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A  phospholipid/peptide  polymer  (PMMDP)  with  phosphorylcholine  groups,  endothelial  progenitor  cell
(EPC)-specific  peptides  and  catechol  groups  was  anchored  onto  a titanium  (Ti) surface  to fabricate  a
biomimetic  multifunctional  surface.  The  PMMDP  coating  was  characterized  by  X-ray  photoelectron  spec-
troscopy  (XPS),  water  contact  angle  measurements  and  atomic  force  microscopy  (AFM),  respectively.  The
amount  of  PMMDP  coating  on  the  Ti surface  was  quantified  by  using  the  quartz  crystal  microbalance  with
dissipation  (QCM-D).  Interactions  between  blood  components  and  the  coated  and  bare  Ti substrates  were
evaluated  by  platelet  adhesion  and  activation  assays  and  fibrinogen  denaturation  test  using  platelet  rich
plasma  (PRP).  The  results  revealed  that  the PMMDP-modified  surface  inhibited  fibrinogen  denaturation
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pecific peptide
ndothelial progenitor cells
iomimetic multifunctional coating

and  reduced  platelet  adhesion  and  activation.  EPC cell  culture  on the  PMMDP-modified  surface  showed
increased  adhesion  and  proliferation  of EPCs  when  compared  to  the  cells  cultured  on untreated  Ti sur-
face.  The  inhibition  of  fibrinogen  denaturation  and  platelet  adhesion  and  support  of  EPCs  attachment  and
proliferation  indicated  that  this  coating  might  be  beneficial  for future  applications  in  blood-contacting
implants,  such  as  vascular  stents.

m

. Introduction

Optimal biomaterials should perform their function without
ausing undue host response or inducing adverse clinical outcomes
1,2]. However, thrombosis and neointimal hyperplasia are the

ajor factors that limit the application of blood-contacting mate-
ials for the treatment of blood vessel diseases such as coronary
rtery disease (CAD) and peripheral vascular disease (PVD) [3,4]. It
s well known that the endothelium effectively inhibits both throm-
osis and neointimal hyperplasia in vessels after implantation [5,6].
herefore, it is crucial to the success of cardiovascular implants such
s stents, vascular grafts, and heart valves to restore the normal
ndothelial function by means of rapid re-endothelialization of the

www.sp
njured intima and implant.
In 1997, the discovery of circulating endothelial progenitor

ells (EPCs) [7] brought new perspectives for the in vivo/in situ
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endothelialization of implanted, blood-contacting materials. EPCs
are bone marrow-derived cells that circulate at low concentra-
tions in the peripheral blood of adults and possess the ability to
proliferate, migrate, and differentiate into functional endothelium,
which maintains optimal haemostasis and minimizes the risk of
restenosis [8,9]. EPCs are clinically highly significant for the cardio-
vascular physiology. They participate in endothelial homeostasis
and promote the formation of new blood vessels [10]. Till date,
the latest strategy for EPC homing on vascular stents has been
coating the stents with capture molecules to mimic a natural hom-
ing substrate for fishing out EPCs directly from the bloodstream
after implantation. Various types of capture molecules, including
antibodies [11,12], peptides [13,14], oligosaccharides [15,16], and
DNA-aptamers [17], have been utilized to attract EPCs on artificial
devices.

EPCs can be classified into “early-EPCs” and “late-EPCs” [18].
“Early-EPCs” share some endothelial and monocytic features

[19,20]; they exhibit only a restricted capacity of expansion. In con-
trast, “late-EPCs”, also known as human blood out growth endothe-
lial cells (HBOECs), exhibit cobblestone morphology and long term
proliferative potential [21]. Recently, a series of novel peptide
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Fig. 1. (A) Structural formula and 3D model of the

igands that selectively binds to late-EPCs has been developed
ia screening a combinatorial peptide library and phage display
echnique [13]. Among these peptide ligands, the peptide TPSLE-
RTVYAK exhibited the highest affinity and specificity to HBOECs
nd did not interfere with the endothelial cell (EC) function [4].

