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1 Introduction

Functionalization of 3D printed polymeric
bioresorbable stents with a dual cell-adhesive
peptidic platform combining RGDS and YIGSR
sequencest
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Biomimetic surface modification with cell-adhesive peptides is a promising approach to improve
endothelialization of current bioresorbable stents (BRS). Among them, RGDS and YIGSR sequences have
been reported to mediate adhesion and migration of endothelial cells (ECs) while preventing platelet acti-
vation. This work presents the functionalization of novel 3D-printed poly-L-lactic acid (PLLA) and poly(L-
lactic-co-ge-caprolactone) (PLCL) BRS with linear RGDS and YIGSR sequences, as well as a dual platform
(PF) containing both motifs within a single biomolecule. Functionalized surfaces were characterized in
terms of static contact angle, biomolecule distribution under confocal fluorescence microscopy and
peptide quantification via detachment from the surface, showing a biomolecule density in the range of
0.5 to 3.5 nmol cm™2. Biological evaluation comprised a cell adhesion test on functionalized films with
ECs and a blood perfusion assay on functionalized stents to assess ECs response and device hemocom-
patibility, respectively. Cell adhesion assays evidenced significantly increased cell number and spreading
onto functionalized films with respect to control samples. Regarding stents’ hemocompatibility, platelet
adhesion onto PLCL stents was severely decreased with respect to PLLA. In addition, functionalization
with RGDS, YIGSR and the PF rendered BRS stents displaying even further reduced platelet adhesion. In
conclusion, the combination of intrinsically less prothrombogenic materials such as PLCL and its
functionalization with EC-discriminating adhesive biomolecules paves the way for a new generation of
BRS based on accelerated re-endothelialization approaches.

compatible, their permanent presence in the artery together
with the lack of a healthy protective endothelium may lead to

Stent deployment in stenosed coronary arteries allows for blood
flow restoration at the expense of endothelium disruption.
Although materials used for stent fabrication are globally bio-
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adverse biological effects." Metals surface electrical charge and
wettability influence protein adsorption behavior in such a way
that protein denaturation may occur, which in turn eventually
leads to coagulation and thrombosis. Polymer-coated stents are
mainly hydrophobic and delaminate as they degrade, leaving
the underlying metal exposed.”> Drug-eluting stents are loaded
with antiproliferative drugs to avoid overproliferation of smooth
muscle cells (SMCs) and potential restenosis. However, these
drugs also inhibit endothelial cells (ECs) proliferation and thus
have a detrimental effect on the ultimate recovery of a func-
tional endothelium.>* Besides, newly developed bioresorbable
stents (BRS) present high strut profiles associated to increased
blood flow turbulence and platelet deposition, contributing to a
higher risk of device thrombosis.>” Therefore, stents’ clinical
performance may only be improved by simultaneously discrimi-
nating ECs response from that of SMCs and by ensuring device
hemocompatibility.

This journal is © The Royal Society of Chemistry 2023
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Accordingly, surface modification of stents has been pro-
posed with the purpose to reduce thrombogenicity, prevent
denaturation of adsorbed proteins and accelerate re-endothe-
lialization. Some designs introduce a layer of polymeric
material on the stent surface in order to reduce undesirable
protein adhesion such as fibrinogen, which may lead to acti-
vation of platelets." These coatings can be deposited by means
of nonthermal plasma, an extensively used technique for
surface activation or modification.® For instance, antifouling
coatings based on polyethylene glycol (PEG) significantly
prevent platelet adhesion.’™" Other strategies involve the use
of polydopamine (PDA) and polyethylenimine (PEI) as inter-
mediates to incorporate an anti-platelet and anti-thrombotic
drug'® or an anticoagulant drug such as heparin.'*"
Similarly, Meng et al.'® applied a layer-by-layer strategy to coat
316L stainless steel coronary stents with chitosan and heparin
to accelerate re-endothelialization after coronary stent deploy-
ment. Alternatively, titanium oxide films have been reported as
a suitable coating to improve endothelialization.'®"” Other
authors have followed a different strategy by analyzing the
effect of topography on platelet adhesion onto titanium,'® poly
(lactic-co-glycolic acid)" or cobalt-chromium.>°

Another approach to achieving hemocompatibility of stents
is to functionalize their surface with active biological agents
such as nitric oxide (NO) donors, antibodies, growth factors or
proteins.**'* NO plays a key role in vascular biology, as it
inhibits the adhesion of platelets and leukocytes, reduces
SMCs proliferation and their synthesis of collagen.**2°
Antibodies have particular potential to accelerate re-endothe-
lialization by capturing circulating endothelial progenitor cells
(EPCs) to immobilize them on the stent surface.>” However,
although CD34-binding antibodies capture EPCs from the cir-
culation, no surface marker is unique for EPCs or ECs identifi-
cation and capture. Lee et al. reported a bilayered PCL scaffold
functionalized with vascular endothelial growth factor (VEGF)
to increase ECs proliferation.”® Regarding proteins, collagen
and fibronectin are two extracellular matrix (ECM) proteins
known to enhance ECs attachment and proliferation. However,
despite having favorable endothelial cell interactions, both col-
lagen and fibronectin are known to be prothrombogenic and
also promote SMCs migration.” Conversely, tropoelastin (TE)
has shown to have favorable interactions with ECs, low throm-
bogenicity and growth inhibition of SMCs in vitro.”
Nevertheless, the use of proteins may be troublesome, as it is
associated to enzymatic instability, immunogenicity, inflam-
mation risk and high costs.”

