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Abstract: To improve cardiovascular implant success, metal-based stents are designated to modulate
endothelial cells adhesion and migration in order to prevent restenosis and late thrombosis diseases.
Biomimetic coatings with extra-cellular matrix adhesive biomolecules onto stents surfaces are a
strategy to recover a healthy endothelium. However, the appropriate bioactive sequences to selective
promote growth of endothelium and the biomolecules surface immobilization strategy remains to be
elucidated. In this study, biofunctionalization of cobalt chromium, CoCr, alloy surfaces with elastin-like
recombinamers, ELR, genetically modified with an REDV sequence, was performed to enhance metal
surfaces endothelialization. Moreover, physical adsorption and covalent bonding were used as
biomolecules binding strategies onto CoCr alloy. Surfaces were activated with plasma and etched with
sodium hydroxide previous to silanization with 3-chloropropyltriethoxysilane and functionalized with
the ELR. CoCr alloy surfaces were successfully biofunctionalized and the use of an ELR with an REDV
sequence, allows conferring bioactivity to the biomaterials surface, demonstrating a higher cell
adhesion and spreading of HUVEC cells on the different CoCr surfaces. This effect is emphasized as
increases the amount of immobilized biomolecules and directly related to the immobilization
technique, covalent bonding, and the increase of surface charge electronegativity. Our strategy of REDV
elastin-like recombinamers immobilization onto CoCr alloy surfaces via covalent bonding through
organosilanes provides a bioactive surface that promotes endothelial cell adhesion and spreading.
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Highlights

o We immobilized an elastin-like recombinamer, ELR, on CoCr, alloy through physisorption
and covalent bonding.

e The ELR combines a bioactive motif specific for endothelial cell adhesion.

e The ELR immobilization is enhanced with silanization and surface charge.

e The ELR coated surfaces displayed an improved HUVEC cell adhesion and spreading.
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Abstract

To improve cardiovascular implant success, metakbatents are designated to modulate endothellaladhesion
and migration in order to prevent restenosis atel hrombosis diseases. Biomimetic coatings witthaegellular
matrix adhesive biomolecules onto stents surfacesaastrategy to recover a healthy endothelium. ¢él@m the
appropriate bioactive sequences to selective pmngbwth of endothelium and the biomolecules serfac
immobilization strategy remains to be elucidatedthis study, biofunctionalization of cobalt chremm, CoCr, alloy
surfaces with elastin-like recombinamers, ELR, ¢jealy modified with an REDV sequence, was perfedrto
enhance metal surfaces endothelialization. Moreoplysical adsorption and covalent bonding wered uae
biomolecules binding strategies onto CoCr alloyrf&es were activated with plasma and etched watdiusn
hydroxide previous to silanization with 3-chloropytiriethoxysilane and functionalized with the ELBoCr alloy
surfaces were successfully biofunctionalized arel uke of an ELR with an REDV sequence, allows confg
bioactivity to the biomaterials surface, demongtgag higher cell adhesion and spreading of HUVEOson the
different CoCr surfaces. This effect is emphas&gdncreases the amount of immobilized biomolecatesdirectly
related to the immobilization technique, covaleohdiing, and the increase of surface charge elesgadivity. Our
strategy of REDV elastin-like recombinamers immiabtiiion onto CoCr alloy surfaces via covalent bagdihrough
organosilanes provides a bioactive surface thahptes endothelial cell adhesion and spreading.
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1. Introduction

Coronary angioplasty and stent insertion is theomsirgery to solve cardiovascular disease [1,8}véler, in-stent
restenosis (ISR), stents thrombosis (ST) and intetestent endothelialization remain the principaichanisms for
the failure of the bare-metal stents (BMS) and eluging stents (DES) after implantation [3]. Irgstingly, ISR, is
developed in 20%-30% of lesions treated with BM8 an<10% when treated with DES. ISR consists ¢érgr
narrowing within the stented segment due to newaitihyperplastia and over-proliferation of vascusanooth
muscle cells (SMCs) [4-6]. Despite the decreagbeniSR rate, DES, delays the formation of heaéthgtothelium
due to the delivery of antiproliferative drugs audfers from late ST increasing the patients time-platelet therapy
[7]. The native and healthy endothelium is an @&tivgan that maintains vessel integrity and modslaascular
tone, consisting of a monolayer of endothelial ethereby reducing the potential for thrombosid esstenosis.
Several studies have demonstrated that stent suefadothelialization is a well-known methodologyirtbibit the
restenosis and thrombosis [7-9].

Control of cell-material interactions, and thus belhaviour, may first be achieved by preventingspecific protein
adsorption and undesirable cell adhesion and, sednnexposing specific cell ligands or bioactivelecules to
optimize the adhesion, migration and/or proliferatiof desired cells. Biofunctionalization with celdhesive
molecules onto metallic surfaces is a well-establis process to control and guide cellular respdtell].
Different biomolecules are used such as the imnzattibn of extracellular matrix (ECM) proteins, whethe
maintenance of the native form enhances their gic# function but they present immunological pesh, they are
difficult to purify and to control their functionahtion [6,12]. Another strategy is the use of sip@ptides, which are
non-immunogenic and easy to control their surfasmabilization, but, they cannot carry on some fiomalities
that natural proteins can [13,14]. The use of rdzoant proteins such as elastin like-elastin redoarbers (ELR)
can avoid the mentioned problems and highlighirideated advantages. ELR are oligomeric macronubéscbased
on the repetition of the (VPGXG) motif from elastim which X is any amino acid except L-proline [15he
composition is strictly defined by engineering desand enable the introduction of peptide sequettcestend their
properties, they are produced as recombinant potaimicking the basic properties of elastin ankilgting mono-
dispersity and a high control over amino acid seqagq16,17]. The recombinant nature of ELRs alléavénclude
bioactive domains such as endothelial cell attactinsequence arginine—(glutamic acid)— (asparticl)agaline
(REDV) [7,16], which mediates endothelial cell asilba and spreading on fibronectin via dtg3; receptor [18,19]
over smooth muscle cells and platelets [20].

CoCr alloy is a biocompatible material widely usedin coronary stents due to its non-toxicity, t#y, plasticity,
corrosion resistance addition to maintaining tréiapacity and radial strength [21,22]. However sthenaterials are
bioinert, thus leading in some cases to long erdiatization processes that can be overcome witith@mical
surface modification through the immobilizationaf ELR with an REDV sequence [7,10,11] onto metatents
surface.

