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Surface biofunctional modification of cardiovascular implants via the conjugation of biomolecules
to prevent thrombosis and restenosis formation and to accelerate endothelialization has attracted
considerable research interest. In this study, we aimed to develop a multifunctional surface that could
exhibit good hemocompatibility and function well in inducing desirable vascular cell-material interactions.
The multifunctional coating (PCDLOPTPT@Ti), containing phosphorylcholine groups and endothelial
progenitor cell (EPC)-specific peptides (PT), was prepared on titanium (Ti) surfaces via chemical conjugation.
The results of platelet adhesion, activation, fibrinogen denaturation, and whole blood dynamic adhesion
testing indicated that the PCDLOPTPT@Ti coating presented a better hemocompatibility when compared
with bare Ti and other control samples. In vitro EPC and smooth muscle cell (SMC) cultures showed that
the PCDLOPTPT@Ti coating significantly promoted the adhesion and proliferation of EPCs and inhibited
the attachment and proliferation of SMCs. In vivo animal tests further confirmed that the PCDLOPTPT@Ti
coating effectively inhibited thrombus formation and intimal hyperplasia while supporting endothelium
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regeneration. These results effectively suggest that the PCDLOPTPT@Ti coating may be promising as a
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1. Introduction

Cardiovascular diseases (CVDs), mainly caused by atherosclerosis,
are a leading cause of mortality." Percutaneous coronary inter-
vention using vascular stents has become the main approach
for vascular stenosis in CVDs.”> Optimal cardiovascular implant
materials should perform their function without causing undue
host response or inducing adverse clinical outcomes.** However,
in the face of vascular endothelium injury caused by a stent
implantation, the increased incidences of thrombosis, restenosis,
and fibromuscular proliferation are unavoidable.>® The prolifera-
tion of vascular smooth muscle cells (SMCs) is chiefly responsible
for in-stent restenosis and remains a challenging clinical problem.
Therefore, the application of drug-eluting stents has been
reported to effectively suppress neointimal hyperplasia and
accordingly reduce the in-stent restenosis rates.””® However, an
another issue, late-stent thrombosis, delays vascular healing and
re-endothelialization.®® Therefore, it is important that a favorable
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coronary stent should not only suppress the inflammation and
SMC proliferation but also facilitate a rapid endothelialization.

As is well known, an important function of endothelial cells
(ECs) is to maintain blood vessel patency and inhibit the attachment
and activation of platelets by forming an endothelium monolayer as
a barrier between the blood flow and the SMC underneath.'®""
Moreover, the endothelium monolayer suppresses the attachment
and proliferation of macrophages and SMCs. Thus, endowing
artificial vascular stents with functions such as anti-coagulation,
anti-hyperplasia, anti-inflammation, and pro-endothelialization
may be a better approach for CVD therapy.'' ™

The conjugation of biomolecules (heparin,™* fibronectin,
hyaluronic acid," collagen,'® anti-CD34,"” and REDV peptide'®)
on multifunctional surfaces is widely applied in biomedical
devices and tissue engineering.® A significant amount of previous
research has suggested the surface immobilization of specific
biomolecules (antibodies,”*" peptides,**** oligosaccharides,****
and DNA-aptamers®®) to capture endothelial progenitor cells
(EPCs) from peripheral blood and induce differentiation in the
autologous ECs for cardiovascular biomaterials.>’” Numerous
studies have demonstrated that EPCs can differentiate into ECs
via the induction of specific growth factors and chemokines.?*°
Therefore, the induction of EPCs homing and adhesion may
facilitate a rapid endothelialization on the surface of the
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implanted biomaterials. Depending on the selected biomolecule,
the modified surface will acquire a favorable hemocompatibility*"*>
or cytocompatibility.**** In our view, a promising solution is to
develop a multifunctional surface that not only exhibits good
hemocompatibility but also does well in modulating the vascular
cell-material interactions and effectively strengthens the
re-endothelialization process. In our previous study,*> the PMMDP
polymer, which was synthesized from poly(2-methacryloyloxyethyl
phosphorylcholine-co-methacrylic acid) (PMMPC) via grafting
dopamine (DA) and EPC-specific peptides (TPSLEQRTVYAK-
GGGC-K, PT), including phosphorylcholine (PC) groups, peptides
and catechol groups, was anchored onto a Ti surface to fabricate a
biomimetic surface (PMMDP@Ti) that could resist platelet adhe-
sion and enhance EPCs capture, attachment, and proliferation. The
PMMDP@Ti coating exhibited good stability through mussel-
inspired chemistry adhesion®® and had the ability to inhibit SMCs
adhesion and proliferation. However, the hemocompatibility, EPCs
capture, adhesion, and proliferation induced by the PMMDP@Ti
coating were far from reaching the clinical requirement.