In this regard, the use of custom-made bioadhesive pep-
tides, which are derived from ECM proteins but encompass
only defined cell adhesive motifs, may overcome these limit-
ations and efficiently enhance cell adhesion and improve
biointegration in vitro and in vivo.”> Bioactive cell-adhesive
peptides can be covalently immobilized on polymeric sub-
strates and other biomaterials, following a plasma treatment
to activate carboxylic groups or via direct chemisorption.*®**
Regarding peptide sequences, RGDS (Arg-Gly-Asp-Ser) is a
universal cell adhesive recognition motif from fibronectin, but
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REDV (Arg-Glu-Asp-Val, from fibronectin) and YIGSR (Tyr-
Ile-Gly-Ser-Arg, from laminin) sequences specifically mediate
adhesion and migration of ECs while preventing SMCs and
platelet adhesion.’?> Other sequences, such as WKYMVm
(Trp-Lys-Tyr-Met-Val-p-Met), are reported to stimulate the
proliferation ~ of  endothelial  colony-forming cells.*®
Interestingly, it has been recently shown that the combination
of RGD with REDV and YIGSR enhances endothelialization of
metallic stents®® and vascular grafts.>> However, the optimal
configuration and surface distribution of the peptides in order
to obtain accelerated ECs response is yet to be elucidated.
Furthermore, distinct bioactive peptides can be combined in a
single biomimetic molecule to exert synergistic or complemen-
tary effects on the surface of an implant.*®~®

This work presents the functionalization of novel 3D-
printed polymeric BRS fabricated by solvent-cast direct-write
(SC-DW) technique with EC adhesive peptides. Stents have
been manufactured with poly--lactic acid (PLLA) and poly(t-
lactic-co-e-caprolactone) (PLCL). Solid phase peptide synthesis
(SPPS) was used to synthesize linear RGDS and YIGSR
sequences with PEG as a spacer unit, as well as a dual-peptide
platform containing both RGDS and YIGSR motifs.
Biomolecule covalent anchorage on stents and solvent-cast
films was achieved subsequent to O,-plasma treatment to acti-
vate carboxylic groups. Functionalized surfaces were character-
ized in terms of static contact angle, biomolecule distribution
under confocal fluorescence microscopy and peptide quantifi-
cation via detachment from the surface. Biological evaluation
included a cell adhesion test on functionalized films with
human umbilical vein endothelial cells (HUVECs) and a
thrombogenicity assay on functionalized stents to assess ECs
response and device hemocompatibility, respectively.

2 Materials and methods

2.1 Chemicals and materials

Medical grade PLLA (Purasorb® PL 65; inherent viscosity
6.5 dL g, M,, = 1675000 g mol™") and PLCL (Purasorb®
PLC 9538, 95: 5 lactic-to-caprolactone molar ratio, 3.8 dL g%,
M, = 700000 g mol ') were purchased from Corbion
(Netherlands). Acetonitrile (ACN, Carlo Erba Reagents, Spain)
and chloroform (>99.5%, Sigma-Aldrich, USA) were used as
received. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich (USA). All chemicals required for the peptide synthesis,
including resins, Fmoc-t-amino acids and coupling reagents,
were obtained from Iris Biotech GmbH (Germany) and Sigma-
Aldrich (USA).

2.2 Solvent casting of films

PLLA and PLCL pellets were dissolved in chloroform at 3.6%
or 4.5% concentration (w/v), respectively, in a dual asymmetric
centrifuge (SpeedMixer™, DAC 150.1 FVZ, FlackTek, Germany)
at 3500 rpm in 8 runs of 5 min. Resulting mixtures were
poured onto a Petri dish and incubated in a chloroform satu-
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rated atmosphere at room temperature (RT) for 3 days.
Obtained films underwent thermal treatment at 80 °C for
12 hours and were stored in a desiccator until further use.

2.3 3D printing of stents

PLLA and PLCL stents were manufactured by means of SC-DW
technique as reported elsewhere.*® Briefly, dissolution of PLLA
or PLCL pellets in chloroform at a 10% or 12.5% ratio (w/v),
respectively, rendered printable inks. Tubular printing was
achieved by modification of a BCN 3D+ printer (BCN 3D
technologies, Spain) via substitution of its y axis for a 3 mm in
diameter rotating mandrel. Stents were printed with a 250 pm
nozzle (Optimum® SmoothFlow™, Nordson, USA) following
rhombic cell design, 30 mm in length, 3 mm in diameter and
number of peaks equal to 10. After printing, stents were cut in
half in the longitudinal direction and flattened between two
glass slides, subjected to thermal treatment at 80 °C for
12 hours and stored in a desiccator until further use.

2.4 Solid-phase peptide synthesis

The peptidic sequences RGDS and YIGSR and the combined
platform RGDS-YIGSR (PF) were manually synthesized as pre-
viously reported.’®33*3% Briefly, Fmoc Rink-amide MBHA
resin (200 mg, 0.4 mmol g~') was used as solid support for
solid-phase peptide synthesis following the Fmoc/tBu
strategy.’”*! Deprotection steps and washings between coup-
lings were carried out with N,N-dimethylformamide (DMF)
and dichloromethane (DCM). Solvents and soluble reagents
were removed using a vacuum filtration system and all reac-
tions and treatments were performed at room temperature.
Sequential coupling reactions were carried out with Fmoc-r-
amino acids (3 eq.), ethyl 2-cyano-2-(hydroxyimino)acetate
(OxymaPure) (3 eq.) and N,N-diisopropylcarbodiimide (DIC) (3
eq.) in DMF for 60 min and monitored using the Kaiser test.
In the case of the PF, the second branch was constructed after
Alloc group removal with 3 treatments of PhSiH; (10 eq.) and
Pd(PPh;), (0.1 eq.) in DCM for 15 minutes. Prior to cleavage,
the free N-terminus was either acetylated (Ac) or reacted with 5
(6)-carboxyfluorescein (CF) to obtain fluorescent analogues for
physicochemical characterization assays.

