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ABSTRACT

Current vascular drug-eluting stents based on immuno-proliferative drugs would reduce the
rate of in-stent restenosis (ISR) but may be associated with a higher risk of acute stent
thrombosis due to non-selective activity. In this paper, we aimed to develop a polydopamine
(PDA) coated chromium-cobalt (CoCr) stent functionalised with EP224283 (Endotis Pharma
SA), which combines both a GPIIblIla antagonist (tirofiban moiety) and a factor Xa inhibitor
(idraparinux moiety) to reduce acute stent thrombosis.

PDA-coated chromium-cobalt (CoCr) samples were first immersed in a polyethylenimine
(PEIL pH 8.5) solution to increase amine function density (36.0+0.1 nmol/cm?) on the CoCr
surface. In a second step, avidin was grafted onto CoCr-PDA-PEI through the biotin linkage
(strategy 1) or directly by coupling reactions (strategy 2). The HABA titration proved the
fixation of biotin onto CoCr-PDA-PEI surface with a density of 0.74 nmol/cm2. The fixation
of avidin was demonstrated by water contact angle (WCA) and surface plasmon resonance
(SPR). SEM micrograph shows the flexibility of the thin layer coated onto the stent after
balloon inflation. Independently of the strategy, a qualitative SEM analysis showed a
reduction in platelet activation when the molecule EP224283 was immobilised on avidin. In
parallel, the measurement of anticoagulant activity (anti-Xa) revealed a higher anti-factor Xa
activity (2.24 TU/mL vs. 0.09 IU/mL in control) when EP224283 was immobilised on avidin.
Interestingly, after seven days of degradation, the anticoagulant activity was persistent in both
strategies and looked more important with the strategy 2 than in strategy 1.

Throughout this work, we developed an innovative vascular stent through the immobilisation
of EP224283 onto CoCr-PDA-PEI-(avidin) system, which provides a promising solution to

reduce ISR and thrombosis after stent implantation.



1 Introduction

Endovascular therapies have critically changed the management of both coronary and
peripheral artery diseases. The use of bare metal stents (BMS) has improved the results of
revascularisation compared to the plain old balloon angioplasty [1] but exposes patients to in-
stent restenosis (ISR), thereby increasing the costs of overall treatment. ISR is defined as a >
50% reduction of lumen in the weeks following stent implantation; it could affect up to 30%
of patients after a coronary stent and 50% of patients after femoropopliteal interventions [2,3].
Pathophysiological mechanisms of ISR, induced by angioplasty and stent deployment, can be
divided into an early and a late phase. The initial endothelial injury caused by the dilatation of
the arterial wall and stent implantation promotes platelet aggregation (thrombus formation)
and massive local inflammatory response [4]. Gradually, at a later stage, vascular smooth
muscle cells (VSMC) present within the arterial wall switch their phenotype influenced by
growth factors such as platelet-derived growth factor (PDGF). VSMCs then proliferate and
migrate from the media to the intima layers of the arterial wall and increase synthesis of
extracellular matrix leading to constrictive arterial remodelling and neointimal hyperplasia
[5]. All those late phenomena are continuously triggered by the permanent presence of the
metallic stent within the arterial lumen.

The use of drug-eluting stents (DES) has reduced the rate of ISR compared to BMS, but is
correlated with a higher risk of late acute stent thrombosis [6]. In this first generation of
DESs, late thrombosis was potentially explained by the delayed healing of the arterial wall
promoted by the use of a pro-inflammatory and non-absorbable polymers interface that
encourages absorption and elution of drug over time and/or by the use of non-selective anti-
proliferative drugs (such as paclitaxel and limus derivatives) towards cellular mechanisms of
ISR. After DES implantation, long-term dual anti-platelet therapy is required but exposes

>10% of patients to major bleeding [7].



Over the recent years, significant efforts have been devoted over the past years to designing
new vascular drug delivery platforms limiting inflammation and platelets aggregation
phenomena. Those platforms would promote natural vascular healing after device deployment
to reduce the risk of ISR, and at the same time would prevent late acute thrombosis. In this
context, inspired by the composition of mussel adhesive proteins (MAPs), Lee et al.
developed an innovative surface modification method using the dopamine building block that
would be applied to vascular platforms [8]. In an alkaline environment, the self-
polymerisation of dopamine results in the formation of a robust thin polydopamine (PDA)
film, which adheres to almost any type of material. For vascular applications, PDA has
emerged as a haemo- and cytocompatible layer promoting endothelial cell (EC) proliferation
while reducing that of VSMC [9].

In addition, PDA provides a versatile platform for secondary reactions via Schiff base
formation, Michael additions or electrostatic adsorption leading to the grafting of various
(bio)molecules or polymers such as selenocystamine, heparin, hyaluronic acid, vascular
endothelial growth factor (VEGF), RGD or other peptides on various biomaterials including
316L stainless steel, titanium and CoCr [10-13].

