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mmobilization of membrane-
mimicking polymer and peptides for regulation of
cell behaviors in vitro†

Wenyong Ma, Luying Liu, Huiqing Chen, Yuancong Zhao, * Ping Yang*
and Nan Huang

To regulate the behaviors and functions of endothelial cells (ECs) on the biomaterials on titanium (Ti),

a biomimetic micropattern (ridge/groove: 25/25 mm) of polymer of 2-methacryloyloxyethyl

phosphorylcholine (polyMPC) and Gly-Arg-Glu-Asp-Val-Tyr (GREDVY) was fabricated. PMMPC

(monomer contain MPC and methacrylic acid (MA)) containing carboxyl groups was chosen, and PMMPC

was cross-linked with hexamethylene diamine through condensation reaction of amino and carboxyl.

Simultaneously, the carboxyl groups of cross-linked PMMPC (PMMPC-HD) can react with amino groups

of polydopamine which can adhered on many materials firmly. GREDVY was immobilized on

polydopamine but not on PMMPC-HD because amino and carboxyl groups can react with catechol and

amino groups of polydopamine. IR and 1H NMR demonstrated that PMMPC-HD was successfully

synthesized. And the QCM-D (quartz crystal microbalance with dissipation) and IR approved that

PMMPC-HD and GREDVY can be immobilized on polydopamine (PDA). Platelet adhesion and whole

blood adhesion on micropattern modificated with PMMPC and GREDVY (Ti-PDA-M/R(P)) showed better

hemocompatibility than other samples. Endothelial cells were regulated in the direction of micropattern

showing elongated ECs were closer to a healthy, athero-protective phenotype than ECs cultured in vitro

without micropattern. NO and PGI2 release were upregulated. Simultaneously the number of SMCs on

Ti-PDA-M/R(P) was the smaller that of other samples, which demonstrated that the Ti-PDA-M/R(P) had

property of inhibiting SMCs proliferation to a certain extent.
1. Introduction

Endothelial cells are a critical component of blood vessels,
functioning at the interface between the constituents of the
blood and the vessel wall. Atherosclerosis and thrombosis have
been linked to EC injury or dysfunction.1–3 Native endothelial
cells are highly organized at the microscale,4 but cells in vitro on
the surface of biomaterials are disorderly and exhibit a cobble-
stone morphology which corresponds with a more thrombo-
genic and inammatory phenotype.5 Surface micropatterning
technology, known as spatially controlling the cellular micro-
organization, has become an effective approach for the
surface modication of biomaterials, controlling cell behaviors,
such as smooth muscle cells spreading, endothelial cells
proliferation, apoptosis and cell function.6 In the eld of surface
modication of cardiovascular materials, ECs play an important
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part in biocompatibility. To further regulate ECs behaviors,
many micropatterns on surfaces of biomaterials were fabri-
cated. For example, Kuribayashi7 fabricated micropatterns of
the MPC polymer of different sizes on glass and seeded ECs on
them. The data demonstrated the ECs were aligned in the
direction of micropattern at the single-cell level. Huang8 used
parallel-aligned micropatterned substrate made of PDMS (pol-
ydimethylsiloxane) covered with collagen type I to evaluate the
effects of spatial patterning on the phenotype of ECs, and they
demonstrated that micropatterned biomaterials could effec-
tively guide ECs organization along the direction of the micro-
patterned channels and promote an athero-resistant ECs
phenotype by reducing endothelial adhesiveness for monocytes
and platelets. To further study patterned ECs in potential
application in cardiovascular stents, titanium was chosen as
a substrate materials, and micropatterned immobilization of
cytophilic and cytophobic materials on them. It is well accepted
that titanium (Ti) is a promising material can be used in many
biomedical elds, such as cardiovascular implants (prosthetic
heart valves, protective cases for pacemakers, articial hearts
and circulatory devices), hard tissue replacements and so on.9,10

Nickel-titanium alloy stents are oen used in treatment of
This journal is © The Royal Society of Chemistry 2018
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cardiovascular disease and are usually coated with a thin carbon
lm to enhance blood compatibility.11

Monomer of 2-methacryloyloxyethyl phosphorylcholine was
applied to synthesize polymer for better hemocompatibility.12–15

