR@Or NP5eaad NP200 r
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samples, respectively. These results shadvatbxide based nanostructured surface

fabricated via anodizatiorould significantly enhance corrosion resiste.
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Figure 3.7 a) Open circuit potential®) Tafel plotsand c)the corrosion rate ofhe
samples*p<0.05,**p<0.01.
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Table 3.2 Electrochemical parameters obtained from the potentiodynamic

polarization curvesf the samples

Ear (V) | 1uon (o) | COTOSIOD REE
NA 23.5 18.5 189.7
ND25 -36.9 12.1 122.1
ND200 10.7 7.9 95.2
NP25 -60.0 12.2 141.0
NP200 13.5 13.8 164.6

Nyquist plots othe sampleare presented in Fig&8.The diameter of the semicircle

for ND200 and NP200 surfaces are larger tthert ofthe control 316L SS surface,
suggesting a higher corrosion resistariflectrochemical impedance spectroscopy
(EIS) data fit well to thesimplified circuit model(Fig 38b). Re corresponds to the
resistance of the solutionc Bnd Grepresentshe resigance of the passive filiend
native oxide layer capacitand&q is the double layer capacitan@nd R is the
charge transfer resistand@rcuit diagram fitting results are provided in TaBI&.
According totheseresults, higher value d®canobtainedfor the ND200 surface
while NA surface exhibited the lowest resistance values. Thus, oxide based
nanostructured surfackad better corrosion resistance due to its higher charge
transfer resistancén addition, there is a correlation between the lodauble layer
capacitance and surface roughness, where a lower value indicates a rougher
corresponding electrode surfa@&huang et al., 2020y herefore, he mechanism of

the corrosion protection of thexide based nanostructurébin couldbe related to

its characteristics afurface morphology and surface chemistry.
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Figure 3.8 a) Nyquist plots fronthe EIS measuremesbf thesamplesandb)
simplified circuit modelused forthe EIS analysis

Table 3.3 Circuit parameters calculated from the EIS spdatraontroland

nanostructured surfaces.

Rel Ce Rc Cual Ret )
(Ohm) | (167 F) | (ohm) [ (107 F) | (kohm) G

NA 15.01 3.93 | 685.80( 1.24 8.26 0.777

ND25 | 13.62 3.02 | 549.50( 1.22 9.53 0.328

ND200| 16.30 264 | 187.10| 1.06 11.20 | 0.838

NP25 | 16.22 3.68 | 380.10| 1.41 10.80 | 0.299

NP200| 14.93 2.65 | 618.00( 1.24 10.30 | 0.568
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3.2.2 In Vitro Biological Properties

HUVEC proliferation on noranodized and nanostructured surfaces were shown in
Fig 39a. On the 1 day of culture, there were no significant differences observed
between the sample groups. However, on tied8y of cell culture, cellular
proliferation on the 200, NP25 and NP200 samples were higher thanr non
anodized samples (p<®) After 5" day of cell culture, nanostructurednsples
significantly enhanagcellular proliferation compared tte nonanodized sample
(p<0.01). The enhanced cellular prolifecati could be explained byhe
nanostructuredurfaceroughness and larger surface arafahe samplesndicating

a favorable environment for celar growth and activity.

The nucleus (blue);dctin filament (red) and vinculin (green) stained HUVECs on
nortanodized and nanostructured sampdes illustrated in Figure 3b-f. The
merged immunofluorescence images showeell-organized actin fiber and
elongatectellularmorptology on nanostructured surfac¥$nculin is a cytoskeletal
protein that isaimportantcomponent of focal adhesigmsoviding a structural link
between the cell and its environmenhe presence angell distribution of focal
adhesions on nanostructdresurfaces, especially ND200, indicate better cell
migration and signaling on these surfackkoreover, cellular spreading were
measured to be 1.97 x $18.97 x 1@, 4.22 x 1, 2.85 x 1, 3.77 x 16 mn¥/cell

for theNA, ND25, ND200, NP25 andP200 samples, respectively.