Recently, our group exploited this PDA adhesive layer to enable the grafting of a drug
delivery system onto CoCr vascular stent [10-12]. In this work, a cyclodextrin-based polymer
grafted onto the stent surface through the PDA layer allowed the loading of different drugs
such as paclitaxel and gentamicin [10]. Recently, the innovative molecule EP224283 (Figure
1), which combines a factor Xa-inhibitor (Idraparinux) and a GPIIbIIla antagonist (Tirofiban)
with a biotin recognition site [14], was specially designed by Endotis Pharma SA to address
ISR. Very promising preliminary results were obtained showing the beneficial effect of
EP224283 on ISR and on stent thrombogenicity after systemic administration in a rat model,

which [15] suggests that grafting EP224283 onto the cardiovascular device may possibly



reduce ISR and thrombosis subsequently. Nevertheless, despite latent reactivity of PDA, our
efforts to achieve the direct immobilisation of the EP equipped with a biotin function onto
polydopamine layer remain unsuccessful.

The present study aims to develop and evaluate two strategies (Figure 2) of immobilisation
enabling the grafting of EP224283 on a PDA-coated CoCr vascular stent. In the first strategy,
the biotinylation of an amine-rich PDA layer was achieved to immobilise EP224283 on the
CoCr platform through the well-known biotin-avidin interactions [16—18]. In the second
strategy, avidin was directly immobilised on the amine-rich PDA layer that coats the CoCr
platform via coupling reactions and further interacted with EP224283.

2 Materials and methods

2.1 Materials

CoCr disks (thickness 3mm, @14.5 mm, surface 165 mm?2) were cut from a cobalt—chromium
rod, ISO standards 5832-12 (Co 66.00%, Cr 27.34%, Mo 5.19%, Mn 0.56%, Si 0.39%),
Bohler-Edelstahl, Germany). All reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and were used as received. Ultrapure water (18.2M€, Millipore Milli-Q system,
Merck KGaA, Germany) was used for all the experiments. EP224283 (Figure 1) was kindly
provided by Endotis Pharma (Romainville, France).

2.2  Methods

2.2.1 Surface functionalisation

Preparation of CoCr samples - CoCr discs were polished with an automatic polishing
device (PHOENIX 4000 “Sample Preparation System”, Buehler, Germany) after four cycles
of S5min each (using subsequently 600, 1200, 2400 and Supra5 sandpapers, from PRESI,
France). Discs were cleaned by a 5-minute ultrasonication (44kHz, Blackstone-NEY

Ultrasonics, Jamestown, NY) in acetone, water and ethanol, successively.



The chemical oxidation of CoCr plates was performed using piranha solution, a 70/30 v/v
mixture of sulphuric acid (H2SO4, 97wt%) and hydrogen peroxide (H202, 36wt%). Disc
samples were immersed in piranha solution for 60 hours at room temperature (RT) under an
extractor hood. The discs were then cleaned by ultrasonication in water (30min, 4 times) and
dried under nitrogen flow.

Polydopamine (PDA) coating layer - The cleaned CoCr discs were placed in a pillbox
containing SmL of dopamine solution (2mg/mL) in a 10mM Trizma buffer adjusted to pH 8.5
(RT, 400rpm, 16h). The PDA-treated CoCr plates were rinsed with water, dried at 37°C and
placed in a clean ventilated oven for a thermal treatment at 150°C for 1 hour [10].
Polyethylenimine (PEI) coating layer - Discs were placed in a pillbox containing SmL of
50g/L branched PEI (25kDa) solution in a 10mM Trizma buffer adjusted to pH 8.5 (RT,
400rpm, 16h). The PDA-PEI treated CoCr plates were rinsed with water and dried at 37°C.
Avidin immobilisation - Two different strategies for the grafting of avidin were evaluated to
promote EP223224 immobilisation (Figure 2).

» Strategy 1: PDA-PEI disc samples were placed in a pillbox containing SmL of D-
Biotin (0.4mg/mL, 244g/mol) in a 20mM phosphate buffer saline (PBS) solution
adjusted to pH 6, with 1.5molar equivalents of both 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) [4°C,
400rpm, 16h]. The PDA-PEI-biotin-treated CoCr discs were rinsed with water and
dried at 37°C. Discs were then placed in a 24-well tissue culture polystyrene (TCPS)
plate containing 500 pL of avidin solution (1.0mg/mL, 66kDa) in a 10mM PBS
solution adjusted to pH 7.4 [RT, 150rpm, 16h]. The PDA-PEI-biotin-avidin treated
CoCr discs were rinsed with water and dried at 37°C [19].

» Strategy 2: PDA-PEI discs samples were placed in a 24-well TCPS plate containing

500uL of avidin solution (1.0mg/mL) in a 20mM PBS solution adjusted to pH 6 with



1.5molar equivalents of EDC and NHS [4°C, 150rpm, 16 h]. The PDA-PEI-avidin
treated CoCr discs were rinsed with water and dried at 37°C.
EP224283 grafting - Discs samples were placed in a 24-well TCPS plate containing S00uL
of EP224283 (2.0mg/mL) solution in saline (NaCl 0.9%) [4°C, 1h]. Discs were rinsed twice
with 2mL of saline and dried at 37°C under 80rpm for 30min.
The same process of functionalisation was applied on stents ((Multilink 8, Abbott Vascular,
Santa Clara, CA., USA) to evaluate the elasticity of the coating after stent expansion at
nominal diameter.
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Figure 1: Structure of EP224283 molecule.
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Figure 2: Strategies for CoCr functionalisation and subsequent activation with EP224283.
Strategy 1: grafting of avidin onto CoCr-PDA-PEI and subsequent activation with EP224283.
Strategy 2: grafting of biotin onto CoCr-PDA-PEI surface, subsequent functionalisation with

avidin and activation with EP224283;