Immobilization of cell adhesive motifs onto metalburfaces can be enhanced by the surface activiitiough
physicochemical surface modification to promotehgsical adsorption and/or covalent bonding. Surjaperties
such as surface hydrophilicity/hydrophobicity, rbogss, texture, chemical composition, electricargd and
morphology play an important role on surface fumwiization and then, on cell response [23].

The aim of the present work was to obtain a newlfaof biofunctionalized CoCr alloy surfaces witlERV elastin-
like recombinamers using two different surfaceation treatments (plasma and NaOH etching) andamahoring
mechanisms (physisorption and covalent immobilargti and evaluate the immobilized ELR and the itrovi
HUVEC cell adhesion response.
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2. Materials and Methods
2.1 Materials

2.1.1  Metallic surfaces
CoCr alloy (Co-20Cr-14.6W-10.8Ni-2.5Fe-1.5Mn, ASTR0) (Technalloy Company) discs of 8,5 mm diameter
and 2 mm thick were abraded subsequently with 2@0, 600, 800 and 1200 grit silicon carbide abeagaper and
finally polished with a water suspension ofih and 0.05um alumina powder. Prior to the surface treatmeslts,
samples were ultrasonically cleaned with etharistjliéd water and acetone for 5 min each.

2.12 Elastin-like recombinamers (ELRS)
Elastin-like recombinamers (ELRs) were provided agdthesized by the BIOFORGE group at the Universft
Valladolid, Spain. The elastin-like recombinamers governed by (VPGXG)module in which X is any amino acid
except L-proline and that include other amino-acgiquences following already optimized protoct&s-fL7]. ELR
with an REDV sequence, Arg-Glu-Asp-Val, for enddiddecell adhesion was designed with the followsegjuence
[17]:
REDV: ((VPGIGL(VPGKG)(VPGIGYEEQIGHIPREDVDYHLYP(VPGIG),(VPGKG)(VPGIGY(VGVAPGY); )10

213 Cells
Human umbilical vein endothelial cells, HUVEC's (lza Group Ldt, Basel, Switzerland,) were grownridathelial
cell basal medium (EBM®) medium, with 5% FBS, 0.18A-100, 0.1% rhEGF (growth factor), 0.4% BBE and
0.1% Hydrocortisone (Lonza, Cologne, Germany) &C3in a 5% CQ 95% air atmosphere and at 100% humidity.
The culture medium was changed every 2 days. Foetiperiments, cell culture flasks Nunc, (Therm@e&dic,
Roskilde, Denmark) were pre-coated witligiml fibronectin solution in PBS 1X, FN, and cellere harvested at
70-90% confluence by trypsin/EDTA (Sigma-Aldrichjseburi, United States), centrifuged and re-suseénd a
serum-free medium before being plated at 2%HIOVEC cells per sample.
HUVEC cell passage between 4 and 8 was used ftneabxperiments [24,25].

2.2 Surface functionalization

Bioactivity of the polished CoCr surfaceST) was achieved by means of ELRs covalent functipatbn through
the following steps: (1) surface activation, (2lasization and (3) immobilization of ELRs. Firshet surface
activation treatments applied to the samples werfelbws:

PL: Oxygen plasma surface treatment with a Plasmar@le(Sterilizer PDC-002, Harrick Scientific Coration,
United States) for 5 min at high power setting.

NA: Basic etching with 5 M NaOH solution during 2 hRil'. Next, samples were cleaned twice in distikeater
during 30 min.

Then, as a second step, each of the previous seees silanized immediately by immersing the suistin a
solution of 10 ml of anhydrous toluene, 1 ml (OM}pof N,N - diisopropylethylamine (DIEA) and 2 0.6 M) of 3-
chloropropyltriethoxysilane (CPTES) (Sigma-Aldriddjssouri, United States) per disk under nitrogémasphere
for 1 h at 90 °C under stirringhe nomenclature used throughout the text for obnptasma and sodium hydroxide
treated surfaces silanized with CPTES was CT-CRPCPLand NA-CP, respectivelAfter reaction, the discs were
ultrasonically rinsed with cyclohexane, isoproparthétilled water, and acetone, for 15 min each aede finally
dried with nitrogen. The CPTES-modified substratese stored under vacuum in argon atmosphere.

Finally, ELR was immobilised on the CoCr surface by twoatight methods: (1) physical adsorption on the obntr
plasma and sodium hydroxide treated surfaces éhwlkes were coded as CT-REDV, PL-REDV, NA-REDV)d an
(2) covalent immobilisation through a CPTES silatian process of the previously control, plasma sodium
hydroxide treated surfaces (the samples were c@de@P-REDV, PL-CP-REDV, NA-CP-REDVActivated and
silanized samples were incubated overnight at reamperature and at a biopolymer concentration of &fJml of
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dissolved elastin-like recombinamers with an RER{wence in ultrapure Milli-Q water and the pH atidsto 13.0
with NaCO; O/N at RT to ensure that all the amines were depaded to facilitate nucleophilic attack. Afterwsyrd
the solution was removed and samples thoroughlyhedsvith water and dried in a stream of nitrogen an
immediately analyzed as described below.

In summary, the following groups of surfaces wettedied: a) CoCr surfaces (CT, PL, NA); b) CPTESftgdh
surfaces (CT-CP, PL-CP, NA-CP); c) elastin-likeambinamer physisorbed surfaces (CT-REDV, PL-RED¥: N
REDV) and; d) elastin-like recombinamer silanizedaces (CT-CP-REDV, PL-CP-REDV, NA-CP-REDV).

2.3 Surface characterization

2.3.1  Surface roughness
Surface roughness measurements were performed witite light interferometry (Optical interferometer
VeecoWyko 9300NT, Veeco Instruments, USA). Typenwfasurement VSI (Vertical Scanning Interferometry).
Three samples of each treatment series were adadys®three measurements of roughness were cautedata
analysis was performed with Wyko Vision 4.10 softev§Veeco Instruments). Curvature and tilt werenglated
from every surface analysis with a Gaussian filldre average roughness (Ra), arithmetic averagkeofbsolute
values of the profile height deviations from theamelane, and the surface index area (SIA), ragtoveen real and
nominal area, were quantified from the topogragtinages.