Reversed-phase analytical high performance liquid chrom-
atography (RP-HPLC) was performed using Shimadzu
Prominence XR (Japan) equipped with a LC-20AD pump, a
SIL-20AC cooling autosampler, a CTO-10AS column oven and a
SPD-M20A photodiode array detector. A reversed-phase
XBridge C18 column (4.6 x 100 mm, 3.5 pm, Waters) was used.
The system was run at a flow rate of 1.0 mL min™" over 8 min
using water (0.045% trifluoroacetic acid (TFA), v/v) and ACN
(0.036% TFA, v/v) as mobile phases. Acetylated peptides were
purified by semipreparative RP-HPLC using a Waters modular
HPLC System (2545 quaternary gradient module, equipped
with a 2489 UV/Vis detector, a 2707 autosampler and a fraction
collector IIT) and a reversed-phase XBridge C18 column (19 x
150 mm, 5 pm, Waters). The system was run at a flow rate of
15 mL min~" over 40 min. The solvents used were water (0.1%
TFA, v/v) and ACN (0.05% TFA, v/v). All peptides were charac-
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terized by analytical RP-HPLC and matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF) spectrometry
(AB 4800 Plus MALDI TOF/TOF instrument, AB Sciex, Spain).
MALDI-TOF spectra and HPLC chromatograms are available in
the ESL{ Fig. 1a shows the structure of the synthesized linear
peptides and platform.

* RGD: Ac-Arg-Gly-Asp-Ser-PEG-PEG-Lys-Lys-NH,:
RP-HPLC (0-40% ACN over 15 min, ¢tz = 4.335 min, purity
96.2%), MALDI-TOF (m/z caled for C,;H;6N;14016, 1021.13;
found, 1021.58).

« CF-RGD:  CF-Arg-Gly-Asp-Ser-PEG-PEG-Lys-Lys-NH,:
RP-HPLC (5-100% ACN over 8 min, ¢tz = 6.382 min, purity
86.9%), MALDI-TOF (m/z caled for CgoHgsN14054, 1337.39;
found, 1338.65).

* YIGSR: Ac-Tyr-Ile-Gly-Ser-Arg-PEG-PEG-Lys-Lys-NH,:
RP-HPLC (5-100% ACN over 8 min, ¢tz = 5.940 min, purity
91.2%), MALDI-TOF (m/z caled for Cs,Ho¢iN;50:6, 1182.37;
found, 1182.68).

« CF-YIGSR:  CF-Tyr-Ile-Gly-Ser-Arg-PEG-PEG-Lys-Lys-
NH,: RP-HPLC (5-100% ACN over 8 min, tz = 6.918 min, purity
82.5%), MALDI-TOF (m/z caled for C,;HgoN;50,,, 1498.63;
found, 1499.69).

+ RGDS-YIGSR (PF): [(Ac-Arg-Gly-Asp-Ser-PEG-PEG)(Ac-
Tyr-Ile-Gly-Ser-Arg-PEG-PEG)]-Lys-pAla-Lys-Lys-NH,:
RP-HPLC (5-95% ACN over 3 min, ¢z = 1.180 min, purity
93.2%), MALDI-TOF (m/z caled for CooH;5;N,;03,, 2129.37;
found, 2129.16).

+ CF-RGDS-YIGSR (CF-PF): [(Ac-Arg-Gly-Asp-Ser-PEG-
PEG)(CF-Tyr-Ile-Gly-Ser-Arg-PEG-PEG)]-Lys—fAla-Lys-Lys—-
NH,: RP-HPLC (5-100% ACN over 8 min, tz = 6.714 min, purity
66.3%), MALDI-TOF (m/z caled for Cio9H;65N27,037, 2445.64;
found, 2446.14).

2.5 Surface functionalization

PLLA and PLCL films and stents were O,-plasma activated for
5 min using a Standard Femto Plasma System (Diener,
Germany), as shown in Fig. 1b. Subsequently, O,-activated
samples were treated with 0.1 M EDC and 0.2 M NHS in PBS at
pH 6.5 for 2 hours in order to stabilize generated carboxylic
groups and render activated esters. In parallel, RGDS and
YIGSR linear peptides, and the RGDS-YIGSR platform were
dissolved in Milli-Q water at a 100 pM concentration. After
rinsing with PBS, a 100 pL drop containing the peptidic mole-
cules was deposited on each sample. The anchorage of the
peptides to the surface via amide bonds was achieved after
incubation overnight at room temperature. Functionalization
with fluorescent peptides was performed in the dark. Finally,
the excess peptide solution was removed and biofunctiona-
lized films and stents were rinsed thrice with Milli-Q water and
dried with N, gas until further use.

2.6 Surface physicochemical characterization

The presence and distribution of the peptides was evaluated
through contact angle measurements, confocal fluoresce
microscopy and biomolecule detachment. Static contact angle
was measured with a Contact Angle System OCA15 plus

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Chemical structure of the cell adhesive linear peptides and platform. All biomolecules contain the corresponding bioactive sequence

(highlighted in blue), two short polyethylene glycol (PEG) chains as a spacing unit (orange) and an anchoring group with two lysine residues (purple).
Additionally, the platform presents an extra lysine acting as a branching unit (rose) and a -alanine as a spacer (black). Finally, all the molecules were
either acetylated or reacted with 5(6)-carboxyfluorescein (CF) to obtain fluorescent analogues. (b) Scheme of the functionalization of the PLLA and
PLCL films and stents, comprising the activation of the surface with O, plasma, the treatment with EDC/NHS and the covalent binding of the bio-

molecules onto the surface.