It was speculated that the cellular behavior of EPCs, SMCs,
platelets, and fibrinogen may be affected by the amount of exposed
functional groups and biomolecules, such as PC groups and PT
peptides, on the modified surface. In the present study, poly(2-
methacryloyloxyethyl phosphorylcholine-co-methacrylic acid-g-
dopamine) (PMMDA), PT peptides, oxidized PMMDP (POMMDP),
and natural poly amino acid molecules (poly--lysine, PLL) were
chosen as the constituents for the multifunctional coating. In
particular, the surface biomolecule fixation method was changed
via a simple layer-by-layer self-assembly based on the mussel-
inspired chemistry adhesion, condensation reactions, and
electrostatic interactions or hydrogen bonding interactions.”””*®
Among all the constituents, the PT peptides exhibited the highest
affinity and specificity for EPCs and did not interfere with the
ECs function.® The polymers containing 2-methacryloyloxyethyl
phosphorylcholine (MPC) monomers have been applied to
improve the hemocompatibility of biomaterials,*>*° and the
protein-resistant*"*> amine-rich PLL was chosen to conjugate
the biomolecules onto the materials surface.”> Therefore, this
study aims at the systematic evaluation of hemocompatibility
(platelet adhesion and activation, fibrinogen denaturation and
whole blood dynamic adhesion), endothelialization (EPCs adhe-
sion and proliferation), and anti-hyperplasia (SMCs adhesion and
proliferation), affected by the surface functional groups and
biomolecules. In combination with in vivo animal tests, we have
demonstrated that the multifunctional coating (PCDLOPTPT@Ti)
containing phosphorylcholine groups and EPC-specific peptides
effectively inhibits the thrombus formation and intimal hyperplasia
and supports the endothelium regeneration.

2. Experimental section
2.1. Materials and reagents

Titanium (Ti) substrates (diameter = 10 mm) were purchased
from Baoji Non-ferrous Metal Co., Ltd (Baoji Non-ferrous Metal
Co., Ltd, Baoji, China). The EPC-specific peptide (PT, 99.3%)
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was purchased from GL Biochem Ltd (GL Biochem Ltd., Shanghai,
China). Water-soluble 2-methacryloyloxyethyl phosphorylcholine
(MPC, 96%) was obtained from the Joy-Nature Technology Insti-
tute (Joy-Nature Technology Institute, Nanjing, China) and used
without further purification. Methacrylic acid (MA) and ethanol
were purchased from Kelong Chemical Reagent Co., Ltd (Kelong
Chemical Reagent Co., Ltd, Chengdu, China); MA was purified
by reduced pressure distillation, and ethanol was dried over
metal Na and distilled prior to use. Dopamine hydrochloride
(DA, 99%), poly-L-lysine (PLL, My, 150-300 kDa), and 1-ethyl-3-
dimethylaminopropylcarbodiimide (EDC, 98%) were obtained
from Sigma-Aldrich (St. Louis, USA). Modified Eagle’s medium
(a-MEM) and fetal bovine serum (FBS) were obtained from
Hyclone (Hyclone, Utah, USA). Water-soluble tetrazolium-8
(WST-8) for the EPCs/SMCs culture and proliferation tests was
obtained from BD Biosciences (San Jose, CA, USA). All other
reagents were local products and of analytical grade.

2.2. Preparation of the PC/PT coating

As reported in our previous study,*® the PMMPC polymer was
synthesized by a free radical copolymerization between MPC and
MA. The PMMPC grafted dopamine was named after PMMDA.
The PMMDA grafted PT was named after PMMDP. POMMDP
is the oxidation product of PMMDP, which is obtained by the
oxidation of catechol to quinone in PMMDP.** A schematic of
the PC/PT coating preparation is shown in Fig. 1. First, cleaned
Ti sheets were immersed in a solution of PMMDA (2.0 mg mL )
at room temperature for 12 h under argon shielding to prepare
the PCD@Ti sheets. Then, the cleaned PCD@Ti samples were
dipped into a 0.1 mg mL ™" PLL solution at room temperature for
2 h to obtain the PCDL@Ti samples. Subsequently, the PCDL@Ti
sheets were soaked in a 1.0 mg mL, ' POMMDP solution at room
temperature for 2 h to prepare the PCDLOPT@Ti samples. Finally,
the PCDLOPT@Ti samples were immersed in a 0.1 mg mL ™"
PT solution at room temperature for 2 h to obtain the
PCDLOPTPT@Ti samples. As each step finished, the samples
were rinsed three times with deionized water to remove the
unattached molecules. The immobilization of PMMDA introduces
the phospholipid groups and provides the carboxyl groups for
conjugation with the amino groups on the next layer of the

Fig. 1 A schematic for the preparation of the PC/PT coating on the Ti surface.
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PLL molecules. The unreacted amino groups of the PLL con-
jugate with the carboxyl groups and the quinone groups of
POMMDP and at the same time, introduce PT molecules and
more phospholipid groups. The residual carboxyl groups of
the POMMDP on the third layer can also conjugate with the
amino groups of PT, and the fourth layer introduces more PT
molecules.

2.3. FTIR

The changes in the surface chemical composition after PC/PT
coating immobilization were determined by Fourier transform
infrared spectroscopy (FTIR, Nicolet 5700 infrared spectro-
meter, USA) using the model of diffuse reflectance. Scanning

was conducted in the range from 400 to 4500 cm ™.