2.3.2  Wettability and surface free energy
The wettability studies were performed using thesde drop method with a contact angle video basetem
(Contact Angle System OCA15plus, Dataphysics, Gagnand analysed with the SCA20 software (Datamisysi
Germany). For each measurepl3of distilled water (miliQ) and 34 of diiodomethane were used [26]. Contact
angles for SFE calculations were measured at reompérature and the drop deposited on the surféeethé same
cleaning procedures and treatments.
For each sample, fifteen drops were analysed. Tinkace free energies (SFE) of the different treatsevere
calculated using the Owens and Wendt approach (&lAftation of Young's equation [27,28]:
Ys = Ve +y2 1)
vi- (1 +cos8) = 2. (vff V2 + 2. (v .¥)Y? @
whereyld is the dispersive part of liquid surface tensighjs the dispersive part of the solid SSE,is the polar part
of liquid surface tension and is the polar part of the solid SFE.

2.3.3  Surface chemical characterization
The chemical analysis of the surface, before atet attivation, silanization procedures and ELRachiment, was
investigated by X-ray photoelectron spectroscopy $X(SPECS Surface Nano Analysis GmbH, Berlin, Geg)
equipped with an Al anode XR50 source operatinth@tW and a Phoibos 150 MCD-9 detector.
The elements present on the surface were quaditptevaluated by low-resolution survey spectra, neae high-
resolution of some determined elements (C 1s, ND1ks, Cr 2p, Co 2p, Si 2s, Cl 2p) were recordet pass energy
of 35 eV at 0,1 eV steps at a pressure below 8xabar. The positions of the peaks were referratiecC 1s signal
at 284.8 eV. CasaXPS spectrum software (Casa Seftlatd., UK); was used to analyse the differentcsgeand
perform the XPS peak deconvolution of survey argh hiesolution. Two samples were studied for eacfase
condition.

2.3.4  Surface Charge
A streaming potential instrument (Surpass Electreli¢ Analyzer, Anton Paar, Austria) with an adjse gap cell
was used to determine apparémotential of the activated, silanized and funcii@ed surfaces. The ‘titration unit’
allows automatically performed series of measurésnaha varied-pH solution. A 1 mM KCI solution wased as
electrolyte. The pressure ramp was run up to amaxi pressure of 500 mbar. The electrolyte solutias adjusted
to a starting pH = 9.0 using 0.1M KOH. The autométration was performed down to pH=3.0 adding Bl HCI.
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Through the VisioLab software (Anton Paar, Austrinjvas determined the value of the isoelectrimp@EP) and

the surface charge at pH 7.4. For each surfacat@mmadhree measurements were performed.

2.4 ELRs biofunctionalized adlayer characterization
The quantification and characterization of thechtéal elastin like recombinamers layer were chariaet by atomic
force microscopy (AFM), FITC fluorescence quantfion, XPS analysis and quartz-crystal microbalawith
monitoring dissipation (QCM-D).
Topographical changes due to ELR’s adsorption dheo different treated surfaces were analyzed usiRiyl
(Multimode, NanoScope V Controller, Veeco, Digitaktruments, USA) associated with the software WSkM
tapping mode using silicon cantilevers under antlgenditions.

24.1 FITC-ELR preparation and adsorption quantification
FITC-labelled REDV elastin-like recombinamer saduti (FITC-REDV) 1 ml of 1 mg/ml, has been prepared
following the Pierce® FITC Labelling Kit (Thermo dfier Scientific, USA). The final protein concenatwas
estimated by measuring the absorbance at 280 nrd@fham (UV Mini 1240 spectrophotometer, Shimadzunyl
the protein was then stored &t@.
500 pg/ml FITC-labelled REDV was adsorbed on the differ€oCr treated series during overnight at room
temperature. Stability tests were performed on gyked and silanized surfaces by adsorbing FITOYREN the
different treated surfaces and then, sonicatioRB® 1X during 1 h. The samples were then rinsezbttimes with
PBS 1X. The adsorbed FITC-labelled protein waseelutith 500ul of 0.2 M NaOH for 2h. The fluorescent intensity
of the extracts was measured with a spectrofluartypheter (Infinite M200 Pro, Tecan, SwitzerlandheTexcitation
and emission wavelengths were set at 488 and 530aspectively. Fluorescent measurements of tielet ELR
have been performed prior and after sonication.

2.4.2  Quartz crystal microbalance with monitoring dissipaion (QCM-D)
A quartz crystal microbalance consists of a piezctelc quartz crystal sensor that is excited toallagion at its
fundamental resonant frequency, f. The equipmensésl to measure very small masses added on theswaf the
sensor because an increase in mass) (bound to the quartz surface causes the crystllation frequency to
decrease, obtaining a negative shift of the resmmdrequency @f). The Sauerbrey relation concludes that the
change in resonance frequency is proportional ¢octiange in the adsorbed mass if the adsorbed igyeuch
smaller than the mass of the crystal [29]. The Yaigdel settles for a viscoelastic or thick layer fhichAf is not
directly proportional tdAm, i.e. the effectively coupled mass depends on th@woscillatory motion of the crystal
propagates into and through the viscoelastic ad@@. In addition to that, most surface-adsorpeatein layers are
hydrated, so they are not only highly viscous aadse significant energy dissipation, but also addsro the
adsorbed protein layer. In those cases the digsipgtctor, D, simultaneously calculated with f whesing the QCM
must also be taken into consideratidrne dissipation factor is inversely proportionathe Q-factor of the oscillator
[30], which is a nondimensional parameter that camap the time constant for decay of an oscillaphgsical

system's amplitude to its oscillation period asrof by:

1 E

T Q 2mE

where Eissipaeq iS the energy dissipated during one period of llasicin, and E.q is the energy stored in the

. dissipated
Equation 1 D -

stored

oscillating system.

Co0-20Cr-15W-10Ni-1.5Mn (QSX999) sensors were pusellaat Q-Sense (Sweden). The fundamental modeeof th
sensors was at 4.95 MHz. Prior to use, the sengenes cleaned as follows: (1) 10 min sonication weithanol (96 %,
Panreac); (2) 10 min sonication with acetone (88,%anreac); (3) 10 min sonication with MilliQ alpure water;
and (4) 10 min UV/ ozone chamber (BioForce Nanoges, Ames, USA). The QCM-D (D300, Q-Sense, Sweden)
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measurements were performed at@%y monitoring changes in frequendy,(Hz), and dissipatiomdD (x10°), in
real-time using Qsoft software (Q-Sense). All rastadwas analyzed using QTools software (Q-Sensejjuency
and dissipation curves were fitted to a Voigt videstic model to yield relevant mass, thickness] kimetic
information. The description of the Voigt model adeltails on its implementation using a QCM-D arporéed
elsewhere [30].