(Dataphysics, Filderstadt, Germany) using the sessile drop
method. As wetting liquids, Milli-Q water and diiodomethane
(CH,I,, Acros Organics, Belgium) were used by deposition of a
1 pL drop on functionalized PLLA and PLCL films, with three
measurements per sample and three samples per condition.
Contact angle values were obtained by application of the
Laplace-Young fitting with SCA 20 software (Dataphysics).
Surface free energy with partial polar and dispersive components
was derived by means of the Owens, Wendt, Rabel, and Kaelble
(OWRK) method**** employing the surface tension values for
water and diiodomethane determined by Strém et al.**
Furthermore, functionalized films and stents with carboxy-
fluorescein-labeled molecules were characterized by means of

This journal is © The Royal Society of Chemistry 2023

confocal fluorescence microscopy. The distribution of the pep-
tidic molecules was evaluated in a LSM 800 confocal laser
scanning microscope (Carl Zeiss, Germany). Fluorescence
intensity was measured by image processing using FIJI soft-
ware. Additionally, peptide surface density on films and stents
was assessed according to a modified protocol described pre-
viously.*" Briefly, functionalized samples with fluorescent pep-
tides were treated in 1 M NaOH solution at 70 °C for
12 minutes in order to detach the biomolecule from the
surface. In parallel, a calibration curve of well-known peptidic
concentrations, from 125 nM to 20 pM, was performed for
each fluorescent molecule. In a 96-well plate with black
bottom, 50 pL of the hydrolysate from the samples were

Biomater. Sci, 2023, 11, 4602-4615 | 4605
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added, as well as of each concentration in the standard curve.
Fluorescence intensity was analyzed using a MicroPlate Reader
(Synergy HTX multi-mode microplate reader, BioTek
Instruments, USA), with Aecitation = 485 nm and Aemission =
528 nm, and converted to concentration with the corres-
ponding calibration curve.

2.7 Biological characterization

Films and stents functionalized with RGDS and YIGSR linear
peptides and the dual platform (PF) containing both motives
(RGDS-YIGSR) were evaluated through an adhesion test with
HUVECs and a thrombogenicity assay.

2.7.1 HUVECs adhesion test. HUVECs (PromoCell GmbH,
Germany) were cultured in endothelial cell growth media
(PromoCell, Germany) supplemented with 1% penicillin/strepto-
mycin in Nunc culture flasks (Thermo Fisher Scientific, USA) at
37 °C in a humidified atmosphere with 5% of CO,. At 90% con-
fluence, cells were detached via trypsinization (trypsin/EDTA,
Sigma-Aldrich, USA) for 2 min, rinsed with PBS and resuspended
in cell medium supplemented with 10% fetal bovine serum
(FBS) for trypsin neutralization. Lastly, cells were centrifuged at
220g and resuspended in serum-free cell media. All experiments
were conducted at passages 7 to 9. In parallel, control PLLA and
PLCL films measuring 1 x 1 c¢m, as well as functionalized films
with RGDS, YIGSR and PF, were placed in a low attachment 24
well-plate (Thermo Fisher Scientific, USA) and treated with 1%
bovine serum albumin (BSA) in PBS for 30 min. After rinsing
three times with PBS, HUVECs were seeded at a density of
20000 cells per film in serum-free medium. After 6 hours of

Flat chamber perfusion system

©® Shear rate = 800 s
® Time = 5 minutes

perfusion
chamber

water bath
at37°C

Fig. 2
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incubation, non-adherent cells were removed by rinsing twice
with PBS. Adhered cells were then fixed with 4% paraformalde-
hyde (PFA, Sigma Aldrich, USA) in PBS.

Subsequently, immunofluorescent staining was performed
to assess the efficiency of the biofunctionalization of the films.
After a permeabilization treatment with 0.05% Triton X-100
(Sigma-Aldrich, USA) in PBS for 20 min, cytoskeletal actin fila-
ments (F-actin) were stained using phalloidin (1:400)
(Invitrogen, USA) in Triton 0.05% for 1 h and nuclei with 4',6-
diamidino-2-phenyldole (DAPI) (1:1000) (Life Technologies,
USA) in PBS-glycine for 2 min. Washing between treatments
was conducted with 20 nM glycine (Sigma-Aldrich, USA) in
PBS (3 x 5 min) and both staining steps were performed in the
dark. Finally, samples were mounted on microscope slides
with Mowiol (Sigma-Aldrich, USA) and observed in a LSM 800
confocal laser scanning microscope (Carl Zeiss, Germany). FIJI
software was used to count the number of cells as well as to
assess cell spreading by computing their area.

2.7.2 Blood perfusion assay. Stents’ hemocompatibility was
evaluated in a flat chamber perfusion system as described
elsewhere.>”** In short, whole blood was obtained from a
healthy volunteer and minimally anticoagulated with a citrate/
phosphate/dextrose solution at a final citrate concentration of
19 mM (100 mM sodium citrate, 16 mM citric acid, 18 mM
sodium hydrogen phosphate, and 130 mM dextrose). Blood
was circulated through the perfusion chamber at a shear rate
of 800 s~ during 5 min at 37 °C, as shown in Fig. 2. Control
and functionalized flattened PLLA and PLCL stents were
placed in the chamber aligned with the blood flow (Fig. 2b).

peristaltic
pump

blood
reservoir

(a) Scheme showing the experimental setup used for the thrombogenicity assay. Blood from a healthy donor was circulated through the

stent in the perfusion chamber at a shear rate of 800 s™* for 5 minutes using a peristaltic pump. Both the blood reservoir and the perfusion chamber
were maintained in a water bath at 37 °C. (b) Detail of the perfusion chamber after the assay, with the stent aligned with the blood flow.
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After perfusion, stents were rinsed in PBS and adhered plate-
lets were fixed with 2.5% glutaraldehyde in PBS at 4 °C during
24 h. Immunofluorescent staining was performed by a block-
ing step with 1% BSA in PBS for 30 min, primary antibody
monoclonal mouse antihuman CD36 (1:2000) (Clone 185-
1G2, Lifespan, Biosciences, USA) incubation with 1% BSA in
PBS for 1 h, PBS washing (3 x 5 min) and secondary antibody
goat antimouse IgG-AF 568 (1: 500) incubation with 1% BSA in
PBS for 1 h in the dark. Finally, stents were washed with PBS
and mounted on microscope slides with Mowiol (Sigma-
Aldrich, USA) and observed in a LSM 800 confocal laser scan-
ning microscope (Carl Zeiss, Germany). The percentage of the
surface covered by platelets was analyzed with FIJI software.
The study protocol was approved by the Ethics Committee of
the Hospital Clinic and the study complied with all local regu-
lations and the ethical principles of the current Declaration of
Helsinki. Informed consent was obtained from the human par-
ticipant of this study.