Furthermore,  the anti-thrombogenic property of a blood-
ontacting surface is required as long as endothelialization has not
een completed. In this study, 2-methacryloyloxyethyl phospho-
ylcholine (MPC) copolymer was chosen as the constituent for this
urpose. MPC  polymer and its copolymer have been widely used to
onstruct non-biofouling surfaces for various biomedical applica-
ions and to prevent protein adsorption [22]; the MPC co-polymer

ww
ontains a zwitterionic phospholipid group that is also present in
ell membranes, and possesses nonthrombogenic properties and
igh biocompatibility. At present, there are many reports on surface

mmobilization of MPC  polymers on Ti and its alloy substrates [23].
eptide aptamer; (B) scheme of PMMDP  synthesis.

However, these methods have various limitations for widespread
practical use.

To  facilitate convenient adhesion of organic compounds to metal
substrates, mussel-inspired chemistry has been widely investi-
gated [24]. Mussels can adhere rapidly and permanently to all types
of surfaces in aqueous environments. Their adhesive property is
based on the catechol group of 3, 4-dihydroxy-l-phenylalanine (DA)
found in the mussel foot proteins. Although the exact mechanism
of adhesion is not fully understood, it has been widely specu-
lated that the catechol group of DA is responsible for the adhesion
[25].

Many studies focus on modifying materials using ligands for the

adhesion receptors, such as the RGD peptide, to promote cell adhe-
sion via specific interaction. However, it is a special task to fabricate
a surface with anti-adhesive properties to most proteins and cells,
except the selectivity for a specific target cell type. Recently, Ji et al.
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ave developed a zwitterionic poly(carboxybetaine) (PCB) coating
unctionalized with REDV peptide to improve selectivity of ECs [26].

In this study, we aim to develop a material that provides
ntifouling properties and promotes endothelialization by recruit-
ng EPCs. For this purpose, we used a modified peptide (Fig. 1A),
onsisting of an active peptide sequence (TPSLEQRTVYAK) to cap-
ure EPCs and a flexible linker sequence (GGGC) to provide struc-
ural flexibility. The synthesized poly(2-methacryloyloxyethyl
hosphorylcholine-co-methacrylic acid) grafted dopamine and
eptide (PMMDP), which contain phosphorycholine groups, the
PC-specific peptides and catechol groups, were anchored onto a
i surface to fabricate a biomimetic surface that resists platelet
dhesion and selectively captures EPCs [13,22].

. Materials and methods

.1.  Materials and reagents

Titanium  (Ti) substrates (10 mm × 10 mm)  were purchased
rom Baoji Non-ferrous Metal Co., Ltd. (Baoji, China). The EPCs-
pecific peptide (PP) was bought from GL Biochem Ltd. (Shanghai,
hina). Water-soluble 2-methacryloyloxyethyl phosphorylcholine
MPC, 96%) was obtained from the Joy-Nature Technology Insti-
ute (China) and used without further purification. Methacrylic
cid (MA) and ethanol were bought from KeLong Chemical Co.,
td. (Chengdu, China); MA  was purified by reduced pressure
istillation, and ethanol was dried over metal Na and distilled
rior use. Dopamine hydrochloride (DA, 99%) and 1-ethyl-3-
imethylaminopropyl carbodiimide (EDC, 98%) were obtained from
igma–Aldrich (USA). Modified Eagle’s medium (a-MEM), and fetal
ovine serum (FBS) were obtained from Hyclone (Utah, USA). Cell
ounting kit-8 (CCK-8) for EC culture and proliferation test were
btained from BD Biosciences (San Jose, CA, USA). All the other
eagents were local products and were of analytical grade.