2.2.2  Surface characterisation

2.2.2.1 Colorimetric titration with acid orange 2 (AO2)

Colorimetric titration with AO2 was used to determine the number of amino groups
immobilised on the PDA-coated surface before and after PEI grafting. Each sample was
dipped into 10mL of a 2.5-10"2 mol/L AO2 solution at pH 3 under 60rpm overnight at RT.
Samples were then rinsed twice for Smin under stirring in 20 mL of a water solution at pH 3

to eliminate uncomplexed AO2. Desorption was completed by immersing the samples in 1



mL of a water solution at pH 12 overnight at RT under 60rpm. Absorbance was measured at
485nm using UV spectrophotometer (UV-1800, Shimadzu). Results were expressed as AO2

concentration divided by the sample surface area (1.54cm?).

2.2.2.2 HABA titration

A HABA test was used to determine the amount of biotin function immobilised on the PDA-
PEI coated surface before and after biotin grafting. 4-hydroxyazobenzene-2-carboxylic acid
(HABA) forms a complex with avidin in solution with absorbance at 500 nm. In the presence
of biotin, the HABA/avidin complex dissociates because avidin has a higher affinity constant
with biotin (Ka=10°M" and 10>M! for HABA and biotin, respectively). A solution of
HABA/avidin (4.10°M/10°M) was prepared in PBS (pH 7.4). The samples were immersed in
500pul of this solution at 240 rpm (room temperature) and protected from light for an hour.
The absorbance of those solutions was then measured at 500nm. The biotin concentration per

sample was calculated using the equation below [16—18]:
Eql. [Biotin] (umol/mL) = (Abs [HABA/Avidin] to - Abs [HABA/Avidin] teomin)/ €

Where ¢ corresponds to the molar extinction coefficient of the HABA-avidin complex in PBS

at 500nm

2.2.2.3 Surface plasmon resonance (SPR)

SPR measurements were recorded using a monochannel AutoLab Springle instrument (Eco
Chemie, Netherlands). Polarised laser light (A=670 nm) is directed to the bottom side of the
gold disc (diameter of 2.54 cm) sensor via a hemispheric lens placed on a prism (BK7 having
a refractive index of n=1.52), and the reflected light is detected using a photodiode. An
autosampler (Eco Chemie, The Netherlands) is used to inject or remove the tested solutions.
All SPR measurements were obtained in non-flowing liquid conditions with the circulating

pump paused and at RT. The noise level of the SPR angle is about 1 millidegree. After each



addition, the cell was thoroughly washed with PBS (10mM, pH 7.4). All measurements were
conducted at 20°C. The substrates were allowed to equilibrate until a steady baseline was
observed. The PDA layer was prepared by soaking the Au SPR wafer in a 2 mg/mL dopamine
Trizma buffer solution for 1h [20]. After functionalisation, the surface was washed with water
and dried under nitrogen flow. PEI Trizma buffer solution (5.0% w/w), avidin (0.1% w/w) or
D-Biotin EDC/NHS (0.04% w/w) solution were used for the SPR studies. A biotin
functionalised with a fluorescein moiety was used as model molecule mimicking EP224283

for SPR investigations.

2.2.2.4 Scanning electron microscopy (SEM)

Investigations using scanning electron microscopy (SEM) were carried out on a Hitachi S-
4700 SEM FEG (field emission gun) operating with an acceleration voltage of 2kV. A thin
carbon film was sprayed onto the samples at least 2h before placing them under the beam. A
scratch test with a Teflon tip was performed to determine the thickness of the coating layer.
To evaluate the elasticity of the coating, balloon-expandable coronary CoCr stents (Multilink
8, Abbott Vascular, Santa Clara, CA., USA) with a nominal diameter from 2.25 mm to 2.75
mm were also functionalized as described in paragraph 2.2.1 to 2.2.5. The stents were inflated

(at 8 mmHg up to the nominal diameter) and stent surfaces were then observed through SEM.

2.2.2.5 Wettability

The wettability of discs samples was determined from contact angle measurements. Three
separate drops of ultrapure water were positioned on the surface of each disc and numerical
images of water drops were acquired using a digital camera [21]. The contact angle was
measured with DIGIDROP software (Contact angle meter, GBX scientific instruments,

France).



2.2.3 Invitro biological evaluation

2.2.3.1 Cell vitality and cell proliferation assay.

All samples were sterilised in ethanol (96%) for 1min. Cell culture was performed according
to ISO 10993-5/EN 30993-5 with a human umbilical vascular endothelial cell line (HUVEC,
C12200, Promocell GmbH, Heidelberg, Germany). HUVEC were cultured in Endothelial Cell
Growth Medium MV (Promocell GmbH, Heidelberg, Germany) enriched with Endothelial
Cell Growth Supplement Mix (Promocell GmbH, Heidelberg, Germany), streptomycin
(0.1g/L) and penicillin (100IU/mL), at 37°C in a CO; incubator (BINDER C170, Tuttlingen,
Germany) with 5% C0O2/95% atmosphere and 100% of relative humidity.