2.4. XPS

The surface elemental composition was confirmed by X-ray
photoelectron spectroscopy (XPS, Kratos Ltd, UK) with mono-
chromatic Mg Ko excitation radiation (hv = 1253.6 eV). The
binding energies were calibrated using the containment carbon
(C1s = 284.7 eV). A Shirley background was used and the
peaks were fitted using XPSPEAK 4.1 to obtain high-resolution
information.

2.5. QCM-D

The amount of components coated on the titanium surface was
quantified using a quartz crystal microbalance with dissipation
monitoring (QCM-D, Q-Sense, Gothenburg, Sweden) at a funda-
mental resonant frequency of 5.0 MHz. A 5.0 MHz AT-cut quartz
crystal with a gold electrode was used as the working electrode
for the QCM experiments. The diameter of the quartz crystal
was 13.7 mm and the diameter of the gold electrode was 5 mm.
The Ti-coated (Ti/Au) QCM sensor was obtained from Q-sense
(Gothenburg, Sweden).

Initially, the QCM sensor was exposed to phosphate-buffered
saline (PBS, 0.067 M, pH 7.3) at a flow rate of 50.0 uL min "
until a stable baseline of the QCM signal was obtained. The QCM
chamber was then filled with an aqueous solution of PMMDA
at 2.0 mg mL™" until the frequency was relatively stable.
Furthermore, the PBS solution was flowed into the chamber
to replace the PMMDA solution and to wash the weakly
adsorbed PMMDA from the surface. Subsequently, 0.1 mg mL ™"
PLL solution, 1.0 mg mL~' POMMDP solution, and 0.1 mg mL ™"
PT solution were added in place of the previous solution and the
previous step was repeated. The adsorbed mass (Am) was
deducted from the frequency shift (Af) according to the Sauerbrey
equation:**

Am = Af x Cin (1)

where C (C = 18.0 ng em™> Hz ' at f,, = 5.0 MHz) is the mass-
sensitivity constant and n (n = 1, 3, 5, ...) is the overtone
number.

2.6. AFM

The surface morphology and roughness of Ti, PCD@Ti, PCDL@Ti,
PCDLOPT@Ti, and PCDLOPTPT@Ti were analyzed by atomic-force
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microscopy (AFM, SPI 3800, NSK Inc.,) in the tapping mode.
AFM was performed at room temperature in air at a rate of one
line scan per second. Image analysis was performed using the
CSPM Imager software.

2.7. Water contact angle

Static (sessile drop) water contact angles were measured using a
goniometer with computer-assisted image analysis (JY-82, China).
A droplet of ultrapure water was placed on the surface of the
sample and the contact angle was determined using a horizontal
microscope. For each sample, the mean value of the contact angle
was calculated from at least three individual measurements taken
at different locations on the examined samples.

2.8. Stability of the PC/PT coating

Every sample was immersed in 1.0 mL PBS (0.067 M, pH 7.3)
using a thermostatic shaker concussion (37 °C, 60 rpm) and the
soaked solution was analyzed by the UV spectroscopy every
other day. After 12 days, the soaked samples were taken out and
dried. The surface elemental composition of the coating before
and after immersion was confirmed by XPS. In addition, the
coating was washed at different flow rates of PBS and moni-
tored using QCM-D. The functions of the coatings before and
after the immersion were tested by platelet adhesion for 1 h and
EPCs culture for 1 day.

2.9. Blood compatibility evaluation

Fresh human blood was obtained from the Blood Central of
Chengdu, China, according to the ethical standards in place.
The analysis was performed within 12 h after blood donation.
Four parallel samples were used.

2.9.1. Platelet adhesion and lactate dehydrogenase (LDH)
assay. Fresh human citrate-blood was added into the centrifuge
tubes and centrifuged at 1500 rpm for 15 min to obtain the top
layer of platelet-rich plasma (PRP). A volume of 60 pL of PRP
was distributed on each surface of Ti and the samples were
incubated in 24-well plates for 1 h at 37 °C. Then, the samples were
carefully rinsed in 0.9% NaCl solution to remove the platelets that
were not firmly adherent. After fixation with 2.5 wt% glutaraldehyde
solution for 12 h, the samples were dehydrated in graded alcohol
solutions (50%, 75%, 90%, and 100%; Vajcohol/Vdemineralized water) and
dealcoholized in the graded isoamyl acetate solutions (50%, 75%,
90%, and 100%; Visoamyl acetate/ Vaicohol)- All samples were subjected
to critical point drying (CPD030, BALZERS) and inspected with an
optical microscope (Leica, Germany) or gold-sputtered prior
to scanning electron microscopy analysis (SEM, Quanta 200,
FEI, Holland) to evaluate the morphology and quantity of the
adherent platelets.

An LDH assay was used to detect the amount of the adherent
platelets. Briefly, 50 uL of PRP was added to the sample surfaces
and incubated for 1 h at 37 °C. After rinsing with PBS, 40 pL
of 1% Triton solution (Triton X-100, Sigma) was added to each
sample and incubated for 5 min at 37 °C. Subsequently,
25 pL of lysate was transferred from the surfaces into a 96-well
plate and 200 pL of chromogenic agent (10 mg mL~" Pyr and
10 mg mL~' NADH powder dissolved in Tris base buffer) was
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added before testing. The absorbance of the different samples
was obtained using a microplate reader at 340 nm. The amount
of the adherent platelets was calculated according to the
calibration curve.