.2.  Synthesis of phospholipid/peptide co-polymer (PMMDP)

The  polymer (PMMPC) was synthesized by free-radical copo-
ymerization between MPC  and MA  [27]. The dopamine-modified
MMPC was named PMMDA. The phospholipid/peptide co-
olymer (PMMDP) was synthesized by a two-step condensation
eaction to graft the dopamine and the peptide to PMMPC. The
eaction scheme is presented in Fig. 1B. The two condensation
eactions were carried out at room temperature for 6 h under Ar
as to prevent the oxidation of the catechol groups. The molar
atios [dopamine hydrochloride]/[–COOH] and [peptide]/[–COOH]
ere 0.75 and 0.5, respectively. The products of the two  reactions
ere dialyzed using ultrafiltration membranes (Millipore Co., USA,
olecular size cut off: 1.0 × 104), until there was  no further release

f unreacted dopamine and peptide through the membrane. In
ddition, the grafted amounts of dopamine and peptide were con-
rmed by ultraviolet adsorption (UV-2550, Shimadzu, Japan) and
he polymers were subsequently frozen and dried for further use.

.3.  Characterization of PMMDP

The infrared absorption spectra of PMMDP  were obtained using
n FTIR spectrometer (NICOLET 5700, USA) in diffuse reflectance
ode. For each of the obtained spectrum, a total of 64 scans were

ccumulated at 4 cm−1 resolution and scanning was conducted in
he range of 400–4500 cm−1.

www.sp
.4. Surface modification of Ti sheets using PMMDP

The Ti sheets were polished and ultrasonically cleaned thrice
sing acetone, ethanol, and deionized water, each for 5 min  and
Fig. 2. (A) Sketch map  of Ti surface modification procedure using PMMDP; (B) The
FTIR spectrum of PMMDP, PMMDA, and PMMPC.

before use, they were dried in an oven for 2 h at 60 ◦C. Further,
the Ti sheets were immersed in an aqueous solution of PMMDP
(2.0 mg/ml) at room temperature for 12 h under Ar gas shielding to
prepare the multifunctional coatings of Ti-PMMDP. Fig. 2A shows
the fabrication process of PMMDP  anchored coating on the Ti
substrate.

The elemental chemical surface composition was confirmed by
X-ray photoelectron spectroscopy (XPS, Kratos Ltd., UK) with a
monochromatic Mg  K� excitation radiation (h� = 1253.6 eV). Bind-
ing energies were calibrated by using the containment carbon
(C1s = 284.7 eV). A Shirley background was used, and peaks were
fitted using XPSPEAK 4.1 to obtain the high-resolution information.

The amount of PMMDP  coated on the titanium surface was
quantified using quartz crystal microbalance with dissipation mon-
itoring (QCM-D, Q-Sense, Gothenburg, Sweden) at a fundamental
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 gold electrode diameter 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 buffer saline
(PBS, 0.067 M,  pH 7.3) solution at a flow of 50.0 �l/min until a stable
baseline of the QCM signals was  obtained. The QCM chamber was
then filled with 2.0 mg/ml  of PMMDP  aqueous solution until the
frequency was relatively stable. After that, the PBS solution was
flowed into the chamber to replace the PMMDP  solution and wash
away the weakly adsorbed PMMDP  from the surface. The adsorbed
mass (�m) was deducted from the frequency shift (�f) according
to the Sauerbrey equation [28]

�m = �f × C

n
(1)

where  C (C = 18.0 ng/cm2 Hz−1 at fn = 5.0 MHz) is the mass-

.co
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sensitivity constant and n (n = 1, 3, 5, . . .)  is the overtone number.
The surface morphology and roughness of the Ti, Ti-PMMDA

and Ti-PMMDP were analyzed by atomic force microscopy (AFM,
SPI 3800, NSK Inc.,) in tapping mode. AFM was  performed at room
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emperature in air at the rate of one line scan per second. Image
nalysis was performed using the CSPM Imager software.