Disc samples were placed at the bottom of 24-wells cell culture plates (COSTAR®, Starlab,
Orsay, France) and 10.000 cells in ImL of culture medium were added in each well. Wells
without a sample disc (i.e. TCPS) were used as the control. The proliferation and vitality of
cells were then evaluated after 1 and 3 days.

Cell vitality was assessed using the non-toxic alamarBlue dye (UptiBlue™, Interchim). The
culture medium was removed, and 500uL. of diluted blue dye (10% volume of culture
medium) were added to each sample. After incubation at 37°C for 3h, 150uL of this solution
were transferred to a 96-well plate (Fluoro-LumiNunc™, ThermoScientific, France) and the
fluorescence intensity was measured with a Twinkle LB970TM fluorometer (Berthold,
France) at an excitation wavelength of 530nm and at an emission wavelength of 590nm [22].
Cell vitality is expressed as a percentage of the control (TCPS).

Cell proliferation was further assessed using trypsin (0.3mL) to detach the adherent cells after
alamarBlue cell vitality assay. Cell counting was performed using a Coulter ZI cell counter
(Beckman Coulter, Danaher, Germany). Cell proliferation was expressed as a percentage of
the control (TCPS). All data are expressed as the mean percentage + SD of three separate

experiments.



2.2.3.2 Anticoagulation activity

The evaluation of the coagulation cascade was carried out in order to determine the antiXa
activity of grafted EP224283 on CoCr samples. CoCr, CoCr-PDA-PEI-avidin and CoCr-
PDA-PEI-biotin-avidin discs were placed in a 24-well TCPS plate (three discs per group). A
2mg/ml EP224283 solution was prepared with isotonic saline, 500uL of which were deposited
in each well for 1h at 4°C. Afterwards, samples were rinsed twice with 2mL of isotonic saline
and dried for 30min at 37°C under 80rpm. Human whole blood was freshly collected from
healthy volunteers in sodium citrate (0.109M) Vacutainer® blood collection tube (BD, Le
Pont-de-Claix CEDEX, France), and 800uL whole blood was then added to each well and
incubated at 37°C for 30min under 80 rpm. As the control, TCPS and EP224283-coated TCPS
were also evaluated. The blood was withdrawn from the sample and centrifuged (Centrifuge
5415 R, Eppendorf AG, Germany) for 15min at 2500g at 14°C to obtain the platelet-poor
plasma (PPP). The PPP was analysed with medical coagulation analyser (STAGO STA R
Max?2) to determine anti-FXa activity (Ul/ml), expressed as the mean + SD of three separate

experiments with respect to the control (TCPS).

2.2.3.3 Platelet adhesion assay: quantification and morphology

Human blood was sampled as previously described. Platelet-rich plasma (PRP) was prepared
by centrifuging (Allegra X12-R centrifuge, Beckman Coulter, Fullerton, CA) the blood (300g,
Smin, 25°C). 100uL of fresh PRP was added onto each disc and incubated for 45min at 37°C.
Non-adherent platelets were then removed by gently rinsing the sample twice with an isotonic
saline. The quantification of adhered platelet was determined by measuring lactate
dehydrogenase (LDH) activity with an LDH kit (Roche life sciences, Meylan CEDEX,
France) according to the manufacturer’s recommendations. The morphology of the adherent

platelets was studied, after fixing with 2.5% glutaraldehyde solution, gradient dehydration in



50, 75, 90, 100% ethanol solutions and carbon sputtering, by scanning electron microscopy

(SEM, Hitachi S-4700 SEM FEG).

2.2.4 Degradation study

Functionalised CoCr disc samples from two strategies were immersed in SmL of PBS
(10mM, pH 7.4) under 80rpm at 37°C. EP224283-coated bare CoCr discs were also tested as
the control. Anti-FXa activity assays were performed, as previously described, on the disc
sample withdrawn from PBS at different time intervals (0, 1, 3 and 7 days) to evaluate the

degradation of the EP224283 coating layer (represented by the absence of anti-FXa activity).

2.2.5 Statistical analysis

Quantitative variables were expressed as mean with standard deviation (SD). The comparison
of two independent groups were performed with a Student z-test if normality was met and
otherwise with a Mann-Whitney test. Comparison of more than two groups were performed
with a non-parametric Kolmogorov-Smirnov test. A p<0.05 value was considered as
significant. All statistical analyses were performed with the SPSS software (IBM Corp.

Released 2011. IBM SPSS Statistics for Windows, version 20.0. Armonk, NY: IBM Corp.).