In addition, the cellular morphology on nranodized and nanostructured surfaces
werefurtherinvestigated by SEMand the images were shown in Figurégk. The
SEM micrographs showed that endothelial cellstlo@ nanostructted surface
exhibited wellspread morphology with larger filopodia extensi&specially, the
inset images clearly showed that endothelial cells sehsesurface better which

led to the notable extension of filopodiashould be notethat filopodiaformation
and extension islso an important implication for cellar migration and cell
adhesior(Mattila & Lappalainen, 2008Knecht et al., 2010)
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Figure 3.9 a) HUVEC viability on NA, ND25, ND200, NP25 and NP2€&mples
up to 5 daysn vitro, *p < 0.06, **p<0.01 (bi f) Nuclei (blue), factin (red) and

vinculin (green) stained HUVECs aheb) NA, c) ND25, d) ND200, e) NP25 and

f) NP200samples athe third day of culture. ¢g) SEM micrographs of HUVECs
ontheg) NA, (h, I) ND25, (i, m) ND200,(j, n) NP25 andk, 0) NP200samples

Scratch assay provide important information about cellar migration and
endothelization on stent surfac@o investigate the migration behavior of HUVECs
on noranodized and nanostructured surfacesgratchwasgenerated andiosure

of that scratch was investigateddaB, 12 and 24 houis vitro. As shown in Figure
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3.10, SEM images clearly showed that thaatche®n the nanostructured surfaces
weremuchrapidly closed by endothelial cells compared to-aaondized surfacat

all cultured time pointsAccording to these results, theA surfacewas covered by
14.7%, vhile the ND25 andNP200 surfaceswere covered by 83 and29.8%
respectivelyat the end of the 4th haurhe woundclosurerates were calculated to
be 52.1, 57.8, 60.2 and 6%4for ND25, ND200, NP25 and NP200 surfaces,
respectively, whereaswas35.9% for the NA surface at the end off®ursin vitro.

At the end of 12 hoursf culture, the wounalosurerates were determined to be
%68.1 forthe NA surface while it was87.5 92.5, 86.6 and 94.7% for the ND25,
ND200, NP25 and NP200 surfaces, respectivBpreover,the wound on the
nanostructured surfaselosed completelat 24h,while nonanodized surface had
still a gap as presented ifrigure 310b. The quantitativeanalysisof the results
revealed that nanostructured surfacesignificanty enhanced cell migration
compared to no@anodized surface (p<0.0Q53s presenteth Figure 310c. As a
result, the migration capacity of HUVECs on tiB200 samplesvasfound to be
higherthannon-anodized samples, which is critical to rapid endothelization on stent

surface.
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Figure 3.10 Scratchassayof the HUVEG cultured on the samples up to 24ah.
The SEM images of HUVEQmigratingon the amples up to 24 h of culturk)



Nitric oxide synthesigrovidescardiovascular hemostasis and induces vasodilation
effects thereforeplay a crucial role in the proliferation and migration of HUVECs
Figure 311b shows NOyx secretion from HUVECs on nesnodized and
nanostructures surfaceshe results showed th&tOx secretionwas significantly
higher on ND200 and nanomamplesompared tdhe nonanodized samples after
1 day(p<0.05) However, at the end of 3 days ailture significant differences
between the sample grougisappeare(p>0.05) PGE has vasodilatory effecthat
inhibit platelet aggregation and influence cell proliferation and angiogerfesis.
shown in Figure 3.1c, there was no difference in P&g&ecretion from HUVECs
onto the sample groupgp>0.05) At the end of day 3, it was determined that
HUVECs on ND200, NP25 and NP200 surfaces significantly enhaR¢&ig
secretionrcompared tahe non-anodized samples (p<0.08)n the other hand, End

1 functionhas a vasoconstrictor effect that secretion isicamdin inflammatory
processesand atherosclerosis diseagdter 1 day of incubation, Enel secretion
from thenanostructured surfacess bwer tharthe one froomonanodized sample
(p<0.05). However, at the end of dayNT surfaces exhibited lower Bl secretion
compared to the ND and Ngurfacegp<0.05)

To sum up, these results demonstiditat thecreatechanostructured surface in this
study significantly influenced endothelial cell functions. This effect could potentially
contribute to improveé endothelization and the inhibition of the inflammation

process.
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Figure 3.11a) End1, b) NOx, and c) PGE2 released from HUVECSs cultured on
the samples up to 3 days, *p<0.05.