Static (sessile drop) water contact angles were measured using a
oniometer with computer-assisted image analysis (JY-82, China).

 droplet of dH2O was placed on the surface of the sample, and
he contact angle was determined using a horizontal microscope.
or each sample, the mean value of the contact angle was  calcu-
ated from at least three individual measurements taken at different
ocations on the examined samples.

.5. Stability of the PMMDP  coating

The coated PMMDP samples were immersed in PBS (0.067 M,  pH
.3) solution at 37 ◦C for 22 days (Ti-PMMDP-PBS-22days). Before
se, all the soaked samples were taken out of the solution and
ried. Further, the surface morphology of the PMMDP  coating was
bserved by scanning electron microscopy (SEM, QUANTA 200, FEI,
etherlands), XPS, and the soaking solution was analyzed by UV

pectroscopy.

.6. Interactions between blood components and substrates

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

.6.1. Platelet adhesion and Lactate dehydrogenase (LDH) assay
Fresh  human citrate-blood was added into centrifuge tubes and

ubsequently centrifuged at l500 rpm for 15 min  to obtain the top
ayer of PRP. A volume of 60 �l of PRP was distributed on each
urface of Ti, and the samples in 24-well plates were incubated
or 1 h at 37 ◦C. Further, the samples were carefully rinsed in 0.9%
aCl solution to remove non-firmly adherent platelets. After fix-
tion with 2.5 wt.% glutaraldehyde solution for 12 h, the samples
ere dehydrated in graded alcohol solutions (50%, 75%, 90%, 100%;

alcohol/Vdemineralized water) and dealcoholized in graded isoamyl
cetate  solutions (50%, 75%, 90%, 100%; Visoamyl acetate/Valcohol); all
he samples were critical point dried (CPD030, BALZERS) and
nspected with an optical microscope (Leica, Germany) or gold
puttered prior to scanning electron microscopy analysis (SEM,
uanta 200, FEI, Holland) to evaluate the morphology and quantity
f adherent platelets.

LDH  assay was used to detect the amount of adherent platelets.
riefly, 50 �l PRP was added to samples surface and incubated for

 h at 37 ◦C. After rinsing with PBS, 40 �l 1% triton solution (Tri-
on X-100 Sigma) was added to each sample and incubated for

 min  at 37 ◦C. Subsequently, 25 �l lysate was transferred from
he surfaces into a 96-well plate and 200 �l chromogenic agent
10 mg/ml  Pyr and 10 mg/ml  NADH powder dissolved in Tris base
uffer) was added before test. The absorbance of different samples
as recorded in a microplate reader at 340 nm wavelength. And

he amount of adherent platelets was calculated according to the
alibration curve.

.6.2.  Platelet activation and p-selectin assay
P-selectin expression was determined as marker of platelet acti-

ation induced by the surfaces. Firstly, 50 �l PRP was  added to
he sample surfaces and incubated for 1 h at 37 ◦C. Then the sam-
les were rinsed three times with PBS, and used for p-selectin

mmunofluorescence staining. The above samples were fixed in 4%
araformaldehyde for 12 h at room temperature and rinsed three

www.sp
imes with PBS for 3 min  each, the samples were then incubated in
oat serum (1:10 in PBS) for 1 h at 37 ◦C to block nonspecific adsorp-
ion. Subsequently 30 �l mouse monoclonal anti-human p-selectin
ntibody (first antibody, 1:200 in PBS) was added to surfaces for 1 h
ience 347 (2015) 169–177

at 37 ◦C and washed three times with PBS for 3 min  each, after that
30 �l FITC-conjugated goat anti-mouse IgG antibody (second anti-
body, 1:100 in PBS) was  added to 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).