3 Results and discussion

With the objective of grafting the biotin moiety (integrating a carboxylic acid function) onto
the CoCr surface for the subsequent immobilisation of EP224283 through biotin/avidin
interactions, we used an amine rich polydopamine layer for the functionalisation.
Interestingly, Yang et al. [12] recently reported a mussel-inspired one-step procedure allowing
the covalent immobilisation of heparin on an amine-rich polydopamine coating. This adhesive
layer was obtained by in situ co-polymerisation of dopamine and polyethyleneimine (PEI)
onto a 316L stainless steel surface and provides an amine density of 26 nmol/cm? while the

polydopamine layer alone shows an amine density of no more than 4 nmol/cm?. In their work,



the amine groups at the metallic surface (316LSS) were the cornerstone of the
functionalisation process to obtain heparin grafting through EDC coupling reactions. In this
work, a different strategy was used to generate the amine-rich PDA layer consisting in the
post-functionalisation of PDA layer with PEI via Michael additions and Schiff base reaction

increasing the density of amine functions available at surface for coupling reactions.

3.1 Quantitative evaluation of amine functions grafted onto CoCr surfaces

The number of amine functions grafted onto CoCr, CoCr-PDA, CoCr-PDA-biotin, CoCr-
PDA-PEI and CoCr-PDA-PEI-biotin surfaces was quantified by colorimetric titration with
AOII. As depicted in Figure 3, no amine function was detected on the bare CoCr surface
while a density of 10.4+0.9nmol/cm? of amine functions was measured on the CoCr-PDA
surface. These results are in accordance with previous work dealing with the functionalisation
of CoCr surfaces by PDA [10] and were attributed to the free catecholamine fragments
incorporated in the PDA structure. In the same way, no difference was observed between
CoCr-PDA and CoCr-PDA-biotin, suggesting that the direct grafting of biotin onto the PDA
layer did not occur. Interestingly, the CoCr-PDA samples functionalised with PEI exhibited a
higher density of amine functions compared to the CoCr-PDA surfaces (36.0+0.1nmol/cm? vs.
10.4£0.9nmol/cm?, p<0.001). These results show a higher density of amino groups grafted
onto the surface compared to the method recently proposed by Liu et al. [23], which consists
of the generation of an amine-rich dopamine layer through a one-step catechol/PEI copolymer
coating (15.1£2.7 nmol/cm?) and are similar to those observed by Weng et al. [11].

Then, after coupling reactions with biotin, a significant decrease in the density of amine
functions was observed (25.5+2.2 nmol/cm?, p<0.015) at the surface, demonstrating the
covalent grafting of the biotin ligand onto the CoCr-PDA-PEI surface. In this way, a biotin
grafting density of 10.4+1nmol/cm?, (p<0.001) could be estimated with regard to the decrease

of amine density at the surface.
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Figure 3: Acid orange 2 colorimetric titrations of amino functions grafted onto CoCr, CoCr-

PDA, CoCr-PDA-PEI and CoCr-PDA-PEI-biotin surfaces. (mean£SD, n=3; * p<0.001).

3.2 Evaluation of biotin and avidin grafting onto CoCr modified surfaces

The ability of avidin to be grafted onto CoCr surfaces was investigated by HABA-avidin test
and surface plasmon resonance. The HABA-avidin test was first used as quantitative method
to evaluate the amount of biotin available on the CoCr-PDA and CoCr-PDA-PEI surfaces
after NHS/EDC coupling reactions with biotin.

As depicted in Figure 4, HABA-avidin tests show the interactions between avidin and the
biotin-functionalised CoCr surfaces. Indeed, biotin densities as high as 0.55 nmol/cm? and
0.74 nmol/cm? were observed on CoCr-PDA and CoCr-PDA-PEI functionalised samples
respectively thus demonstrating the grafting of the biotin moiety. It is worth noting that no
significant interactions were observed between avidin and PDA or PDA-PEI surfaces thus

highlighting the key role played by the biotin unit.
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Figure 4: HABA-avidin titrations of the biotin moiety grafted onto CoCr, CoCr-PDA, CoCr-

PDA-PEI and CoCr-PDA-PEI-biotin surfaces. (mean+SD, n = 3; * p<0.001).

Surface plasmon resonance (SPR) was then used as a non-invasive optical method to monitor,
in real time, the binding events on the CoCr functionalised surfaces according to the change
of the refractive index in the close vicinity of the metal layer [20]. In this work, SPR was used
to investigate (i) the formation and importance of the PDA-PEI layer (ii) the immobilisation
of avidin onto CoCr-PDA-PEI-biotin and CoCr-PDA-PEI surfaces and iii) the fixation of a
functionalised biotin as a model molecule mimicking EP224283 onto CoCr-PDA-PEI-biotin-

avidin and CoCr-PDA-PEI-avidin surfaces.
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Firstly, activated biotin-NHS and avidin-NHS were directly injected onto CoCr-PDA
surfaces. As depicted in Figures 5a and 5b, very slight shifts in the resonance angles (®) (28