We further evaluated theffect of nanastructuredsurface on the expression of
angiogenesis related genes in HUVE@s to 7 days.The expression results of
VCAM-1, ICAM-1 and EECAM-1 genes onto surfaces are shown in Figui&.3.
VCAM-1 gene is associatedith inflammatory responseand development of
atherosclerosisAccording to the results, it was observed that VGAMyene
expression on neanodized surfacavere higher than all nanostructured surfaces
after 1, 3 and 7 da&f incubation(p<0.05. Similarly, ICAM-1 gene expression was
higher on noranodized surface compared to nanostructured surfaces at Haysl 3
of cultured(p<0.09. After 7" day of cellculture, thdowest ICAM gene expression
was observed on the ND200 surface. On the other hand, PECA&Ys crucial role
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in cell adhesioncell-cell junctions and provides anihflammatory effectsAfter 15

and 3¢ days of cell culturethere wereno observedPECAM-1 gene expression

differences between sample group@<0.05. However, it was observed that

PECAM-1 gene expression significantly upregulated on NP25 and NP200 surface at

the endof 78" day of cell culturgp<0.095.
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Figure 3.12 Gene expression analysis of HUVE@} VCAM-1, b) ICAM, and c)

PECAM-1 geneexpressionsntheNA, ND25, ND200,

NP25 and NP2@ample

up to7 days*p < 0.05
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3.2.3 Hemocompatibility Studies

The morphology of theadherat plateletson the nonranodizedand nanostructured
surfacesare displayed ifrigure 3.13. The platelet morphology on the surfarsean
important ¢ue about its activation stat&e et al., 2019) SEM images showed that
higher number oaggregated anadherenplateletsvere presendnthe NA sample.
The plateletdad fully spreadand long dendritic morphologiHowever,compared
to the NA surface, less plateletihesion wittpartial spreading and short dendritic
morphologywas observed othe ND25 and NP25 ampkes Inactivatedplatelet
morphology with fewer platelets was observed on ND200 and NP200 suiffaces.
result suggedhat thrombosis can probably occur on NA suréatiee to activd and
aggregated platelemorphology on its surfase(Manivasagam et al., 2021)
Similarly, calcein am stainingesults were idine with SEM images thatore
adherat plateletswere observean the NA surfacewhich exhibited elongad
dendritic morphologyOn the other handewer plateletadhesiorwith inactivated
morphology were observed orthe ND200 surface (Figur8.13l). Quantitative
analysis of platelet adhesiam the samplesrevealed thahanostructured surfase
significantly decreased platelet adhesion compardaetdA surface(p<0.05) The
results showed %% reduction inplatelet adhesion otthe ND200 sample compared
to thenon-anodized samplédemolysis rate othesampleis given in Figure3.13n.
Accordingto 1ISO109934 standarda biomaterial should haveemolysis ratef less
than5% to be used as bloambntacting implantT hus,hemolysis results showed that
all surfaces exhibited the desired hemocompatibilibgerestingly, ND200 and
ND25 surfaces sigfiicantly reducedhehemolysis rateompared to the NA sample
and they exhibitethe best potential surface to enhance blood compatibilitgse
results revealed that surface propertissich as narstructured topography,
morphologyandsurfacechargecan significantly affect platelet adhesj@tivation
and hemocompatibility of the stent surfac&he creatednanostructuredgsurface
roughnesseducel platelet adhesiorsimilarly, various stugkd confirmed ouresults

that larger feature size of nanostructured surfaces could reduce platelet adhesion and
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activation(Huang et al., 201 #Ferraz et al., 2008)n addition, he negativesurface
charge and presence of Obh the surface could contribute to the repellence of the

plateles, which has negatively charged

Figure 3.13 (ai' j) SEM micrographsand (k |) calcein am staedplateles onthe
(a f, k) NA, (b, g) ND25,(c, h, I) ND20Q (d, i) NP25 and(e, j) NP200samples. of
m) Platelet adhesigrand n) hemolysis raiaf the NA, ND25, ND200,NP25 and
NP200 smples, *p < 0.05 **p < 0.01.
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