2.6.3. 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 platelet poor plasma (PPP). Samples were incubated with
60 �l of PPP at 37 ◦C for 2 h and washed with PBS (5 min  × 3 times).
Further, the samples were blocked with sheep serum (1/100 dilu-
tion in PBS) for 30 min, washed three times with PBS and incubated
with 20 �l mouse anti human �-fibrinogen monoclonal antibody
(1:100 dilution, primary antibody, product No: NYB4-2xl-f, Accu-
rate Chemical & Scientific Corp) for 1 h at 37 ◦C. Subsequently,
the samples were once more rinsed with PBS and incubated with
horseradish peroxidase labeled goat anti-mouse antibody (1/100
dilution in PBS) for 1 h. Finally, the chromogenic substrate 3,3,5,5-
tetramethylbenzidine (TMB) was added and the reaction was
stopped using sulfuric acid after 10 min. The absorbance was mea-
sured at 450 nm.

2.7. In vitro EPCs culture

Cells  were isolated from bone marrow of Sprague-Dawley (SD)
rats (Sichuan University, Chengdu, China) [29] and cultured in
single-use culture flasks with �-Modified Eagles Eagle’s Medium
(�-MEM) containing 20% fetal bovine serum (FBS) at 37 ◦C in
a humidified atmosphere with 5% CO2 [30]. The medium was
replaced every 2 days. When the cells were close to confluency,
they were trypsinized and cultured in �-MEM supplemented with
20% FBS and 20 ng/ml VEGF. Adherent cells at passage 2 were
classified as EPCs according to their morphology and positive
expression of markers CD34 and VEGF receptor-2 (VEGFR-2) by
using immunofluorescence.

EPCs  were then seeded on the samples in a 24-well plate at
5 × 104 cells/ml, and incubated at 37 ◦C under 5% CO2. To evaluate
the cell affinity of the PMMDP  coating (Ti-PMMDP) and the sam-
ples after immersion in PBS for 22 days (Ti-PMMDP-PBS-22days),
bare  Ti and Ti-PMMDA samples were chosen as controls. All sam-
ples were sterilized under ultraviolet radiation (27 W,  wavelength
254 nm)  for 30 min.

After culturing for 1, 3 and 5 days, the adherent cells were fixed
on the samples using 2.5% glutaraldehyde solution at 4 ◦C for 6 h and
rinsed with PBS. After that, cells were stained with 4′, 6-diamidino-
2-phenylindole (DAPI) and 2-(6-amino-3-imino-3H-xanthen-9-yl)
benzoic acid methyl ester (rhodamine) (50 �l per sample) and kept
for 30 min  in the dark. Fluorescent images were acquired by fluo-
rescent microscope (Olympus IX51, Japan)

EPCs proliferation was  investigated by CCK-8 assay after 1, 3
and 5 days of incubation, respectively. The medium was  removed
and the samples were washed three times with PBS. Subsequently,
fresh medium containing CCK-8 reagent was added to each sample
and incubated at 37 ◦C for 3 h in standard culture conditions. The
absorbance was measured at 450 nm by a microplate reader. All
proliferation experiments were performed in quadruple.

2.8.  Data analysis

.co
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The  data were analyzed using the software SPSS11.5 (Chicago,
Illinois, USA). Statistical evaluation of the data was performed using
Student’s paired test. The probability (p) values p < 0.05 were con-
sidered to be statistically significant. The results were expressed

zhk
铅笔
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Fig. 3. (A) Element high resolution of XPS analysis of Ti-PMMDP sample surface; (B) XPS full spectrum of Ti and Ti-PMMDP sample surfaces; (C) Mass vs. time curve of
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MMDP adsorption determined by QCM measurement.

s mean ± standard deviation (SD). All experiments were repeated
hree times.