Monitoring the adsorption was conducted as followse baseline was completely stabilized with PBSfdrx30-60
min, 500ug/ml REDV was introduced and maintained in the semhamber for 120 min, and the biomolecules

weakly bound to the surface were rinsed with PBSdrX.0 min.

2.5 Invitro cell adhesionand proliferation studies

Prior to cell adhesioand proliferatiorassays functionalized samples were blocked foiafl 3v °C with 5% bovine
serum albumin, BSA, in PBS 1X. HUVEC cell adhes@m morphology, after 4 h cell culture with serumef
medium, were evaluated by fluorescence with flumegsdiacetate (FDA) staining which was added diyeo the
medium to give a final concentration ofufy/ml (from a stock of 1 mg/ml in acetone) for 3 mirhe stained living
cells, the only ones able to convert the dye to@réscent analogue, were viewed and photograpltacaw inverted
fluorescent microscope (Upright Microscope NikonOEQ, Japan). All cellular studies were done usmgitates
and repeat at least in two independent assaysstoe@neproducibility.

The microscope settings were kept constant allowimgparative measurements at several points osutface.
Different cell morphology parameters were studigdrbageJ software: cells per gntotal surface area occupied by
cells (%), aspect ratio (maximum ratio of width ameight of a bounding rectangle for the cell) anadximum
diameter (maximum cell length).

HUVEC cells were seeded on the tested surfacesnanated for 4 h in serum-free medium. Then, tleeliom was
replaced with serum containing one (2% FBS) andctils were cultured for 1 and 3 days. Untretate€iCdiscs
(CT) were used as control. Cell number was evatlibtelactate dehydrogenase (LDH) assay. For thgigse, the
samples were washed twice with PBS to remove wiwthcells, and lysed by addition of Mammalian &irot
Extraction Reagent (M-PER), Thermo Scientific, Gany). LDH activity was determined spectrophotonadiiyi
with a commercially available LDH kit (Roche, Gemga in a plate reader (Power WaveX, Bio-Tek Instenis,
USA; 490 nm). A calibration curve with decreasingmnbers of cells was calculated. Results were ndzetalvs

their corresponding surface area (cellecm

2.6 Statistical analysis

All experiments data presented in this study avergas mean values * standard deviations.

For the statistical study of the obtained resultsoa-parametric Mann-Whitney U-test test was useddtermine
statistically significant differences (p-value B) between the different groups. Statistical asialyvas performed
using Minitab software (Minitab Inc, United States)

3. Results
3.1 Surface characterization

3.1.1  Surface roughness
Activation methods slightly affected surface rougbs as determined by white light interferomet8odium
hydroxide etching created a higher roughness (3&® nm) while plasma treatment (4.5 £ 0.5 nm)aoted the
lowest Ra value compared to control (6.3 = 2.3 riigreover, any activation treatment affected thdese area of
control samples obtaining a SIA value of 1.0 fotla studied surfaces.

3.1.2  Wettability and surface free energy

Wettability results of the treated and silanizedC€surfaces are shown in Fig. 1, where water cortagles, CA,
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and SFE are described. Activation treatments aftegtettability behaviour of CoCr surfaces, while N#ching
induced a slightly increase of the CA, plasma imesit exhibited the highest hydrophilic behaviouoagthe others
surfaces. This enhancement was accompanied bgtalgldecrease of the polar part for NA series, asthtistically
significant increase of such component, and tof#,3n PL series compared to control.
Silanization process slightly decreased contacleavgjues of CT-CP and NA-CP series. Otherwisesrphatreated
surfaces presented a significant increment of timéact angle after silanization, PL-CP (from ~2uf to 76.7).
As shown in Fig. 1b, the process of silanizatiotutes changes in SFE mainly due to variationssippdar part.
Two effects were noticeable: while the polar comgunconsiderably decreased for the PL treated cesféfrom
31.7 to 5.80 mJ/A), it slightly increased for CT-CP and NA-CP, whasalispersive component of CT-CP, PL-CP
and NA-CP were statistically equal.

3.1.3  Surface chemical characterization
XPS analysis was performed to examine the atontiosraf the most significant elements (C, O, N, Co, Ni, W,
Cl, Si) of the CoCr alloy surfaces with differentface qualities (Table 1).
The activation of CoCr surfaces with plasma, Plcreéased the percentage of carbon and nitrogennaneaised the
amount of oxygen compared to control, CT. ContrBigOH etching activation slightly decreased cartoment and
increased the amount oxygen and nitrogen.
To further characterize the activation process ofiCsurfaces, high-resolution C 1s (Fig. 2a) antisQ(Fig. 2b)
XPS spectra were studied. Deconvolution of C 1k pdatected a major peak at 284.5 eV, assignedipgbasic
carbon [31,32] on CT, PL and NA surfaces. Threeenpwaks were observed at different binding energiggeak at
282.7 eV, is attributed to chromium carbide [33hile at 285.6 eV, it is attributed to oxygen-contag hydrocarbon
fragment C-OH [32]. Finally at 288.1 eV, indicatee presence of C=0 polar compounds on the sufgtje The
analysis of the O 1s peak, Fig. 2b, revealed thoeéributions: 529.5 eV is assigned to metal oxi@®) species [35-
37], 531.3 eV corresponds to hydroxyls (-OH) speaied at 532.8 eV is assigned tgOHyroups [34].
The activation treatments increased the intendity@® hydroxyl group signal, 531.3 eV, and deceakedntensity
signal of oxides and #0 groups compared to CT surfaces, especially hsgtor PL activated surfaces (Fig. 2b).
Moreover, the ratio OHO* was of 1.32 for CT samples, 8.63 for PL and 1@&2NA confirming the important
activation behaviour of plasma treatment on Cof@ryalcompared to CT and NA.
The silanization of CoCr samples was charactetigeithe presence of Cl 2p and Si 2s at the CT-CPCPland NA-
CP samples (Table 1) compared to activated setieserany trace of these components was detected.
XPS studies confirmed the attachment of REDV thhoaogvalent functionalization or physisorption résg in a
significant increase of the percentage of C 1shNuid and reductions of the intensity of O 1s, Ca@g Cr 2p (CT-
REDV, PL-REDV, NA-REDV, CT-CP-REDV, PL-CP-REDV, N&P-REDV) in comparison with activated
surfaces (CT, PL, NA) (Table 1). Additionally, REDMnctionalized surfaces significantly increased #ignal
intensity of the C 1s sub peak at 288.1 eV (Fig, 2aributed to amide groups (N-C=0) and also laper with C=0
polar compounds, compared to control and activatedaces (CT: 8.25%, CT-REDV: 17.43%, CT-CP-REDV:
19.66%), (PL: 17.17%, PL-REDV: 24.00%, PL-CP-RED0.87%), (NA: 14.94%, NA-REDV: 20.42%, NA-CP-
REDV: 18.86%). And also confirmed by the O 1s spe¢Fig. 2b) at 531.3 eV where the signal of hygterxalso
overlaps with the amide group, O=C-N. The intensftthis signal increased forfTCand NA functionalized samples,
independently if they were physisorbed or silaniZ€d: 49.89%, CT-REDV: 65.15%, CT-CP-REDV: 69.71%),
(NA: 57.22%, NA-REDV: 61.63%, NA-CP-REDV: 59.81%hile PL treated surfaces did not detect an increfse
this signal (PL: 88.42%, PL-REDV: 70.38%, PL-CP-RED58.21%) since the effective activation processsks
generated amides regarding hydroxyls groups.