2.9.2. Platelet activation and P-selectin assay. P-selectin
expression was determined as a marker of platelet activation
induced by the surfaces. First, 50 uL of PRP was added to the
sample surfaces and incubated for 1 h at 37 °C. Then, the
samples were rinsed three times with PBS and used for
P-selectin immunofluorescence staining. The abovementioned
samples were fixed in 4% paraformaldehyde for 12 h at room
temperature and rinsed three times with PBS for 3 min each.
The samples were then incubated in a goat serum (1: 10 in PBS)
for 1 h at 37 °C to block the non-specific adsorption. Sub-
sequently, a 30 pL of mouse monoclonal anti-human P-selectin
antibody (primary antibody, 1:200 in PBS) was added to the
surfaces for 1 h at 37 °C and washed three times with PBS for
3 min each time. Thereafter, 30 pL of FITC-conjugated goat
anti-mouse IgG antibody (secondary antibody, 1:100 in PBS)
was added to the surfaces and incubated for 30 min at 37 °C
and washed three times with PBS for 3 min each. Finally, the
samples were observed by fluorescence microscopy (Olympus
IX51, Japan).

2.9.3. Fibrinogen denaturation test. For the fibrinogen
denaturation test, fresh human blood anti-coagulated with
citrate was centrifuged at 3000 rpm for 15 min to obtain a
platelet-poor plasma (PPP). The samples were incubated with
60 pL of PPP for 2 h at 37 °C and washed with PBS (3 x 5 min).
Then, the samples were blocked with sheep serum (1:100 in PBS)
for 30 min, three times with PBS, and incubated with 20 pL of
mouse anti-human monoclonal y-fibrinogen antibody (primary
antibody, 1:100, product no: NYB4-2xl-f, Accurate Chemical &
Scientific Corp.) for 1 h at 37 °C. Subsequently, the samples were
rinsed with PBS and incubated with horseradish peroxidase-
labeled goat anti-mouse antibody (1:100 in PBS) for 1 h. Finally,
the chromogenic substrate 3,3’,5,5'-tetramethylbenzidine (TMB)
was added and the reaction was stopped after 10 min using
sulfuric acid. The absorbance was measured at 450 nm.

2.9.4. Whole blood dynamic adhesion test. Static and
dynamic whole blood experiments were performed to compre-
hensively investigate the compatibility of the components of
whole blood on the surface.”” For the dynamic whole blood
experiment, the samples were placed in a flow chamber and
subjected to anti-coagulant fresh whole blood flow (15 dyn cm™?)
for 1 h. The samples were washed three times with PBS. The
whole blood components on the samples were fixed with 2.5%
glutaraldehyde for 2 h at room temperature. After a washing step,
the platelets, erythrocytes, and plasma protein fibers attached to
the samples were observed by SEM.

2.10. In vitro EPCs and SMCs culture

EPCs were isolated from the bone marrow of Sprague-Dawley
rats (Sichuan University, Chengdu, China)*® and cultured in single-
use culture flasks with o-MEM containing 20% FBS at 37 °C in a
humidified atmosphere with 5% CO,.*” The medium was replaced
every two days. When the cells were close to confluency,
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they were trypsinized and cultured in o-MEM supplemented
with 10% FBS and 10 ng mL ™" VEGF. After two weeks of culture,
the cells were designated as EPCs based on the identification of
their cell morphology and specific markers.

SMCs were isolated from the human umbilical artery. First,
the adventitia layer and endothelium layer were stripped away
from the umbilical artery. Then, the residual tissue was cut into
small pieces and stuck to the bottom of a culture flask. The
flask was carefully inverted and infused with a 5 mL Dulbecco’s
modified Eagle’s medium/F12 (DMEM/F12) with 10% FBS. The
flask was subsequently incubated at 37 °C in 5% CO, overnight
and gently inverted to allow the pieces of the tissue to become
fully immersed in the culture medium. The SMCs were obtained
by a slow outgrowth from these tissue pieces.

All samples were sterilized by ozone before cell seeding. The
EPCs and SMCs were seeded on the samples at an identical
density of 5 x 10* cells per mL and incubated at 37 °C in 5%
CO, for 1 and 3 days of culture. The proliferation activity of
different cells on the different sample surfaces was investigated
using a water-soluble tetrazolium-8 (WST-8) assay after 1 and
3 days of culture. The medium was removed and the samples
were washed three times with PBS. Subsequently, fresh medium
containing WST-8 reagent was added to each sample and
incubated at 37 °C in 5% CO, for 3 h. Medium containing
10% WST-8 was used as a blank control. The absorbance was
measured at 450 nm using a microplate reader. All proliferation
experiments were performed in quadruplet.