.  Results and discussion

.1.  FTIR characterization of PMMDP  co-polymer

FTIR analysis was used to characterize the chemical structure
f the PMMDP co-polymer. As shown in Fig. 2B, the basic chemi-
al structures of PMMPC  were well maintained in the PMMDA  and
MMDP  polymers such as the peaks at 1720 cm−1 (–COOR, –C O),
235 cm−1 (–POCH2–), 1086 cm−1 (–OPOCH2–), 1173 cm−1 (P O),
69 cm−1 (–N+(CH3)3), 2958, 1486, 720–790 cm−1 (–CH2–). Com-
ared with PMMPC, the dopamine modified PMMDA  showed new
eaks at 1553 cm−1 (the aromatic ring) and 1639 cm−1 (–CONH–).
his result confirms the reaction between PMMPC  and dopamine
nd the successful preparation of PMMDA. Additionally, the inten-
ity of the peak at 1639 cm−1 (–CONH–) on the spectrum of PMMDP
as enhanced, which suggests the introduction of a peptide.

.2. XPS characterization of PMMDP  coating

The surface chemical compositions of the original and modified
i surfaces were confirmed by XPS analysis. The XPS wide-scan
pectra of the samples and their corresponding surface elemen-
al compositions are shown in Fig. 3B. Carbon was present due
o unavoidable hydrocarbon contamination, and it was used as an
nternal reference at 284.6 eV for calibrating peak positions. Differ-
nt from the bare Ti surface, the new elements phosphorus (P) and
itrogen (N) were introduced by the Ti-PMMDP coating. In the XPS

ull spectrum of Ti-PMMDP surface, the peak of sulphur (S) element

www.sp
as too weak to be detected.
Fig.  3A shows the high-resolution XPS spectra of the N, P, and S

f the Ti-PMMDP surface. Yao et al. [31] reported that the peak of
33.6 eV represents the binding energy of P2P and it was  attributed
to  –OPOCH2– of MPC. Luo et al. [32] revealed that N1S core-level
spectra were distributed into two  peaks at 399.6 and 401.1 eV.
The peak of 401.1 eV was assigned to the –N+(CH3)3 group of
MPC, and the peak of 399.6 eV was  ascribed to –CO–NH–(C,H)
and –NH2 of dopamine and peptide. These were attributed to the
introduction of dopamine and peptide based on the condensation
reactions. Furthermore, Fang et al. [33] demonstrated that the peaks
of 163.3 eV and 168.7 eV represent the binding energy of S2P3/2,
the peak of 163.3 eV was attributed to the –SH group of peptide,
and the peak of 168.7 eV was introduced by the sulfate contami-
nations during the washing of samples. XPS analysis confirms that
the PMMDP  coating was successfully constructed on the titanium
surface.

3.3. Quantitative analysis of the PMMDP coating

QCM-D is frequently used to investigate the multilayer fabrica-
tion and the physical properties of multilayer films. In this study,
the adsorption of PMMDP  on the substrate was  monitored by QCM-
D. Fig. 3C presents the curve of mass shift vs. time. The mass of
the coating sharply increased in the early stage. For approximately
15,000 s after the reaction, PBS was  injected to remove the weakly
adsorbed PMMDP. Finally, 438.8 ng/cm2 of PMMDP was  conjugated
onto the surface of the QCM sensor coated with Ti. The result con-
firms the successful immobilization of PMMDP to the substrate. The
anchorage of PMMDP  to the Ti substrate is believed to be attributed
to the chemical bond between the catechol groups of PMMDP and
TiO2, which was spontaneously formed on the surface of the Ti
substrate [31].

3.4.  Surface morphology and wettability of PMMDP coating

.co
The  morphology of the surface observed by AFM is shown in
Fig. 4A. The surface of the pristine Ti was  smooth with an aver-
age roughness of 1.2 nm,  rougher (2.1 nm) surface was  Ti-PMMDA,
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Fig. 4. (A) AFM images of Ti, Ti-PMMDA and Ti-PMMDP sample surface

nd the surface modified with PMMDP  became much rougher with
 relatively uniform roughness of 3.6 nm.  For the implants that
ome in contact with the blood, such as artificial heart valves and
ardiovascular stents, a smooth surface is necessary, with rough-
ess values at the level of protein adsorption (<50 nm), otherwise
latelets adhesion and thrombosis occurrence may  be more obvi-
us [1]. The slight increase in surface roughness caused by the
ntroduction of PMMDP  is well in the acceptable range.