3.1.4  Surface charge
Isoelectric point, IEP, and surface charge at pKi=afe given at Table 2. For all series, activagidnized and

functionalized, IEP is comprised between 3.5 affd 4.
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Changes between different surface modificationgelevant at pH 7.4. NaOH etching treated surfaceshe most
negative surfaces at physiological pH while PL eselis similar to control. The CPTES silane attaaftnte the
surface is detected by a more negative surfacegetfar CT-CP, PL-CP and NA-CP. When REDV is phydisd to
the surface there is no statistically change ofasercharge at physiological pH when comparing € CT-REDV,
PL to PL-REDV and NA to NA-REDV. Contrary, ELR cdeatly attached to the surface is detected sinciase
charge is less negative compared to silanizedsseZi€-CP vs. CT-CP-REDV, PL-CP vs. PL-CP-REDV, NR-@s.
NA-CP-REDV. This behaviour is specially accentudt@dNA series since zeta potential changes frof9-3nV for
NA-CP to -26.7 mV for NA-CP-REDV, indicating a highincrement of ELR attached compared to CT-CPLer P
CP series.

3.2 ELRs biofunctionalized adlayer characterization

AFM images show REDV adsorbed adlayer morphologgngks depending on the applied surface treatmént (F
3). REDV covered the entire surfaces but it tedsggregate into a spherical morphology on allasig$. Moreover,
AFM analysis detected an increase of the mean regghwith the REDV coating, indicating a higher antocand
thickness of the immobilized biomolecule adlayethwvthe increase of RThis effect is clear in silanized samples
and, among them; NA-CP-REDYV series obtained thkdri§, value.

Fig. 4 representAD versusAf plot for the adsorption process of ELR’s on pbgsbed and silanized CoCr sensors.
The QCM-D technique allows quantifying the REDVaatiment in real time without labelling fluoresc&EDV.
Nevertheless only CoCr coated sensors without atiyation treatment, could be assayed. Thicknesssamface
mass density of the adlayer formed during experiméndicated that silanization considerably incesa®oth
parameters. Moreover CPTES silanization, CP-RED¥ess the attached REDV adlayer as observed gcacase
of theAD/Af slope, compared to physisorbed series.

Finally, the stability of the FITC-REDV coating wastermined after sonication during 1h in PBS 1X.(B). All
surfaces lost a certain quantity of ELR after thecpdure. Nevertheless, CPTES silanized seriesdstathigher
amount of REDV after 1h sonication (PL-CP-REDV, N/®REDV). NA-CP-REDV maintained the higher quantity
over the surface compared to the other series sdtdcation. Non-functionalized samples, (C, PL,,NPA-CP, NA-

CP), did not present fluorescence

3.3 Cell adhesionand proliferation

The response of HUVEC cells to the biofunctionalizeirfaces was evaluated in vitro by means of eathesion
events (Fig. 6). After 4h of incubation, the preseof REDV elastin-like recombinamers slightlyrieesed the total
area occupied by cells attached onto CT surfacédsleWthe effect of REDV coating is slightly notid#ea onto CT
surfaces Wwere cells were clearly round and a few of them aghrectivated and/or activated and functionalized
samples showed an increase of cell per surface \afiean comparing surfaces activated and functizedlsurfaces
(and NA vs NA-REDV) it was observed that PL-CP, bidd NA-REDV presented the higher spreading, inditaty
the higher index ratio angimax parameters (Fig. 6b). But no differences imgeof cell spreading and number were
observed between plasma activated and plasma duatitied surfaces (PL-CP vs PL-CP-REDV). Howeuenas a
remarkable influence on the cell number and spneadiehaviour of HUVEC cells on NaOH activated and
functionalized surfaces specially compared CT.

Cells proliferated on the CT and NA-CP-REDV surfaaéier 1 and 3 days in culture. After 1 day theber of cells
was of CT: 3054.89 + 202.66 cells/cand NA-CP-REDV: 4024.14 + 720.76 cellsfciihen, after 3 days in culture
cells proliferated as follows CT: 4522.86 + 697c@fis/cnf and NA-CP-REDV: 4758.12 + 793.02 cellsfcm

4. Discussion

The present study demonstrates the effectivenessnwiobilizing REDV elastin-like-recombinamers on @o
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surfaces to enhance endothelial cells adhesionsanelding. This approach could be used to enhanegpid
endothelialization of coronary stents. To overcomestenosis and obtain a functional artery afteomary stent
implantation, it is decisive to accelerate stenfae endothelialization [7,11] and, if possibléthout the use of
antiproliferative drugs that generally delay thenfation of healthy endothelium [8]. The elastireliecombinamers
used in this work contains the extracellular maprigtein sequence REDV from fibronectin and spedir theo 43,
integrin receptor on human endothelial cells [1B,38erefore, the strategy reported in this workrsalternative to
current coronary stents, which partially solve eassis regardless recovery damaged tissue.