Immunofluorescence staining was performed to identify the
types and observe the morphology of the adherent cells on
the different sample surfaces. After culturing for 1 and 3 days,
the adherent cells on the samples were fixed using 2.5% glutar-
aldehyde at 4 °C for 6 h and rinsed with PBS. After that, the cells
were stained with 50 ng mL ™" 4’,6-diamidino-2-phenylindole
(DAPI) and 5 pg mL~" 2-(6-amino-3-imino-3H-xanthen-9-yl)benzoic
acid methyl ester (thodamine 123) (50 pL per sample) and kept for
30 min in the dark. Fluorescent images were acquired using a
fluorescence microscope (Olympus IX51, Japan).

2.11. In vivo animal experiments

All animal experiments were performed in accordance with
the protocols approved by the Medical College of Southwest
Jiaotong University, the Ethical Committee and Laboratory
Administration Rules of China. In vivo experiments were
carried out by implanting the PC/PT-modified samples into
dog femoral arteries for 4 weeks. Ti was used as a positive
control. Two holes with a diameter of ~0.5 mm were predrilled
at either end of 3 x 5 mm?, double-sided polished and coated
samples. The Ti and modified samples were first sterilized by
an ultraviolet radiation (27 W, 254 nm) for 30 min.

Two adult dogs (20-30 kg) were used in this experiment and
each dog received four samples, two of each type. The samples
were implanted and affixed to the inner surface of the femoral
artery using a medical suture passing through the sample hole.
The dogs did not receive any anticoagulation therapy after the
surgery. After implantation for 4 weeks, the samples were excised
and rinsed by heparin solution to remove the residual blood,
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and then observed immediately using a three-dimensional
microscope (Motic Image Plus 2.0 ML). Subsequently, the
samples were fixed in 4% paraformaldehyde for 24 h at room
temperature. After dehydration and critical point drying, the
samples were observed by SEM.

2.12. Statistical analysis

The data were analyzed using the SPSS11.5 software (Chicago,
Illinois, USA). Statistical evaluation of the data was performed
using a Student’s paired test. A probability (P) value of P < 0.05
was considered to be statistically significant. The results were
expressed as the mean =+ standard deviation (SD). All experi-
ments were repeated three times.

3. Results and discussion
3.1. FTIR and XPS results

Changes in the surface chemical composition were analyzed by
FTIR and XPS. When compared to Ti, noticeable new peaks
appeared in the FTIR spectrum (Fig. 2A) of PCD®@T}, including
the peaks at 1720 cm ™" (-COOR, -C—=0), 1235 cm ™' (-POCH,-),
1086 cm ™! (FOPOCH,-), 1173 cm™ ' (P=0), 969 cm " (-N"(CHj3);),
2958, 1486, 720-790 cm ™' (~CH,-), 1553 cm ™ * (the aromatic ring),
and 1639 cm ™' (amide I, -CONH-). These are consistent with the
reported results® and suggest that Ti was successfully coated with
PMMDA. The peaks in the range from 3420 to 3261 cm ' are
considered as the overlapping stretching vibrations peaks of the
hydroxyl (-OH) and amine (-NH,, -NH-) groups. The intensity of
the peak at 1639 cm™ ' (amide I, -CONH-) in the spectrum of
PCDL@Ti was enhanced and a new small peak was also observed
at 1520 em ' (Fig. 2B), which corresponds to the stretching
vibrations of the amide II (C-N, N-H) bond. The emergence of
the amine groups, amide I and amide II demonstrates the
existence of PLL on the surface of PCDL@Ti.*® The peak at
1694 cm™ ' (Fig. 2B), which is attributed to quinone (C=0),
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could apparently be seen in PCDLOPT@T!i but is not obvious in
the other samples.*® This result indicates that POMMDP was
introduced to the surface of PCDLOPT®@Ti. According to the
surface of PCDLOPTPT®@Ti, the content of PT was too weak to be
detected in the FTIR spectrum. XPS was required for a detailed
chemical analysis of the PCDLOPTPT@Ti surface. The high
resolution sulfur spectrum (Fig. 2C) shows that the peaks at
163.3 eV represent the binding energy of S,p;/, and the peak at
163.3 eV was attributed to the -SH group of PT on the surfaces of
PCDLOPT@Ti and PCDLOPTPT@Ti.>® The enhanced peak in
the high-resolution sulfur spectra also demonstrates that more
PT was introduced on the surface of PCDLOPTPT@Ti when
compared to PCDLOPT@Ti. This result demonstrates that PT
appeared on the PCDLOPT@Ti and PCDLOPTPT@Ti, but not on
Ti, PCD@Ti and PCDL@Ti surfaces.

3.2. Quantitative analysis of the PC/PT coating

QCM-D is frequently used to investigate multilayer fabrication
and the physical properties of multilayer films. In this study, the
adsorptions of PMMDA, PLL, POMMDP, and PT on the substrates
were monitored using QCM-D. Fig. 3 presents the curve of mass
shift vs. time. The mass of PMMDA, PLL, POMMDP, and PT
coatings sharply increased in the early stage. After the reaction,
PBS was injected to remove the weakly adsorbed molecules.
Finally, 247.5 & 3.3 ng cm™ > PMMDA, 45.3 + 2.8 ng cm™ > PLL,
73.4 + 3.6 ng cm~ > POMMDP, and 28.8 + 2.1 ng cm ™ > PT were
conjugated onto the surface of the QCM sensor coated with Ti.
The result confirms the successful immobilization of PMMDA,
PLL, POMMDP, and PT onto the substrate. The anchorage of
PMMDA to the Ti substrate is believed to be attributed to the
chemical bond between the catechol groups of PMMDA and
titanium oxide, which was spontaneously formed on the sur-
face of the Ti substrate.’® PLL, POMMDP, and PT were fixed by
the non-covalent interactions such as electrostatic interactions
or hydrogen bonding.