Lastly, platelet aggregates were analyzed under scanning
electron microscopy (SEM). On that account, platelets were
fixed with 2.5% glutaraldehyde in PBS for 30 min and de-
hydrated through immersion in ethanol : water solutions with
increasing ethanol content (30%, 50%, 70%, 90% and 100%)
for 10 minutes each. Dehydrated samples were sputtered with
platinum-palladium (80:20) and examined using JEOL
JSM-7001F (JEOL, Japan) at 2 kV acceleration voltage.

2.8 Statistical analysis

Statistical analysis was performed using Minitab software
(Minitab Inc., USA). An equality of variances test (ANOVA) with
Fisher post hoc test was used to determine statistically signifi-
cant differences (p < 0.05 between the different groups and
95% confidence interval) for normally-distributed data. All
data are represented as mean values + standard deviation (SD).

3 Results and discussion

3.1 Biomolecules design and synthesis

The peptidic sequences RGDS and YIGSR and the combined
platform (PF) were synthesized following SPPS protocols. Fig. 3
presents a summary of the key synthetic steps to assemble the
dual platform. Starting from Fmoc Rink-amide MBHA resin as
a solid support, two lysine residues (Lys, labelled purple) were
introduced as an anchoring unit. Lysine was chosen for its
ability to form stable amide bonds with the carboxylic groups
of the polymer activated surface owing to the presence of a
primary amine in its side chain. In a second step, an orthog-
onally protected (Fmoc/Alloc) lysine (Lys, labelled rose) was
coupled to act as a branching unit. Under basic conditions,
the Fmoc group protecting the a-amine may be selectively
removed whereas the Alloc group remains in place, therefore
permitting to assemble the next unit exclusively at the
a-position. On that account, two short polyethylene glycol
(PEG, labelled orange) chains and the first motif (RGDS,
labelled sky blue) were coupled. PEG chains act as a spacing

This journal is © The Royal Society of Chemistry 2023
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unit by providing the necessary separation between the surface
and the bioactive sequence, therefore allowing for the optimal
accessibility to cell receptors.***%*® Furthermore, it has been
shown that PEG possesses an antifouling character, such that
unspecific adsorption of proteins and cells is diminished, thus
limiting the aggregation of platelets and the risk of potential
thrombosis.'®'"*”*® The second branch with the PEG spacer
and the YIGSR motif (labelled dark blue) was introduced after
removal of the Alloc group protecting the e-amine in the
branching lysine by means of catalytic amounts of palladium.
Finally, the resulting molecule was cleaved from the solid
support with concurrent removal of all protective groups in the
side chains (tBu, Boc and Pbf), purified and characterized as
detailed in the Methods section.

3.2 Peptide immobilization on films and stents

PLLA and PLCL films were successfully obtained through
solvent casting. Subsequent to surface O,-plasma activation,
the linear peptides RGDS and YIGSR and the dual PF were co-
valently anchored onto the films. Table 1 summarizes the data
gathered from the static contact angle assay. Plain PLLA pre-
sented the highest water contact angle, 94.3° + 3.6, whereas
plain PLCL exhibited a marginally more hydrophilic behavior
with 83.1° + 5.1 (p < 0.05). When functionalizing the polymers
with RGDS, YIGSR or the PF the contact angle decreased to
around 60° independently of the base material, with differ-
ences among biomolecules found to be statistically non-sig-
nificant. A decrease in the water contact angle is widely
described in the literature after application of plasma treat-
ments to PLLA**™' or subsequent to grafting with RGDS and
YIGSR peptides.*»>* Regarding surface free energy (y), PLLA
was found to present the lowest among all conditions,
specially with almost negligible polar component (yP).
Analogously to increasing hydrophilicity when functionalized,
PLLA and PLCL’s surface free energy also increased to around
55 mJ m™2, both in terms of dispersive and polar components.

In order to assess the spatial distribution of the bio-
molecules, PLLA and PLCL films were functionalized with
their fluorescent analogues. Fig. 4a shows overview images of
the films obtained under confocal fluorescence microscopy,
which evidenced the homogeneity of the grafting throughout
the totality of the surface, although with the sparse presence
of peptidic aggregates. A semiquantitative analysis of the fluo-
rescence intensity displayed by the films is shown in Fig. 4b.
In general, increased fluorescence intensity was found for
CF-PF when compared to CF-RGDS, with no striking differ-
ences between PLLA and PLCL conditions.

Analogously, 3D-printed PLLA and PLCL stents were func-
tionalized with the synthesized biomolecules in their fluo-
rescent version. Fig. 5a presents the spatial distribution of pep-
tides on PLLA and PLCL flattened stents, covering the entirety
of the stent struts. Although the stents were successfully
coated in a homogenous fashion, peptide agglomerates were
detected at some strut junctions, such as for PLLA functiona-
lized with CF-YIGSR. Regarding fluorescence intensity analysis,
a similar trend to the one observed for functionalized films
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Table 1 Physicochemical characterization of PLLA and PLCL films functionalized with RGDS, YIGSR and PF with respect to control. Static contact
angle for water (64,0), dilodomethane (Ach,,) and total surface free energy (y), split in dispersive component (") and polar component (;°).
Conditions a—d are statistically different (p < 0.05) for each variable

Contact angle [°] Surface free energy [mJ m™2]