The designed ELR present alternatively along treergithe (VPGKG) peptide unit which exhibits a paityp amine
that may serve for covalent immobilization througmucleophilic attack [39] osid for physisorption where it is
induced weak bonding, i.e. dipole—dipole interawio_ondon dispersion forces and hydrogen bond8g40]

A large number of metal surfaces, form a passiwak&yer of metal oxide that exposes hydroxyl groapstheir
surface, allowing the binding of silanes on theahft1,42]. To ensure optimal silanization, sevetaémical and
physical surface treatments are able to activagentatallic surface by increasing the amount of @éupgs on the
surface [43,44]. Oxygen plasma is known as an #ffeenethod for carbonaceous contamination remestiout
adding new particles on the surfaces [45,46]. @natiner hand, sodium hydroxide etching has beeelyigsed on
titanium surfaces to induce surface bioactivity][4@xygen plasma and NaOH etching were used asadictn
techniques on CoCr surfaces with different results.

Both activation treatments incremented the hydrayylups formation but PL treatment was the moréiefit
compared to NA and CT. Also confirmed by the O #akpdeconvolution, Fig. 2b, the ratio @B is higher for
plasma treated samples compared to NA and CT.ditiad, plasma process decreased the percentaggertuén and
nitrogen and increased the amount of oxygen asuitref the removal contaminants; while NaOH etghactivation
slightly decreased carbon content and increasedrttoeint oxygen and nitrogen. Then, NaOH treatmesins not to
be so effective treatment in removing carbon sgeai@ to increase the formation of hydroxyls grocgapared to
oxygen plasma.

The activation treatments can also affect surféaegacteristics such as roughness, chemistry amijeban surface
wettability or charge. As expected, activation witlasma treatment, PL series, didn’t affect surfemgghness.
Moreover, plasma reduced the surface content afdN\aresulting in a significant increase of surfaagtability due
to the contamination removal and the significamtéase of hydroxyls on the surface. Otherwise, NaOtiation
slightly increased surface nano-roughnesg;1B.0 nm and hydrophobicity, compared to CT, duehe lower
removal of carbonaceous species compared to plasthalso, due to the lower increase of the amouhydroxyls
groups on the surface.

The { potential, formally defined as the electrical potel at the electrokinetic slip plane, is a vergportant
property of charged solid-liquid interfaces [48,].48he obtained zeta-potential curves showed addyeanore
negative( potential as the solution increased alkalinitytéd@ot shown). According to the results obtaindideated
surfaces are negatively-charged at physiologica(pH), particularly marked in NA samples. The gjgaformation
process is due to the preferential adsorption afatieely-charged electrolyte anions, suchGi$~, CI~. The
theoretical isoelectric point for REDV elastin-likecombinamer is around pH = 5.34 [50] then, at7p# the net
charge is positive due to the amine groups of thignper which tender to be progressively protonakgéih the
increase of the pH. Therefore, surfaces with a megmtive charge are expected to immobilize les®\RENto the
surface at physiological pH since a lower different electronegativity between the surface andtbmolecules is
detected.

Silanization has been widely used to covalently obitize functional biomolecules on metallic supgdit0,51] by
being an alternative to physisorption process wheeak bonds immobilize the cell adhesive molecuteshe
surface. CPTES silane bonds to -OH surface grahps; it is expected that an augmentation of thetimeed bonds
will increment the immobilized silane and, furthétle ELR onto CoCr surfaces.

10
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Silanization was confirmed by the detection of Siaad Cl 2p peaks unequivocally associated to CRMW&8cules
[43,52]. And a decrease of Co 2p and Cr 2p intgrs#taks is detected, by XPS after silanization,ctvtian be
interpreted as the creation of a new layer overstindace. Although the detection of Cl 2p, and Bider the
surfaces is lower compared to other studies Wh&EES silane has been attached to titanium, [52tB8]successful
immobilization of ELRs and cell in vitro response functionalized surfaces, corroborate the effectaéss of the
proposed covalent immobilization strategy. Thersdation process was further confirmed by the deochuion of
the O 1s peak of silanized but not functionalizedhgles (CT-CP, PL-CP, NA-CP) (data not shown) wib@@6 eV
energy-bond corresponds to Si-O-Metal/Si-OH at &81and the Si-O-Si at 532.6 eV [50], detectingpghesence of
organ-silanes over the surfaces and then, demdingtieovalent bonding between the oxide metal &edQ@PTES
silane.

The amount of immobilized REDV on the differentfages is strongly influenced by the surface adtivaetreatment
which in turn produces changes in surface chairatiter such as surface chemistry, roughness, chamgtability
and SFE [54,55]. Thus, functionalization of CoCrfaces was thoroughly characterized by means of ,XPS
{ potential, AFM, QCM-D and FITC-fluorescent labetjin

The surface chemical composition analysis of thes@nt species by XPS corroborated the success BVRE
immobilization through physisorption (CT-REDV, PLERV, NA-REDV) and CPTES silanization processes (CT-
CP-REDV, PL-CP-REDV, NA-CP-REDV) by the increasethr percentage of C 1s and N 1s and a decredatin
of Co 2p and Cr 2p signals compared to activatdd L, NA) and silanized series (CT-CP, PL-CP, NR){Table
1). Both effects are typically described for biosmiles attachment specially the presence of nitregeresponds to
amide groups and amino functionalities characiertftELR sequences [56], whereas the immobilizatiban ELR
adlayer reduces the signal of cobalt and chromixitles. The analysis of the O 1s spectra showedaease of the
second peak, 531.3 eV, assigned to carbonyl groeeggecially amides, on functionalized surfaces @ueg to
control (Fig. 2b). Statistically no differences watetected if functionalization is performed viaalent bonding or
physisorption (CT-REDV: 65.15%, CT-CP-REDV: 69.71%®l-REDV: 70.38%, PL-CP-REDV: 68.21%, NA-
REDV: 61.63%, NA-CP-REDV: 59.81%) indicating tha&ietsilanization process is not optimal for immatig
ELR onto CoCr surfaces. Moreover, no statisticliedences were detected between different actimgiimcesses in
the amount of amides groups by XPS. Probably tbbnigue is not sensitive enough to distinguish keetwthe
detection of OH and O=C-N, other techniques shbeldised to determine the amount of REDV immobiliaedhe
different surfaces.