Fig. 2 (A and B) The FTIR spectra and (C) high-resolution sulfur spectrum in the XPS analysis of (a) Ti, (b) PCD@Ti, (c) PCDL@Ti, (d) PCDLOPT@Ti,

and (e) PCDLOPTPT@Ti.
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Fig. 3 The mass vs. time curve of PMMDA, PLL, POMMDP, and PT adsorp-
tion determined by QCM-D measurement.

3.3. Surface morphology and hydrophilicity

The morphology of the surface observed using AFM is shown in
Fig. 4A. The surface of pristine Ti was smooth with an average
roughness of 1.2 + 0.2 nm, whereas the PCD@Ti (2.1 + 0.3 nm)
and PCDL@Ti (2.7 £ 0.4 nm) surfaces were rough and the
PCDLOPT@Ti surface became much rougher with a relatively
uniform roughness of 3.6 £+ 0.5 nm. However, the roughness of
the PCDLOPTPT@Ti surface was decreased to 3.0 £+ 0.4 nm.
These changes were attributed to the aggregation of PMMDA,
PLL, POMMDP, and PT molecules, whose sizes were correlated
to the amount of polymer used.*® For implants that come in
contact with blood, such as artificial heart valves and cardio-
vascular stents, a smooth surface is necessary with roughness
values at the level of protein adsorption (<50 nm). Otherwise,
platelet adhesion and thrombosis may become more obvious.?
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The slight increase in the surface roughness was well within the
acceptable range.

Changes in the surface hydrophilicity may cause quantitative
and qualitative variations in the absorbed proteins, which directly
influence the biocompatibility of the materials.”* The water con-
tact angle was measured to evaluate the surface hydrophilicity
before and after the biomolecule immobilization. As shown in
Fig. 4B, the mean water contact angle of Ti (54.0° & 2.4°) decreased
dramatically to 40.3° & 1.1° after coating with PMMDA (PCD@Ti).
The increase in the surface hydrophilicity can be explained by the
exposure of hydrophilic groups such as the PC groups of the
PMMDA coating. After immobilization of POMMDP and PT,
the water contact angles of PCDLOPT@Ti and PCDLOPTPT@Ti
further decreased to 25.1° & 1.3° and 28.7° £ 0.6°, respectively.
This change was ascribed to the introduction of more PC
groups. Hence, these findings indicate that the hydrophilicity
significantly increased after the MPC polymer immobilization,
and the PCDLOPT@Ti and PCDLOPTPT@Ti surfaces are more
hydrophilic than the Ti surface.

3.4. Stability of the PC/PT coating

Fig. S1 (ESIt) displays the stability of the PC/PT coating assembled
with PMMDA, PLL, POMMDP, and PT. It can be observed
clearly that the PC/PT coating was obtained at a flow rate of
50.0 uL min~ ' by QCM-D (Fig. S1A, ESI). After that, the flow
rate of PBS solution was adjusted to 100.0 uL min~" to wash
away the weakly adsorbed components from the surface for
more than 2 h. However, Fig. S1A (ESI{) shows that there was
no significant reduction in the PC/PT coating adsorption peaks,
suggesting that the PC/PT coating exhibits a good stability.
Moreover, the surface element contents of the PC/PT coatings before
and after the immersion in PBS for 12 days were also examined and
analyzed by XPS (Fig. S1B, ESIt). The content of nitrogen (N)
in the PC/PT coating decreased from 4.75% (before immersion)

Fig. 4 The (A) AFM images and (B) water contact angle of Ti, PCD@Ti, PCDL@Ti, PCDLOPT@Ti, and PCDLOPTPT@Ti (*p < 0.05, mean + SD, N = 4).

This journal is © The Royal Society of Chemistry 2016
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to 4.34% (after immersion) and the elemental sulfur content (S)
from 0.65% (before immersion) to 0.59% (after immersion),
showing no significant difference. In addition, the soaking
solution of the PC/PT coating was investigated using ultraviolet
spectroscopy (Fig. S1C, ESIT). There was no remarkable absorp-
tion peak, proving that no precipitates exist in the soaking
solution. The SEM images and the amount of the adherent
platelets on the sample surfaces after 1 h are shown in Fig. S1D
(ESIt). There was no obvious difference in the adherent amount
and activation profile on the surfaces before and after immersion.
The morphology and density of the attached EPCs after 1 day of
culture are presented in Fig. S1E (ESIt), showing no significant
difference. All the abovementioned results indicated that the
PC/PT coating on the Ti surface possessed good stability.