Inspired by the anticoagulation property of outer membrane, 2-
methacryloyloxyethyl phosphorylcholine, which is a methacry-
late monomer and bears a polar group same as in the natural
phospholipid molecules, was synthesized. It demonstrated that
polyMPC has the ability of protein non-specic resistance and
better antioxidant and hydration properties than PEG which
was widely applied in biomedical elds.12,16–20 For example,
Feng18 modied the surface of silicon wafer with polyMPC via
surface initiated atom transfer polymerization and showed that
suppression of protein adsorption on the polyMPC graed
surfaces was not strongly dependent on protein size or charge.
PolyMPC has good hemocompatibility, but is non-specic
resistance adhesion of endothelial cell.7,21,22 To better adhere
endothelial cells, peptides Arg-Glu-Asp-Val (REDV)23–26 derived
from bronectin has the ability to adhere EC specically
compared to smooth muscle cell, was widely applied in the eld
of surface modication of biomaterials. It is because REDV
ligand can specically bind with integrin a4b1 in the membrane
of endothelial cells, but integrin a4b1 was not in vascular
smooth cells and platelets.27–30 REDV23 was graed onto the side
chain of polyMPC and the results of surface modied with the
polymer demonstrated that the competitive adhesion and the
growth of ECs over SMCs could be enhanced by the synergic
action of the nonspecic resistance to PC and the specic
recognition of the REDV peptide. Plouffe31 demonstrated that
the adhesion of ECs in REDV-coated devices becomes signi-
cantly greater than that of the non targeted cells with decreasing
shear stress, and the adhesion of ECs is shown to be indepen-
dent whether ECs ow through the devices as suspensions of
only one cell type or as a heterogeneous suspension.

To immobilize PMMPC on Ti, polydopamine was deposited
on the Ti substrate bearing amino and quinone group. Hex-
amethylene diamine can react with carboxyl of PMMPC, where
PMMPC bearing carboxyl group was cross-linked and named
PMMPC-HD. The amino groups of polydopamine could react
with carboxyl groups of PMMPC-HD through condensation
reaction, therefore PMMPC-HD can be immobilized on Ti
deposited with polydopamine covalently. Peptide GREDVY was
used to maintain the integrity and functionality of REDV, and
the peptide bearing amino and carboxyl groups could be
immobilized on polydopamine coating.

To make a further study morphology and functions of ECs on
micropattern, the micropattern was fabricated with PMMPC-HD
utilizing microtransfer molding method, and REDV which
contains amino and carboxyl group was covalently immobilized
on polydopamine via condensation reaction, Michael addition
and Schiff base reaction, where polyMPC was cytophobic and the
REDV peptides were cytophilic. ECs were adhered on the stripe of
REDV, and orientation of ECs was in the direction of striped
micropattern. The functions of ECs, nitric oxide (NO) and PGI2,
were evaluated, and the data showed that functions of ECs on the
biomimetic micropattern (Ti-PDA-M/R(P)) were much closer to
the natural ECs than that of unmodied Ti sample.
This journal is © The Royal Society of Chemistry 2018
2. Materials and methods
2.1. Materials

Titanium (Ti) was obtained from New Material Co., Ltd (Xi'an,
China). Dopamine was purchased from Sigma-Aldrich (USA).
Hexamethylene diamine (HD) was bought from Jinshan
Chemical Reagent (Chengdu, China). 2-Methacryloyloxyethyl
phosphorylcholine (MPC, 96%) was supplied by the Joy-Nature
Technology Institute (China) and used without further puri-
cation. PDMS prepolymer and catalysts (Sylgard 184) were
purchased from Dow Corning (Midland, MI, USA). 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were from Sigma-
Aldrich. GREDVY (Shanghai Science Peptide Biological Tech-
nology Co., ltd), DMEM (Dulbecco's modied eagle medium),
pancreatin and FBS (fetal bovine serum) were purchased from
GIBCO (USA).
2.2. Polydopamine deposited onto titanium surface

Titanium was cut into wafers of 10 mm in diameter, then pol-
ished and ultrasonic cleaned with ethanol, acetone and deion-
ized water. The titanium plates were immersed into dopamine
solution which was prepared by way of dissolving dopamine
hydrochloride (2 mg mL�1) in Tris–base buffer (10 mM, pH ¼
8.5). Aer 12 h at room temperature, polydopamine coated
titanium was ultrasonically washed with distilled water (10 min
� 3 times). The above process was repeated for 4 times, and the
surface of titanium wafer covered with polydopamine was ob-
tained and named Ti-PDA.
2.3. Preparation of cross-linked PMMPC-HD copolymer for
micropattern immobilization

The polymer of PMMPC (mol%, MPC/MA ¼ 7/3) was synthe-
sized according to the reported method.32 The relative molec-
ular mass of PMMPC was determined by Gel Permeation
Chromatography (GPC), theMw was 170 kDa (Mw/Mn¼ 1.34). To
cross-link PMMPC with hexamethylene diamine, the PMMPC
(100 mg) was put into ask with 95 mL deionized water and
5 mL ethanol, and then 100 mg of EDC and 25 mg of NHS were
added, for activation carboxyl. Aer being stirred for 15 min,
10 mg of hexamethylene diamine (maintaining the molar ratio
of –NH2 to –COOH was 1 : 1) was added, too. Aer being stirred
for 3 h at room temperature under Ar gas, the solution of mixed
cross-linked PMMPC-HD was concentrated to about 10 mg
mL�1 which was used to fabricate micropattern of PMMPC-HD.
To characterize the crossing-linked PMMPC-HD, the mixture
was transferred into dialysis tubing (molecular weight cut off:
8000) and stirred in deionized water for 48 h to remove the
small molecules. The cross-linked polymer called PMMPC-HD
was obtained through freeze-drying. The reaction was shown
in Fig. 1(d).
2.4. Fabrication of PDMS stamps