Sample Ou,0 Och,1, 14 7 e

PLLA Control 94.3 + 3.6 44.7 + 4.4° 37.7+1.6° 37.2 £ 2.0 0.6 + 0.4°
RGDS 62.3 +4.19 27.6 £5.1° 54.6 +2.3° 45.1 +1.9° 9.5 + 0.6°
YIGSR 59.8 + 6.7¢ 22.2+9.1P 56.9 + 4.3° 46.7 + 3.4° 10.2 £ 1.9
PF 67.5 % 5.5° 24.4 + 5.0° 53.1+2.8° 46.3 + 1.4° 6.8 + 1.5%¢

PLCL Control 83.1 +5.1° 44.9 £ 2.5° 40.1 £ 2.0° 37.0 £ 2.0° 3.1 +1.2%°
RGDS 59.5 + 6.3¢ 28.8 £ 9.6° 55.5 + 5.3° 44.4 +3.5° 11.1 +2.0°
YIGSR 63.2 + 7.0%¢ 29.1 +6.3° 53.8+2.7° 44.5 +1.3° 9.3 +2.8°
PF 58.6 + 2.9¢ 29.4 ¢ 6.3P 55.9 + 2.4° 443 +2.7° 11.6 £ 1.3°
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(a) Spatial distribution of the fluorescent-labeled biomolecules CF-RGDS, CF-YIGSR and CF-PF onto PLLA and PLCL stents under confocal

fluorescence microscopy. Scale bar = 500 pm. (b) Semiquantitative analysis of the absolute fluorescence intensity onto PLLA and PLCL stents
measured by image processing. Conditions a—d are statistically different (p < 0.05).

was found, as shown in Fig. 5b. Stents functionalized with
CF-RGDS displayed the lowest fluorescent intensity, whereas
those grafted with CF-YIGSR and CF-PF presented significantly
higher fluorescence. Furthermore, functionalized stents pre-
sented fluorescence intensity values higher than those
observed for functionalized films.

Nevertheless, fluorescent intensity values obtained through
image processing may be misleading when comparing
different types of samples. For instance, films were only func-
tionalized on one of their faces, acting as a two-dimensional
object. Conversely, in the case of stents, biomolecule ancho-
rage took place all around the stent struts as a three-dimen-
sional object. Therefore, fluorescent intensity shown by stents
may be overestimated due to the integration of the fluo-
rescence readout coming from the different layers in which the
stent was sliced.

Consequently, an alternative quantitative method was
sought by means of biomolecule detachment. Quantification

This journal is © The Royal Society of Chemistry 2023

of the amount of peptide covalently bound to the polymeric
substrates was achieved via detachment in alkaline conditions
through a calibration curve of well-known peptidic concen-
trations. As shown in Table 2, the peptidic concentration in
films was found to be around 500 pmol cm™ for CF-RGDS,
1 nmol em > for CF-YIGSR and over 3 nmol cm™? for the dual
CF-PF. No differences were found between PLLA and PLCL
conditions. In the case of stents, biomolecule density ranged
from 0.5 to 3.5 nmol cm™?, with the CF-PF presenting the
highest concentration and CF-RGDS the lowest. Again, PLLA
and PLCL showed equivalent peptide density.

These results are according to previous works reported in
the literature. Aubin et al. functionalized decellularized ECM
with RGDS and YIGSR linear peptides through physical
adsorption, and subsequent quantification of fluorescence
intensity showed a slightly higher attachment rate of YIGSR
compared to RGDS.* Similarly, Oliver et al functionalized
glass and titanium substrates through silanization with a dual

Biomater. Sci, 2023, 11, 4602-4615 | 4609
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Table 2 Biomolecule density onto PLLA and PLCL films and stents quantified via biomolecule detachment in 1 M NaOH solution at 70 °C for

12 minutes. Conditions a and b are statistically different (p < 0.05)

Films Stents
Biomolecule density [nmol cm ] PLLA PLCL PLLA PLCL
CF-RGDS 0.58 + 0.19° 0.57 + 0.09° 0.47 +0.01% 0.51 + 0.05%
CF-YIGSR 1.01 +0.17° 1.10 + 0.23° 0.95 + 0.05% 1.04 + 0.05°
CF-PF 3.24 +0.37° 3.52 +0.33° 2.81 +0.52° 3.53 + 0.44°

platform containing both a cell-adhesive RGDS motif and a
osteogenic =~ DWIVA  sequence  (Asp-Trp-Ile-Val-Ala).*!
Following detachment of the fluorescent peptide and quantifi-
cation with a standard curve, peptide density was found to be
around 40 pmol cm > for glass and close to 80 pmol cm™ for
titanium. Other studies have used quartz crystal microbalance
with dissipation (QCM-D) monitoring to measure peptide
density, such as RGDS, REDV and YIGSR linear peptides on
CoCr, with peptide density between 30 and 180 pmol cm 2.3
QCM-D has also been used to measure RGD peptidomimetics
or a platform combining both RGD and a lactoferrin-derived
antimicrobial peptide on titanium, finding molecule density
between 10 and 550 pmol ecm2.>*>* Noel et al. monitored the
grafting of RGDS, REDV and YIGSR with PEG on polyvinyla-
mine-coated polyester through absorbance, and obtained
peptide density between 20 and 2000 pmol cm™2.> Finally, Lei
et al. estimated RGDS, REDV and YIGSR surface density onto
PET via fluorescence microscopy, obtaining values as high as
25 nmol cm™2%> Overall, the biomolecule density values
obtained for PLLA and PLCL films and stents were found to be
in the range of those previously reported, albeit dissimilar
anchoring strategies and quantification methods were used.