Changes in surface hydrophilicity may  cause quantitative and
ualitative variations in absorbed proteins, which directly influ-
nce the biocompatibility of the materials [34]. Water contact angle
as measured to evaluate surface hydrophilicity before and after

MMDP immobilization. As shown in Fig. 4B, the mean water con-
act angle of Ti (54.0 ± 2.4◦) decreased dramatically to 29.8 ± 0.5◦

fter coating with PMMDP. The increase in surface hydrophilic-
ty can be explained by the exposure of hydrophilic groups such
s the phosphorylcholine groups of the PMMDP  coating. Hence,
ydrophilicity significantly increased after PMMDP  immobiliza-
ion.

.5. Analysis of the PMMDP  coating stability

Fig. 5 shows the stability analysis of the PMMDP  coating. It
an be observed from the SEM images (Fig. 5A) that the PMMDP
oating was homogeneous before immersion. Moreover, several
ano-particles can be observed on the image, which may  have
een formed by the aggregation of the PMMDP  polymer molecules,
nd whose sizes were correlated to the amounts of polymer used.

www.sp
owever, no significant change was detected in the morphology
f the PMMDP coating after immersion in PBS for 22 days (Ti-
MMDP-PBS-22days), suggesting that the coating exhibits good
tability. Meanwhile, the surface element content of Ti-PMMDP and
 Water contact angle of Ti, Ti-PMMDA and Ti-PMMDP sample surfaces.

Ti-PMMDP-PBS-22days was analyzed using XPS (Fig. 5B). Results
showed a decrease in the N content on the PMMDP coating,
from 2.2% (before immersion) to 1.9% (after immersion), show-
ing no significant difference. In addition, the soaking solution of
the PMMDP  coating was investigated using an UV spectroscopy
method (Fig. 5C). There was no significant absorption peak of
dopamine observed, proving that no PMMDP  polymer was present
in the soaking solution. All the results presented above indicated
that the PMMDP  coating on the Ti surface exhibited good stability.

3.6. Interactions between blood components and substrates

3.6.1. Platelet adhesion and activation
The amount and the activation profile of adherent platelets are

considered key indicators for the hemocompatibility evaluation of
a  material surface. It is generally accepted that platelet morphology
is related to its activation level. In this direction the typical shape of
round, dendritic, spreading dendritic, spreading and fully spread-
ing corresponds to an activation stage of minor to major [35]. LDH
assay was performed for semiquantitative evaluation of the num-
ber of adherent platelets. P-selectin assay was  performed to further
evaluate the platelet activation.

SEM images of adherent platelets on the sample surfaces after
1 h incubation are shown in Fig. 6A. There was a large number of
adherent and aggregated platelets on the Ti and Ti-PMMDA sample
surfaces, and the adherent platelets mainly exhibited spreading
dendritic and fully spreading shape, indicating a significant acti-
vation level and poor hemocompatibility. In contrast, the number

.c
of platelets on the coated PMMDP  surface significantly decreased
(Fig. 6A), and the adherent platelets displayed a round shape,
which indicated minor activation level and excellent anticoagulant
property. In agreement with the SEM result, LDH results showed
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ig. 5. Characterization of the coating stability (A) SEM images of PMMDP  coating b
f N1s determined by XPS analysis; (C) UV absorption of the soaking solution.

hat the platelet number on Ti and Ti-PMMDA sample surfaces
as significantly higher (*p < 0.05) than on the Ti-PMMDP surface

Fig. 6B). Fig. 6C shows the p-selectin immunofluorescence staining
f adherent platelets on different sample surfaces. Compared with
i and Ti-PMMDA, the expression of p-selectin on the Ti-PMMDP
urface was obviously decreased. The results of SEM, LDH and
he p-selectin expression level further proved that the Ti-PMMDP
urface could effectively inhibit platelet adhesion and activation.