[e)

m° and 9 m° for biotin and avidin respectively) were observed, indicating that very little
materials was immobilised on the PDA layer of the CoCr surface. As a consequence, an
intermediate PEI layer was added to increase the density of amine functions with the objective
of improving the grafting efficiency (Fig. 3). For this purpose, an aqueous PEI Trizma buffer
solution (5.0%w/w) at pH 8.4 was injected onto an SPR gold wafer functionalised with PDA
(Figure 5a and 5b). After flushing the wafer with the PBS buffer solution (0.1M, pH 7.4), a
shift in the resonance angle (®) was clearly observed (A=128-353m°), indicating the
immobilisation of the PEI layer onto the PDA-coated gold surface. It is worth noting that no
change in the SPR angle was observed after injections of PEI Trizma buffer solution onto the
unmodified gold wafer demonstrating the key role played by the catechol/quinone groups of
PDA in the grafting of PEL. As depicted in Figure 5a, upon the injection of an aqueous
solution of in situ generated biotin-NHS (0.04%w/w) onto the CoCr-PDA-PEI surface and
subsequent rinsing with PBS buffer, a slight increase of the resonance angle (®) was
highlighted (A=28m°) corroborating the grafting of biotin onto the Au-PDA-PEI surface. This
moderate change in the SPR angle is likely due to the smaller molecular weight of the biotin
ligand compared to PEI and avidin. As expected, upon the injection of an aqueous solution of
avidin (Figure 5a) onto the CoCr-PDA-PEI-biotin surface, an increase of the SPR angle
(A=253m°) was observed indicating the immobilization of the avidin onto the biotinylated
layer. Nevertheless, the subsequent injection of the functionalised biotin mimicking
EP224283 onto the avidin layer leads to very small changes in the SPR angle suggesting that
the complexation sites of avidin are nearly saturated in this case. Interestingly, the injection of
in situ generated avidin-NHS (Figure 5b) onto CoCr-PDA-PEI surfaces leads to the

immobilisation of a significant amount of avidin according to the increase observed with the



SPR angle (A=170m°). However, the visual inspection of the shape of the SPR binding profile
reflects a weaker slope in the coupling reaction with PEI and avidin-NHS compared to biotin-
avidin interactions. These results are attributed to the high affinity of avidin for biotin
(Kass~10"°M™), which leads to fast surface functionalisation while the coupling reaction
between PEI and avidin-NHS occurs with lower kinetics and consequently requires more time
for surface functionalisation [24]. Finally, a significant shift of the SPR angle (A=118m"°) was
observed after injection of the functionalised biotin onto the avidin surface, thus

demonstrating that the avidin binding site is available for biotin binding in this context.

3.3 Contact-angle measurement

The impact of the functionalisation processes on the wettability of CoCr surfaces was studied
with static water contact angle measurements. As depicted in Figure 6, the CoCr surface
exhibits a contact angle of 75+1° [25]. This surface became more hydrophilic after
modification with PDA (67£2°, p<0.001) in accordance with the grafting of both catechol and
quinone groups onto the CoCr surface [23]. This value decreases to 56+2° (p<0.001) after
subsequent functionalisation with PEI due to the presence of hydrophilic amine groups on the
CoCr surface. No significant change was observed after grafting of biotin onto the CoCr-
PDA-PEI surface likely due to the small amount of deposited biotin compared to polymers
and its hydrophilic character. The grafting of avidin was confirmed in both cases as a
significant decrease of the contact angle to 43.5+6.2° (p<0.001) for CoCr-PDA-PEI-avidin
and 31.0+3.4° (p<0.001) for CoCr-PDA-PEI-biotin-avidin was observed. These results are
close to those measured by Chen et al. [26] during the immobilisation of avidin onto a PDA-
modified titanium surface thus further corroborating the effective grafting of avidin onto

CoCer surfaces, through those two strategies.
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Figure 6: Evolution of water Contact Angle measurements throughout the functionalisation

processes (* p<0.001).

3.4  Coating morphologies

The morphologies of the different layers were observed by scanning electron microscopy
(SEM). SEM images of the CoCr-PDA sample confirming the presence of the PDA-coated
layer on the CoCr surface (Figure 7a) as a dense and almost homogeneous film were
observed. Small particles were depicted within the PDA layer that were attributed to the
formation of melanin-like nanoparticles during the polymerisation of PDA [27]. The PDA
film thickness was estimated up to 50nm from SEM images after scratching the coated
surface with a Teflon tip. These results are in accordance with our previous results dealing
with the functionalisation of polydopamine-based surfaces [10]. No significant change in the
morphology and film thickness was observed on SEM images after PEI, biotin or avidin
grafting. These observations are in agreement with Chen et al.’s work related to the

immobilisation of serum albumin on an avidin-modified PDA layer and could be explained by



the 1000-time lower mass of PEI, avidin (~400ng/cm?, [26]) and biotin compared to PDA

itself (~600 pg/cm?, [20]).

A CoCr-PDA B CoCr-PDA-PEI-Avidin C CoCr-PDA-PEI-Biotin-Avidin

Figure 7: SEM images of CoCr-PDA (A), CoCr-PDA-PEIl-avidin (B) and CoCr-PDA-PEI-

biotin-avidin (C) surfaces.

Finally, both functionalisation processes were applied to a balloon-expandable CoCr coronary
stent (Multi-LinkVision, AbbottVascular, Inc., Santa Clara, CA). SEM analyses were
performed to evaluate the morphology of the coated stents (Figure 8) as well as the stability of
the coating after balloon inflation at nominal diameter (8bars). As depicted in Figure 8, a
dense and homogeneous polymer layer can be observed on the stent surface in both cases.
Interestingly, the coating layer completely covered the stent and visual inspection of the
coated device by SEM did not reveal the presence of cracks or defects even after balloon
inflation. In conclusion, these investigations demonstrated the applicability and feasibility of
the functionalisation process in the context of medical applications, in particular in the

treatment of ISR.
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Figure 8: SEM images of PDA-PEl-avidin (A, D) and PDA-PEl-biotin-avidin (B, C)

functionalised CoCer stents after balloon inflation.