3.3 Cell adhesion

The biological performance of the biomolecules was assessed
by means of an adhesion test with HUVECs. Fig. 6a presents
cell adhesion onto control and functionalized PLLA and PLCL
films, visually showing increased cell number and cell spread-
ing when ECs were incubated onto functionalized samples
with respect to control untreated samples. Quantification of
cell number and cell area are shown in Fig. 6b and c, respect-
ively. Biomolecule grafting significantly improved the number
of adherent ECs to PLLA, in a tendency that was found to be
even more pronounced for PLCL. With respect to the different
biomolecules, although both RGDS and YIGSR linear
sequences showed increased number of adhered cells, the plat-
form (PF) combining both motifs presented the best results. A
similar trend was found when analyzing cell spreading. While
adhered to the surface, ECs in control samples presented
sphere-like shape, whereas when introducing cell-adhesive
peptides cells regained a more extended morphology. The con-
dition showing the highest cell area was PLLA functionalized
with YIGSR. Still, all biomolecules significantly improved cell
spreading in comparison to plain PLLA and PLCL samples.
These results are in agreement with the increased hydrophi-
licity displayed by the functionalized films. In general, cell

4610 | Biomater. Sci, 2023, 11, 4602-4615

adhesion increases with increasing wettability. As reported by
Lee et al., cells adhere and spread on surfaces with moderate
hydrophilicity, with maximum adhesion and growth found at
water contact angles in the range of 50° to 60°.°® Furthermore,
surface free energy constitutes an indicator of potential cellu-
lar adhesion, with materials displaying surface energy above
30 mJ] m~? tending to present greater bioadhesion.’” In the
case of PLLA, several authors have associated a greater wett-
ability with improved cell adhesion following oxygen or nitro-
gen plasma treatments.**>°

Concerning the use of peptides, a wide variety of studies
have reported improved adhesion, proliferation and migration
of ECs on different metallic and polymeric materials functio-
nalized with RGDS*® and/or REDV***>°¥%*  and/or
YIGSR.>?*°2637°65 Among them, Castellanos et al. compared
the effects of CoCr surface functionalization with RGDS, REDV
and YIGSR peptides.®* Cell studies demonstrated that an equi-
molar combination of RGDS and YIGSR greatly enhanced ECs
adhesion and proliferation without significantly enhancing
SMCs adhesion. Similar results regarding the combination of
RGDS and YIGSR at an equimolar ratio were described in the
studies of Peng et al.®® and Choi et al.*® Besides, it had pre-
viously been reported that RGDS induced more cell adhesion
than YIGSR and REDV,”” in contrast to the results presented in
this work. Nevertheless, this may be explained by the high den-
sities at which the different peptides were grafted on the
surface (0.5 to 1 nmol cm™?), as Noel et al. demonstrated that,
over a certain density threshold, RGDS and YIGSR presented
similar performance with regards to HUVECs cell adhesion.>
Furthermore, it has been indicated that RGDS and YIGSR
interact via distinct mechanisms with cells, the former
through multiple integrins and the latter via the 67 kDa
laminin receptor, thus with the potential to act synergisti-
cally.>® The results obtained in the present work are therefore
in accordance with those presented previously, showing that
the inclusion of both peptide motifs in a unique biomolecule
suggests the occurrence of synergistic effects in cell adhesion.

3.4 Platelet adhesion

Platelet adhesion was evaluated through a blood perfusion
assay by placing the stents in a flat perfusion chamber main-
tained at 37 °C while donor’s blood was pumped at a shear
rate of 800 s™' for 5 minutes. Adherent platelets’ membrane
was labelled with a fluorescent dye in order to visualize platelet
adhesion on stent struts under confocal fluorescence
microscopy (Fig. 7a). Qualitatively, obtained overview images

This journal is © The Royal Society of Chemistry 2023
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Conditions a—d are statistically different (p < 0.05).

evidenced the dissimilarities arising among the different con-
ditions. For PLLA, unmodified stents presented significant
platelet adhesion, whereas it was found to be much lower for
stents functionalized with peptides. Image analysis with FIJI
permitted to compute the percentage of stent surface occupied
by platelets, showing that for plain PLLA, 28.8% of its area pre-
sented adherent platelets (Fig. 7b). In addition, both the linear
peptides RGDS and YIGSR, together with the dual PF, pre-
sented an antithrombogenic effect, as the area covered by
platelets was found to be around or below 5%. Among the bio-
molecules, RGDS seemed to have the most powerful antith-
rombogenic effect, although differences with YIGSR and PF
were minimal. Conversely, plain PLCL appeared to present a
much lower prothrombogenic behavior than plain PLLA, as
only 5.2% of its surface was covered by platelets, an equivalent
percentage to functionalized PLLA stents. Furthermore,
functionalization of PLCL with the biomolecules rendered

This journal is © The Royal Society of Chemistry 2023

stents with outstanding hemocompatibility, with platelet cov-
erage found to be around 1% of the stent’s surface. This be-
havior was further confirmed upon sample dehydration and
visualization under SEM. As shown in Fig. 7c, platelet aggre-
gates were extensive in control PLLA stents, whereas functiona-
lized samples presented only individual platelets at certain
locations. Similarly, platelet adhesion was found to be infre-
quent for control PLCL stents, and even more sporadic for
functionalized stents.

The coagulation cascade that may lead to thrombosis and
potential stent failure is triggered by platelet activation, which
in turn depends on protein adsorption onto the polymer
surface. Activated platelets extend pseudopods and spread over
the surface before releasing signals for other platelets that
eventually lead to thrombi formation. Therefore, hemocompat-
ibility is mainly driven by the biomaterial’s wettability, func-
tional chemical groups availability, charge and topography