3.5. Blood compatibility evaluation

3.5.1. Platelet adhesion and activation. The amount and
the activation profile of the adherent platelets are considered as
the key indicators for the hemocompatibility evaluation of a
material surface. It is generally accepted that the platelet
morphology is related to its activation level. The change from
a typical round shape to a dendritic shape, and then to a spread
dendritic shape, spread shape, and fully spread shape corre-
sponds to the minor to major activation stages.’> An LDH assay
was performed to semi-quantitatively evaluate the number of
adherent platelets. A P-selectin assay was performed to further
evaluate the platelet activation.

The SEM images of the adherent platelets on the sample
surfaces after 1 h of incubation are shown in Fig. 5A. There
were a large number of adherent and aggregated platelets on
the Ti and PCD@Ti surfaces, and the adherent platelets mainly
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exhibited the spread dendritic and fully spread shapes, indicating
a significant level of activation and poor hemocompatibility.
However, the number of platelets on the PCDLOPT@Ti and
PCDLOPTPT@Ti surfaces significantly decreased (Fig. 5A), and
the adherent platelets displayed a round shape, which indicated
a minor level of activation and excellent anticoagulant proper-
ties. In agreement with the SEM results, the LDH results (Fig. 5C)
showed that the platelet numbers on the Ti and PCD@Ti
surfaces were significantly higher (*p < 0.05) than that on the
PCDLOPT@Ti and PCDLOPTPT@Ti surfaces. Fig. 5B shows the
P-selectin immunofluorescence staining of the adherent platelets
on different surfaces. When compared with Ti and PCD@Ti, the
expression of P-selectin on the PCDLOPT@Ti and PCDLOPTPT@Ti
surfaces was obviously decreased. The results of SEM, LDH, and
P-selectin expression level further proved that the PCDLOPT@Ti
and PCDLOPTPT@Ti surfaces could effectively inhibit the platelet
adhesion and activation, and there was no obvious difference
between PCDLOPT®@Ti and PCDLOPTPT®@Ti surfaces.

3.5.2. Fibrinogen denaturation. The conformational change
in fibrinogen, i.e., exposure of the y chain (HHLGGAKQAGDV at
Y 400-401),>* plays a critical role in platelet activation and
aggregation. Resting platelets interact with the adsorbed and
denatured ones but not with the soluble fibrinogen. Fibrinogen
is folded in the plasma and the small y chain is exposed but
becomes unfolded or conformationally changed when adsorbed
on the foreign surfaces and the y chain is exposed. The exposure
of the protected y chain sequences allows fibrinogen to bind
to the GPIIb/IIla integrin receptor on the platelet membrane,
further causing the adhesion and aggregation of the platelets.>*
Therefore, conformational changes in fibrinogen, as measured
by immunochemistry, revealed the tendency of thrombosis.

Fig. 5 (A) SEM images of the platelets on the sample surfaces after incubation with PRP for 1 h. (B) P-selectin immunofluorescence staining of the
activated platelets on different sample surfaces. (C) The amount of adherent platelets on the various sample surfaces measured using the LDH assay after
incubation with PRP for 1 h. (D) The denatured fibrinogen on the surface as measured by immunochemistry (*p < 0.05, mean &+ SD, N = 4).
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Fig. 5D displays the denaturation of fibrinogen on different for Ti and PCD@Ti samples. This result demonstrates that
surfaces. The PCDLOPT@Ti and PCDLOPTPT@Ti samples showed the PCDLOPT@Ti and PCDLOPTPT@Ti surfaces decrease the
significantly smaller absorbance values when compared with those  denaturation of fibrinogen.

Fig. 6 The SEM images of the dynamic whole blood component adherent on Ti, PCD@Ti, PCDL@Ti, PCDLOPT@Ti, and PCDLOPTPT@Ti.

Fig. 7 (A) Rhodamine fluorescence staining and (B) proliferation of the EPCs on Ti, PCD@Ti, PCDL@Ti, PCDLOPT@Ti, and PCDLOPTPT@Ti (*p < 0.05,
**p < 0.01, mean + SD, N = 4).
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3.5.3. Whole blood test under biomimetic blood flow. To
further investigate the overall blood compatibility of the PC/PT
coating, a whole blood test under biomimetic blood flow (BFSS:
15 dyn cm™ %) was performed, and the representative SEM images
are depicted in Fig. 6. It was clear that there were more protein
fibers and adherent cells (including erythrocytes and activated
platelets) attached on Ti and PCD@Ti. However, the attachment
of the platelets on the PCDLOPT@Ti and PCDLOPTPT®@Ti
surfaces was significantly reduced. Between PCDLOPT®@Ti
and PCDLOPTPT@Ti surfaces, there was no obvious difference.
The results of the dynamic whole blood tests are consistent
with those of SEM, LDH, P-selectin expression, and fibrinogen
denaturation in the analysis of the static blood components. All
the abovementioned results indicate that PCDLOPT@Ti and
PCDLOPTPT®@Ti possess a significantly better blood compati-
bility when compared with the other samples.