QCM-D studies allowed to quantify the immobilize@&RV but the experiments could only be performedCaCr
sensors with practically the same surface chemistmpposition of CT surfaces (data not shown). Treamy
physisorption and CPTES silanization processes wiagacterized in real time. Results, Fig. 4, destrated that
functionalization with CPTES silane increases thmant and the thickness of immobilized REDV, 9.4Znm?,
compared to physisorbed, 2.41 ng/fmithe frequency shift versus dissipation shift gledwed a single slope during
REDV adsorption on CoCr sensors for both physisbined silanized series, indicating no conformatiafanges
of the layer during adsorption. But, the slope gatends to zero indicating an increase of the itigidf the
biomolecules layer with the added mass for thenigiéd ELR series.

The conformation and the topography of the adsorR&®V layer on the different CoCr surfaces wereoals
visualized by AFM (Fig. 3). As observed, the changethe mean roughness of the adsorbed layer magreeable
depending on the surface activation treatmentnmasr NaOH etching, and also the mechanism of inilimabion,
silanization or physisorption. The use of NaOH #&tgland CPTES silanization considerably increakedhickness
of the REDV layer with a Ra (NA-CP-REDV) = 7.03 rcompared to physisorbed Ra (NA-REDV)= 4.57 nm or
plasma activated Ra (PL-CP-REDV)= 2.63 nm. Thisultesvas further confirmed by potential studies on
functionalized samples. After REDV immobilizatiomto the surfaces, surfaces were less electronegatice
REDV is positively charged at pH 7.4 (CT=-26.4 n®-REDV= -25.3 mV, CT-CP-REDV: -24.7 mV). But itasy

11
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also observed that silanized and functionalizefhses were less electronegative than physisorbedalthe higher
immobilization of REDV onto the surface (NA = -3InV, NA-REDV= -29.1 mV and NA-CP-REDV = -26.7 mV).
Generally, the biomolecule did not adsorb homogeskyover the surfaces since it tends to aggloreaassuming a
spherical shape. The reason of such shape catabedréo the hydrophilic/hydrophobic behaviour loé ELR-coated
surfaces. According to Costa et al [16], upon threnfition of the spherical objects, it is plausitdeassume that
REDV present a more hydrophobic residue, whichdoesult on an agglomerated coated surface. Themumber
of agglomerates is also an indication of the higl@ount of immobilized biomolecules on the surface then,
depending on the applied surface treatment, itimerease or decrease. Again, NaOH etching andizddrsurfaces
are the ones with a higher ELR thickness and agglated ELR layer.

The characterization of the immobilized REDV adlay@s consistent since the determined thickneghysisorbed
CT-REDV is about 2-2.5 nm, as seen by QCM-D and ARN a surface mass density of 2-2.41 ngfinas seen by
QCM-D, these results weir accordance with other studies [57,58].

Finally, the stability of the immobilized biomoldeuayer on the different surfaces was determingdjimntifying
the FITC-REDV intensity before and after sonicatinrPBS during 1 h (Fig. 5). As expected, afterication, all
samples decreased the signal intensity indicatiaga certain quantity of FITC-REDV has been desdrdue to the
process. A tendency was observed depending oririliang force between the biomolecule and the serfatanized
samples presented a major stability compared tsipbsbed series but this effect was not statidyicagnificant.
The desorption on covalent attached samples cauiblmorate XPS previous results where probably atlothe
REDV immobilized on silanized surfaces was throwgivalent bonding, but a part of the immobilizatimas
performed through physisorption. No relationshipswaund between the amount of hydroxyls activatadtte
surfaces and the amount of adsorbed biomolecutdaBty the reason is that, after the obtained XREstability
results, the silanization process was not optimaititain all the biomolecules covalently attachatbdhe surface.
Then, biomolecule adhesion is affected both byitm@obilization process and surface electrostaticds, where
covalent bonding and a major difference in eleagaivity between the surface and the biomoledeied to a
higher REDV adsorption onto the treated CoCr se$g69,60].

The attachment of cells to metallic surface isrggtp influenced by surface characteristics suchuaface chemistry
[60], roughness [62—64], charge and wettability, & and SFE [67,68]. Our hypothesis is to immakilengineered
ELR with an REDV sequence specific for endothetiglls, expecting that a higher attachment of REDYodCoCr
surfaces will lead to a higher adhesion and spnegdf HUVEC cells. HUVEC cell in vitro early adhesi studies
showed differences depending on the surface aidtivaind immobilization treatment and then, on thardity of
adsorbed biomolecules. In that sense, NaOH activaigfaces presented a major cell adhesion anddipgedue to
a higher amount of immobilized REDV onto the suefaalso related with a higher electronegativityhef surface, -
31.1 mV.Moreover, this surface significantly enhanced HUVR®liferation in comparison to plain CoCr, with a
higher number of cells at each time poiRlasma functionalized surfaces showed an increbsslitered cells
compared to the control surface but inferior to Na€inctionalized series since a lower amount of REB
immobilized. Moreover, no differences were obserivetérms of cell adhesion parameters, between Plad@ PL-
REDV surfaces (Fig. 6b). This result indicates gheat influence of surface charge in HUVEC cellesibn since
PL-CP surfaces were very electronegative at pH-38t4 mV, thereby masking the effect of REDV cogtonto PL
activated surfaces. Contrary, on NA activated s@dathe effect of the immobilized REDV adlayer waere
noticeable than surface charge properties. Takogether, both immobilization process and surfacargsh
influenced the attached REDV layer where a higmeount is directly related to a higher HUVEC celihmher and

spreading response.