3.5 Cytocompatibility

Biological evaluations of bare and functionalised CoCr samples were performed with primary
human endothelial cells (HUVEC) by direct contact method. Cell vitality and proliferation
were assessed using alamarBlue assay and counting numbers of living cells on the sample. As
depicted in Figure 9, bare CoCr surfaces exhibited good cell vitality and proliferation of
HUVEC after 1 day (80+7%) and 3 days (60+5%) of culture. Compared to bare CoCr, the
PDA-PEI grafted discs induced a decrease of both proliferation and vitality of HUVEC after 1
day (60+7%) and 3 days (30£6%). Otherwise, on the basis of CoCr-PDA-PEI, no additional

impact on HUVEC was induced after the grafting of avidin and EP224283. Indeed, we



already proved the non-toxicity of EP224283 on HUVEC [19]. It is worth noting that PDA
coating has proved to have good surface wettability, bioactivity and excellent interactions
[28-31] with various cell types involved in different biomedical applications including
various cell adhesion [32,33] bone regeneration, blood compatibility and antimicrobial
activity. However, as already reported by our group[10], cytotoxic effects would have been
also reported in other studies. Thus, Li et al. [34] thus observed a decrease of HUVEC
proliferation on a PDA/PEI copolymer-modified surface, which was interpreted by the
potential toxicity of the PDA/PEI layer itself and the higher number of amine functions
exposed at the surface of the platform. Elsewhere, Graham et al. [35] explained the
cytotoxicity of PDA through the presence of free dopamine fragments (and free-catechol
functions) entrapped within the PDA film. Ding et al. [36] further proposed an explanation
including a two-step mechanism of formation of PDA layer: a primary building block of
(DHI)2/PCA trimer complex is firstly obtained by covalent interactions in the initial stage of
polymerisation, and cytotoxic (DHI)2/PCA trimer particles linked through non-covalent

interactions to PDA are generated in the latter stage.
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Figure 9: Proliferation and vitality rate by cell counting method (A) and vitality by
alamarBlue assay (B) of HUVEC on bare and functionalised CoCr samples after 1 and 3 days

of culture (37°C, 5% CO2, 100% relative humidity), without culture medium renewal.

3.6 Anticoagulation activity: anti-FXa assay

The molecule EP224283 was synthetised to provide both anti-FXa/anti-thrombin generation
(idraparinux) and anti-platelet aggregation (tirofiban) activities. A previous study [15] by our
group demonstrated in a rat model that systemic administration of EP224283 diminishes ISR
by reducing the PDGF-proliferation pathway of VSMC and the thrombogenicity. Local
administration of this bioactive molecule carried by the stent may be promising in the treating
ISR in high-risk population without increasing circulating drug levels (the potential side

effects) as is the case for systemic administration.

Therefore, the anti-FXa activity assay (clinical routine method to monitor the activity of
idraparinux or low molecular weight heparin) was performed to evaluate the antithrombotic

activity of idraparinux [37] moieties of grafted EP224283-CoCr platform. As shown in Figure



10a, free solution of EP224283 at 2mg/ml exhibits an effective antithrombotic activity
(2.21£0.081U/ml). Even bare CoCr discs with physical adsorption of EP224283 showed
certain anti-FXa activity (0.36+0.081U/ml) compared with the substrate TCPS without
EP224283 (0IU/ml). As expected, these results thus confirmed the potent antithrombotic
activity of the EP224283 molecule.

When comparing the two different strategies of CoCr functionalisation (PDA-PEI-avidin and
PDA-PEI-biotin-avidin) to graft EP224283, the PDA-PEI-avidin strategy exhibited a higher
and significant anti-FXa activity (2.15£0.37 IU/ml), compared to the PDA-PEI-biotin-avidin
strategy (1.46+0.231U/ml). These results suggest that EP224283 was effectively grafted onto
CoCr samples and preserved its bioactivity.

The major risk following stent implantation is in-stent restenosis and thrombosis. The latter
occurs quickly following the implantation of a stent. It is therefore crucial to validate the
anticoagulant activity of the molecule after immobilisation on the stent during the first week

after implantation.

A degradation study in PBS was further carried out to determine the stability of grafted
EP224283 from two functionalising strategies. Anti-FXa activity was thus used as an
indicator to monitor the presence of EP224283 on the discs after different intervals of
degradation. As shown in Figure 10b, the functionalisation of CoCr platforms with PDA-PEI-
biotin +/- avidin offers longer anti-FXa activity of the surface of up to 7 days.