.6.2.  Fibrinogen denaturation
The  conformational change of fibrinogen, i.e., exposure of �

hain (HHLGGAKQAGDV at � 400–401) [36], plays a critical role in
latelet activation and aggregation. Resting platelets interact with
dsorbed and denatured, but not with soluble fibrinogen. Fibrin-sp
gen is folded in the plasma and little � chain is exposed, but
nfolded or conformational changed when adsorbed on foreign
urfaces and the � chain is exposed. The exposure of the protected

 chain sequences allow fibrinogen to bind to the GPIIb/IIIa integrin

ig. 6. (A) SEM images of platelets on the sample surfaces after incubation with PRP for 1
ssay after incubation with PRP for 1 h; (C) P-selectin immunofluorescence staining of 

urface evidenced by immunochemistry (*p < 0.05, mean ± SD, N = 4).

www.

 and after immersion in PBS solutions for 22 days; (B) relative elemental percentge

receptor  on platelet membrane and further cause the adhesion and
aggregation of platelets [37]. Therefore, conformational changes of
fibrinogen, measured by immunochemistry, reveal the thrombosis
tendency. Fig. 6D displays the fibrinogen denaturation on differ-
ent surfaces. The PMMDP-coated samples showed significantly
smaller absorbance values compared to Ti and Ti-PMMDA samples.
This result demonstrates that the Ti-PMMDP surface decreases the
denaturation of fibrinogen.

3.7.  EPCs adhesion and proliferation

The morphology and the density of attached EPCs were
presented in Fig. 7A. The EPCs on Ti-PMMDP and Ti-PMMDP-PBS-
22days surface were fusiform after 1 day in culture, followed by a

.co
m

rapid proliferation, as seen on day 3rd and 5th. On the Ti and Ti-
PMMDA  sample surfaces, there were less adherent EPCs, some of
them were round and did not spread. This difference is consistent
with the result of the CCK-8 assay.

 h; (B) amount of adherent platelets on various sample surfaces measured by LDH
activated platelets on different sample surfaces; (D) Denatured fibrinogen on the
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ig. 7. (A) Fluorescence micrographs of rhodamine123 stained EPCs after culture o
nd  5 days; (B) EPCs attachment and proliferation on Ti, Ti-PMMDA, Ti-PMMDP and
*p  > 0.05, mean ± SD, N = 4).

The effect of PMMDP coating on EPCs attachment and prolifer-
tion was investigated by a CCK-8 viability assay after incubation
or 1, 3 and 5 days, respectively. Fig. 7B shows the number of EPCs
nd their proliferation rate on the bare Ti, Ti-PMMDA, Ti-PMMDP
nd Ti-PMMDP-PBS-22days surfaces. The conversion of CCK-8 to
he colored product was measured proportional to the number of
ells. After 1, 3 and 5 days in culture, the EPCs on the Ti-PMMDP

w

nd Ti-PMMDP-PBS-22days surfaces exhibited distinctly enhanced
ttachment and proliferation compared with those on the control
i and Ti-PMMDA (p < 0.05), but there was no significant differ-
nce between Ti-PMMDP and Ti-PMMDP-PBS-22days surfaces. The
surfaces of Ti, Ti-PMMDA, Ti-PMMDP and Ti-PMMDP-PBS-22days samples for 1, 3
MDP-PBS-22days surfaces determined using the metabolic CCK-8 assay (*p < 0.05,

results demonstrated that the EPCs-specific peptide of the PMMDP
coating supported EPCs attachment and proliferation even after
immersion in PBS for 22 days. Apparently, the biofunctional coating
improves the adhesion and proliferation of EPCs.

4. Conclusions
A novel polymer (PMMDP), bearing phospholipid groups and
EPCs-specific peptides, was synthesized by a facile method. A stable
coating of PMMDP  was  constructed on Ti only by immersion into
an aqueous PMMDP  solution at room temperature. The PMMDP
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