3.6. Cytocompatibility evaluation

EPCs and SMCs were seeded on the sample surfaces to evaluate
the development of cytocompatibility on the PC/PT-modified
surfaces. Immunofluorescence staining was used to identify the
cell types and detect the morphologies of the adherent cells.
A WST-8 assay was performed to investigate the cell activity.
The morphology and density of the attached EPCs are
presented in Fig. 7A. The EPCs on the Ti, PCD@Ti, PCDL@Ti,
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PCDLOPT@Ti, and PCDLOPTPT@Ti surfaces were fusiform after
1 day of culture, followed by rapid proliferation, as observed on
day 3. On the Ti, PCD@Ti, and PCDL@Ti surfaces, there were
fewer adherent EPCs and some of them were round and did
not spread. This difference is consistent with the result of the
WST-8 assay. Fig. 7B shows the number of EPCs and their
proliferation rate on the Ti, PCD@Ti, PCDL@Ti, PCDLOPT@Ti,
and PCDLOPTPT@Ti surfaces. The conversion of WST-8 into
the colored product was proportional to the number of cells.
After 1 and 3 days of culture, the EPCs on the PCDLOPT@Ti
and PCDLOPTPT@Ti surfaces exhibited distinctly enhanced
attachment and proliferation when compared with those on
the control Ti, PCD@Ti, and PCDL@Ti (p < 0.05), and there
was an apparent difference between the PCDLOPT@Ti and
PCDLOPTPT@Ti surfaces. The results demonstrate that the
EPC-specific peptide supported the EPCs attachment and proli-
feration, and that there was a positive correlation between the
proliferation rate and the content of EPC-specific peptides.
Apparently, the biofunctional coating improves the adhesion
and proliferation of EPCs.

During stent implantation, the pathological proliferation of
the vascular SMCs, migrated from the injured vessel wall, results
in in-stent restenosis and is the key challenge for a long-term
therapy.”° In this study, the growth behavior of SMCs was investi-
gated to evaluate the anti-restenosis ability of the PC/PT coatings.

Fig. 8 (A) Rhodamine fluorescence staining and (B) proliferation of the SMCs on Ti, PCD@Ti, PCDL@Ti, PCDLOPT@Ti, and PCDLOPTPT@Ti (*p < 0.05,

mean + SD, N = 4).
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Fig. 9 The optical microscopic and SEM images of Ti and PCDLOPTPT@Ti implanted into the femoral artery of dogs for 4 weeks. Left: (A and B) The SEM
image showing the morphology of the side edge tissue and the middle place tissue, respectively, and (C) the thrombus morphology at the end of the
sample. Right: (A-C) The tissue morphology at the side edge, middle, and end of the samples, respectively.

The analysis of the morphology (Fig. 8A) and proliferation
(Fig. 8B) of the SMCs revealed that the PC/PT coating effectively
inhibited the SMCs adhesion and proliferation. This result indicates
that the PC/PT coating may assist in mitigating restenosis.

3.7. In vivo animal tests

In vivo animal tests were performed in dog femoral arteries to
further investigate the hemocompatibility and cell-material inter-
action on the PC/PT coatings. According to the blood compati-
bility and cytocompatibility evaluations, PCDLOPTPT@Ti was
chosen as the sample for animal experimentation and Ti was
used as the control sample. To acquire the real biological
response after material implantation, the dogs did not receive
any anticoagulation therapy after the surgery. Fig. 9 shows the
typical optical microscopic and SEM images of the control Ti
and PCDLOPTPT@Ti 4 weeks after the implantation. Evidently,
there was severe thrombus formation on the Ti surface, which
even extended to the inner surface of the blood vessel. In addition,
a thick neointimal was formed on the Ti surface, and the tissue
around the rim of the Ti disc presented a long fusiform shape
in the SEM image, which resembles smooth muscle tissue and
indicates serious intimal hyperplasia and incomplete endo-
thelialization (Fig. 9). In contrast, the PCDLOPTPT@Ti surface
presented no thrombus formation and the thickness of the
neointimal tissue was significantly thinner than that on the
Ti surface. The PCDLOPTPT@Ti surface was evenly covered by
the confluent endothelium in the SEM images and a tight
endothelium layer was identified, which was aligned in the
direction of blood flow. The in vivo results demonstrate that the
PCDLOPTPT@Ti surface effectively inhibits thrombus forma-
tion and intimal hyperplasia, and it supports the endothelium
regeneration.

4. Conclusions

We aimed to develop a multifunctional surface that not only
provides a good hemocompatibility but also functions well
in inducing the desirable vascular cell-material interactions.
In this study, a multifunctional PC/PT coating, containing

This journal is © The Royal Society of Chemistry 2016

phosphorylcholine groups and EPC-specific peptides, was prepared
on the Ti surfaces via chemical conjugation. PCDLOPTPT@Ti not
only showed a remarkable improvement in blood compatibility
but also induced a considerable enhancement in the EPCs
adhesion and proliferation, whereas there was a substantial
inhibition of SMCs adhesion and proliferation. The in vivo
animal test results further confirmed that the PCDLOPTPT@Ti
coating effectively inhibited the thrombus formation and
intimal hyperplasia while supporting the endothelium regenera-
tion. These results effectively suggest that PCDLOPTPT@Ti may
be promising when served as a coating on the cardiovascular
implants.
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