These degradation results evidenced the efficacy of the two functionalisation strategies
proposed in this work. It was noted that the simple physical adsorption method (CoCr-
EP224283) could only offer short-term anti-FXa activity at very low level that disappears
overnight. Between the two strategies exposed, the PDA-PEI-avidin platform seems to be

more efficient than the PDA-PEI-biotin-avidin one in terms of anti-FXa activity; the anti-FXa



activity of PDA-PEI-avidin-EP224283 exhibited a higher level at each time point, compared

to the PDA-PEI-biotin-avidin-EP224283 functionalised platform.
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Figure 10: In vitro evaluation of anticoagulant activity (Anti-Xa factor) of EP224283 on bare
and functionalised CoCr sample in comparison to TCPS and free molecule at TO (A) and at

different time of degradation in PBS (pH 7.4, 37°C, 80rpm) (B)



3.7 Platelet adhesion assay

In our previous study [15], systemic administration of idraparinux alone (anti-FXa activity) in
a rat model failed to reduce restenosis. This implies that the activity of the tirofiban group of
the molecule EP224283 has an important role for the success in reducing ISR [15,37].
Therefore, the inhibition of platelet activation by grafted EP224283 on the functionalised
samples was evaluated through the platelet adhesion test, which is a first and essential step in

the development of a thrombus [38,39].

Quantitative study of platelet adhesion by the LDH assay did not show any significant
differences between the groups modified with the molecule EP224283 compared to control
groups (data not shown) after 45 minutes of adhesion. Indeed, the tirofiban moiety of the
molecule EP224283 is known for targeting the GPIIbllla (intergrin allbB3) and inhibiting the
platelet adhesion. This seems to be demonstrated by observing the shape of the adhered
platelets by SEM. While tirofiban or other integrin antagonists are also found to cause
“ligand-induced conformational changes” and result in ligand-induced integrin activation [40—
43]. Although certain studies show that these monomeric RGD-like peptides (tirofiban) or
compounds generally do not appear to directly induce integrin outside-in signaling [40—44],
the adverse effect (thrombocytopenia, etc.) associated with the conformational changes

induced by ligand mimetic antagonists should be carefully investigated.

Further examinations with thrombosis models in perfusion chambers [45,46] including testing
its effect on blood coagulation in the flow [47], may be able to confirm its therapeutic

potential.

Qualitative SEM analysis of platelet adhesion on bare or functionalised CoCr samples was

shown in Figure 11. The morphology of the attached platelets on the bare CoCr surface after



30min of incubation (Figure 11a) was mostly fully spread with no distinct pseudopodia,
corresponding to the highest degree of activation according to Goodman et al. [48], which is
typical for the surface-induced platelet activation. To demonstrate the intrinsic anti-platelet
activity of the molecule, a drop of EP224283 solution (2 mg/mL) was placed on the surface of
bare CoCr, and with the evaporation of the liquid, EP224283 will stick on surfaces. The
platelets on this CoCr-E224283 sample (Figure 11b) showed a dendritic form with early
pseudopodia without flattening, which is in just the very early stage of activation and
confirmed the anti-platelet activity of EP224283 (tirofiban moiety). Regarding two EP224293
immobilised groups, CoCr-PDA-PEI-biotin-avidin (Figure 11c¢) and CoCr-PDA-PEI-avidin
(Figure 11d), the platelets presented a dendritic form similar to that on CoCr-E224283, which
proves that the immobilised EP224283 on functionalised discs is still efficient in reducing

activation of the platelet.

The key role of platelets in the ISR mechanisms was highlighted by basic and clinical studies.
The relationship between early platelet mediated thrombus formation and late neointima
development has also been well evidenced [49]. The positive effects of anti-platelet therapy
after stent implantation are well known in current medical practice. However, the adverse
effects of intensive anti-platelet therapy can expose patients to higher haemorrhage risk. A
reduction of platelet activation by immobilised EP224283 on the functionalised CoCr surface
sheds light on the efficacy of its local application and would help to alleviate the oral dual

anti-platelet therapy currently required.



Figure 11: SEM images of platelets morphology on CoCr surface before (A) and after (B)
deposition of EP224283, and on CrCo-PDA-PEI-biotin-avidin (C) and CrCo-PDA-PEI-avidin

after grafting of EP224283 (D).

4 Conclusion

In this work, two strategies of functionalisation of a CoCr vascular stent with a bioinspired
adhesive polymer (PDA) enriched in amine functions were reported for the immobilisation of
an original anti-platelet and anti-thrombotic molecule (EP224283) with the objective of
reducing acute thrombosis and ISR after stent implantation. The first strategy involves the
biotinylation of the amine-rich PDA layer for the subsequent immobiliation of EP224283 onto
the CoCr surface through biotin-avidin interactions while the second strategy consists of the
direct immobilisation of avidin onto the amine-rich PDA layer via coupling reactions. Both

strategies allowed the fixation of the EP224283 molecule onto the CoCr stent, which



maintains its therapeutic properties. Interestingly, the strategy employing the direct
immobilisation of avidin onto the stent surface (CoCr-PDA-PEI-avidin) offers the possibility

of extending the therapeutic activity of the EP224283 molecule for up to seven days.

As anticipated, this new stent functionalised with the EP224283 agent would alleviate the
need for a long and aggressive oral dual anti-platelet/anti-thrombotic therapy period after
implantation. Moreover, the combination of anti-platelet aggregation and anti-coagulant effect

on the stent surface could limit ISR.
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