Conclusions

Elastin-like recombinamers functionalization of Ga@etallic surfaces for cardiovascular applicatiomsy offer an
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efficient alternative to enhance rapid endothal&tion. Herein, we have successfully immobilisedDREon the
metallic surfaces through physisorption or covalbonding by using traditional organosilane chemisifhe
successful biomolecule adlayer was thoroughly dfiadtand characterized. Previously to functioratiian, metallic
surfaces were effectively activated to increaseatneunt of hydroxyls and then, enhancing silaniratind, finally,
improving ELR immobilization. Covalent bonding ciwafs of the ELR have shown higher amount and staftflan
the physisorbed ELR coatings. The results demdestrat the silanization process was not completéigctive
since a mixture of covalent and physisorption béhavwas observed, the use of big biomolecules wditferent
anchor groups causes covalent and weak bondingebatthe biomolecule and the surface. Both immadiibn
process and surface electrostatic forces influéme@mount of immobilized ELR onto the surface. Mogportantly,
early HUVEC cell adhesion response was directlgtesl to the amount of immobilized ELR on the swefacThus,
coating CoCr surfaces with REDV is a promisingtsgg to enhance rapid endothelialization and imerine long-

term efficacy of cardiovascular stents.
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Figures Legends

Fig. 1. Wettability studies of activated and silsed CoCr surfaces: a) water contact angle. Thentbgy indicates
CA mean-values with non-statistically-significantfefences respect to CT; b) surface free energdEjSand their
different components (dispersive and polar). Thé, #& symbols join SFE and dispersive mean-valuéth waon-
statistically- significant differences. CT: polisheCoCr. PL: polished CoCr treated with oxygen plasmA:
polished CoCr, etched with NaOH. CT-CP: CT followd CPTES silanization. PL-CP: PL followed by CPTES
silanization. NA-CP: NA followed by CPTES silanizat

Fig. 2. XPS high resolution spectra of C 1s (a) @nds (b) obtained at the modified CoCr surfaceerafach
reaction step. Polished CoCr samples (CT) were asexbntrol. CT: polished CoCr. PL: polished Ca@rated with
oxygen plasma. NA: polished CoCr, etched with Na@H-REDV: CT with elastin-like recombinamer (ELR)
(physisorbed). PL-REDV: PL with ELR (physisorbeNA-REDV: NA with ELR (physisorbed). CT-CP-REDV: CT
followed by CPTES silanization with ELR (covalemhmobilization). PL-CP-REDV: PL followed by CPTES
silanization with ELR (covalent immobilization. NBP-REDV: NA followed by CPTES silanization with ELR

(covalent immobilization).

Fig. 3. AFM images and roughness parameters of Btt&chment on CoCr treated surfaces. Bar: 200 m (f

acronyms definition, see captions Fig.1 and Fig.2).

Fig. 4. AD versusAf plot and adlayer parameters for the adsorptioRGD elastin-like polymer (50Qg/ml) on
CoCr alloy coated sensors obtained by QCM-D. Catauts were performed after 4 h of adsorption timing the
Voigt model. REDV: CoCr QCM-D sensor with ELR (ps@ption). CP-REDV: CoCr QCM-D sensor followed by

CPTES silanization with ELR (covalent immobilizat)o

Fig. 5. FITC-REDV stability test results on diffetetreated CoCr surfaces before and after 1h ohsohic
solicitations in PBS 1X at RT. Fluorescent measar@mvere performed after FITC ELR desorption withH 0,2
M during 2h. The *, #, *, symbols join fluorescentensities with non-statistically-significant diffences (for

acronyms definition, see captions Fig.1 and Fig.2).

Fig. 6. a) Fluorescent images of the HUVEC cellsuced for 4 h on CT, CT-REDV, PL-CP-REDV and NA-B¥
surfaces in serum-free medium. Bars: 100; b) quantification of the cell number, total areecupied by cells,
aspect ratio and maximum diameter for the HUVECueat for 4 h on treated CoCr samples. Each arem wa

analysed by FIJI ImageJ software was 8¢8rivx 689.07um (for acronyms definition, see captions Fig.1 &igi2).
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Table 1

Table 1. XPS characterisation percentage of atomic composition at the different modified CoCr surfaces (for

acronyms definition, see captions Fig.1 and Fig.2).

Surfaces Cls O1s N 1s Co 2p Cr 2p Ni 2p W 4d Cl 2p Si 2s

CT 39.1+2.0 37.7%x15 09+0.3 90+10 11.1+01 10+x03 1.0x0.0 0.0x0.0 0.0x0.0
PL 20.3+0.2 54319 04+01 152+11 6310 25+04 09%x01 0.0x0.0 0.0x0.0
NA 37.3+58 424+25 45+0.1 6.7+1.0 7.0+0.5 08+0.2 1007 0.0£0.0 0.0x0.0
CT-CP 31.3+2.0 476%0.8 05+0.1 94+10 7711 1505 0701 0401 0901
PL-CP 31.4+3.1 446%26 24+13 9.0+0.8 85+1.1 1.7+10 11+x04 0405 0.7x05
NA-CP 28.0+£09 513x26 03+0.2 10810 5305 23+x06 09%x03 02%02 08=%x0.2
CT-REDV 52010 29415 8.6+05 35+03 49+0.8 0.7+0.0 08+02 0.0x0.0 0.0x0.0
PL-REDV 55.8+6.0 264x4.1 124+06 24x13 21+0.8 06+0.2 04+01 00x00 0.0x0.0
NA-REDV 50.1+16 30.6x0.7 9012 3.3+0.2 53+0.2 09+0.1 0.7%x02 0.0x00 0.0x0.0

CT-CP-REDV  535%+26 276+30 114+10 22+08 32%x06 04+x01 07+01 02+02 04=zx0.1
PL-CP-REDV ~ 52.1+18 248+11 11.7+13 16+04 24+05 02+00 05+00 00x00 0601
NA-CP-REDV  52.1+1.8 303+09 104+04 20+04 40+x03 02+00 04+x00 01x01 0504




Table 2

Table 2. Isoelectric point (IEP) and apparent zeta-potential (), at pH 7.4, of modified CoCr surfaces (for acronyms

definition, see captions Fig.1 and Fig.2).

Surfaces IEP CatpH=7,4(mV)
CT 3.5%+0.01 -26.4+0.70
PL 3.8+0.01 -27.1+2.47
NA 4.1+ 0.02 -31.1+231
CT-CP 3.8+0.01 -30.5+4.38
PL-CP 3.7+0.01 -38.4+4.78
NA-CP 4.6+0.01 -34.9 + 3.61
CT-REDV 3.9+0.00 -25.3+2.63
PL-REDV 5.0+ 0.04 -31.1+0.54
NA-REDV 4.6 £0.04 -29.1+4.19
CT-CP-REDV ~ 4.7+0.05 -24.7 +1.57
PL-CP-REDV 3.8+0.00 -35.5+5.35

NA-CP-REDV 4.5 +0.02 -26.7 +0.83
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