Biomater. Sci, 2023, 11, 4602-4615 | 4611
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with regards to protein adsorption.®®®” Among the proteins

present in the blood plasma, albumin is regarded as beneficial
due to its capacity to generate a passivating layer, whereas
adsorption of fibrinogen promotes platelet deposition.®®
Strohbach et al. investigated the role of biodegradable PLLA-
based polymers in blood cell activation by measuring fibrino-
gen adsorption. Among the different polymers, PLLA pre-
sented the highest fibrinogen adsorption and platelet acti-
vation. In general, hydrophobic surfaces facilitate adsorption
of proteins and thus platelet-surface activation, whereas in
hydrophilic surfaces protein adsorption is impaired due to the
energetic cost of displacing water.®®’° On that account,
although PLLA is broadly regarded to be hemocompatible,”"”>
several authors have described strategies to improve its hemo-
compatibility through surface functionalization.”*”*> Some
authors have focused on favouring albumin adsorption over
that of fibrinogen by means of PLLA fluorination or have
studied the impact that surface chemistry has on adsorbed
fibrinogen conformation and its influence on platelet

4612 | Biomater. Sci, 2023, 1, 4602-4615

adhesion and activation.”*”> Other approaches include the
loading of drugs such as curcumin and paclitaxel,”®
heparin’”’® or tantalum ions to improve hydrophilicity.”®
Hietala et al. analyzed platelet deposition on stainless steel
and PLLA stents, with the latter showing increased platelet
adhesion.” However, when coating the PLLA stent with a
PLCL layer, platelet attachment was effectively reduced. This
behavior was also reported by Rudolph et al. regarding the
thrombogenetic potential of different polymers following a
platelet activation test.® PLLA was shown to activate platelets
in view of high levels of p-thromboglobulin, a protein exerted
from platelet granules upon activation, whereas PLCL (70 : 30)
presented p-thromboglobulin concentration within the normal
range. Similarly, PLLA/PCL blends were found to induce sig-
nificantly less platelet aggregation than PLLA in a blood cell
activation study. Although fibrinogen concentration was com-
parable to that of PLLA, the authors attributed the dissimilar
platelet response to the conformational state of adsorbed fibri-
nogen.® These results are in agreement with the better hemo-

This journal is © The Royal Society of Chemistry 2023
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compatibility shown by plain PLCL stents with respect to
control PLLA stents (Fig. 7a and b) and with its lower water
contact angle (83.1 + 5.1 vs. 94.3 + 3.6) and higher surface free
energy, specially regarding its polar component, as shown in
Table 1.

Furthermore, the lower thrombogenicity associated to the
presence of peptides has been previously reported for
REDV>*"®! and/or for YIGSR.”**?%6%6%81 Although it has been
shown that the REDV sequence is recognized by a,p; integrin
receptors, which are hardly present on the platelets surface,
the mechanism in which the YIGSR sequence affects platelet
adhesion and aggregation is not yet fully understood. Tandon
et al. had reported that YIGSR supported platelet adhesion
through the 67 kDa laminin receptor on platelets.®?
Conversely, Castellanos et al. reported that YIGSR and YIGSR +
RGD peptides showed decreased platelet adhesion and aggre-
gation, analogously to Peng et al., and suggested that YIGSR
might block P33 integrin, that is, the most abundant platelet
receptor.®"®* Hence platelet interaction with laminin remains
ill-defined and YIGSR role is still a matter of controversy.>
Regarding the role of RGDS, Kapp et al. evaluated the activity
and selectivity profile of ligands for RGD-binding integrins,
showing that RGD peptides were active on integrins o3, ofs,
asP;, and selective against oPs, oPs and oypPs.>* Therefore,
RGDS affinity for platelets would be presumed to be low.
Nevertheless, Peng et al. found that RGD significantly induced
more platelet activation than REDV or YIGSR in silk fibroin
scaffolds,®® whereas Castellanos et al. reported that the RGDS
coating was the condition with a lower platelet adhesion com-
pared to YIGSR and RGDS + YIGSR.?! In spite of the aforemen-
tioned discrepancies, all biomolecules evaluated in this work
displayed similar antithrombogenic behavior.

Altogether, the grafting of biomolecules on hydrophobic
polymers such as PLLA appears as a successful strategy for
cardiovascular applications. On the one hand, functionali-
zation with peptides resulted in reduced platelet adhesion and
activation. On the other hand, peptide sequences such as
YIGSR, specifically targeting ECs, effectively improved cell
adhesion and spreading. In addition, its combination with
RGDS in a single dual molecule evinces the synergistic effects
that such an engineered biomolecule may foster in the full
endothelialization of a bioresorbable stent.

4 Conclusions

In this work we have presented the functionalization of novel
3D-printed PLLA and PLCL BRS with endothelial cell adhesive
peptides to enhance ECs response and stents’ hemocompat-
ibility. Linear sequence RGDS and YIGSR peptides have been
synthesized, as well as a dual platform presenting both motifs
in a single biomolecule. Successful functionalization of films
and stents has been confirmed upon water angle measure-
ments and confocal fluorescence microscopy. Quantification
of covalently-bond peptides has been achieved by detachment
in alkaline conditions, yielding biomolecule density in the

This journal is © The Royal Society of Chemistry 2023
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range of 0.5 to 3.5 nmol cm ™. Cell adhesion assays evidenced
significantly increased cell number and spreading onto func-
tionalized films with respect to control samples. The inclusion
of RGDS and YIGSR in a unique platform suggested the occur-
rence of synergistic effects. Stents’ hemocompatibility was
evaluated upon a blood perfusion assay, with PLCL showing
pronouncedly diminished platelet adhesion with reference to
PLLA. In addition, functionalization with RGDS, YIGSR and
the PF rendered BRS displaying even further reduced platelet
adhesion.

The conjunction of intrinsically less prothrombogenic
materials such as PLCL and its functionalization with cell
adhesive peptides constitutes an encouraging approach in the
treatment of coronary heart disease. The fact that YIGSR and
the dual PF simultaneously increase cell adhesion while redu-
cing platelet activation paves the way for a new generation in
BRS development. Furthermore, BRS loaded with antiprolifera-
tive drugs to avoid restenosis due to overproliferation of SMCs
may be functionalized with ECs-discriminating adhesive
sequences in order to guide EC proliferation until complete re-
endothelialization of the scaffold.
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