PDMS stamps were fabricated by casting a 10 : 1 (v/v) mixture of
monomers and curing agents against a complementary relief
RSC Adv., 2018, 8, 20836–20850 | 20837
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Fig. 1 Schematic diagram of fabrication of micropattern with PMMPC-HD and GREDVY using PDMS stamps (a–c). Schematic diagram of
preparation of the cross-linked PMMPC-HD (d).
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structure of silicon which was prepared by photolithography.
Aer being cured at 80 �C in a vacuum for 2 h, the PDMS mold
was peeled from the silicon wafer carefully and cut prior to use.
One kind of PDMS patterns was used in this study: the ridge/
groove dimension was 25/25 mm, with the same depth of
20838 | RSC Adv., 2018, 8, 20836–20850
500 nm. The 25 mm wide strip was chosen to regulate EC
functions, considering the size of endothelial cell and that the
strip has the effect on limiting the adhesion area of EC and was
not easy to cross, and that it has property of inhibiting smooth
muscle cell proliferation.33
This journal is © The Royal Society of Chemistry 2018
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2.5. Micropatterned immobilization of PMMPC-HD and
peptide REDV

PDMS stamps were treated in an oxygen plasma, an inductively
coupled plasma excited by an external copper band electrode at
a 13.56 MHz pulsed radio frequency, at 40 mL min�1 oxygen
ow rate, under 100 W radio frequency power for 10 min. A
cotton swab was wetted with a solution of mixed cross-linked
PMMPC-HD and dragged across the surface of the PDMS
stamp to wet the molded PDMS stamp. The stamp was then
dried with a stream of nitrogen and brought into contact with
the samples of Ti-PDA for about 30 min, aer which the stamp
was peeled away from the substrate. Finally, to remove the EDC/
NHS and hexamethylene diamine which not reacted, the
micropatterned sample was immersed in deionized water for
24 h, and the micropattern of PMMPC-HD was obtained and
named Ti-PDA-M(P). In other words, the band without PMMPC-
HD was PDA surface. Subsequently, Ti-PDA-M(P) were
immersed in a solution of GREDVY at 37 �C for 2 h and then
rinsed with PBS to remove the nonattached GREDVY. Here in
PBS the concentration of GREDVY was 300 mg mL�1, and the
striped pattern was named Ti-PDA-M/R(P). The whole process
was shown in Fig. 1(a–c).

In an attempt to conrm that PMMPC-HD and GREDVY
could adhere onto the surface of polydopamine covalently,
a quartz crystal microbalance (QCM) sensor with dissipation
monitoring (QCM-D, Q-Sense, Gothenburg, Sweden) was used
to detect the amount of it and its stability. The QCM is widely
used to measure the change in a mass (Dm) of materials/
molecules attached to the surface of the QCM sensor via
changes in the resonant frequency (Df). The mass of the
adhered layer can be calculated using the Sauerbrey equation:

Dm ¼ �C � Dfn/n (1)

where C ¼ 17.7 ng cm�2 Hz�1, n is the overtone number (n ¼ 1,
3, 5, 7.), and fn is the frequency of the overtone.34 The QCM
sensor deposited with polydopamine (Au-PDA) for 4 h was
exposed to the EDC/NHS solution until a stable baseline of the
QCM signals was obtained. The QCM cell was then lled with
2.0 mg mL�1 of mixed cross-linked PMMPC-HD. Aer the
PMMPC-HD solution was retained for 20 min in the QCM cell,
deionized water solution was added to replace the PMMPC-HD
solution and wash away the weakly adsorbed PMMPC-HD from
the surface. The QCM signals were monitored throughout the
procedure. All the measurements were performed at 25 �C and
repeated at least three times. Similarly, the GREDVY in PBS (300
mg mL�1) was used to detect the adhesion mass in QCM, PBS
solution was used to clean the surface of QCM sensor and
GREDVY which was not immobilized rmly. The QCM test was
repeated twice.
2.6. Characterization of PMMPC-HD

PMMPC-HD was determined by FTIR (NICOLET 5700, USA) with
the mode of transmission. The dried polymer was grinded
uniformly with solid KBr, then the mixture was pressed into
a thin lm so as to detect the functional groups.
This journal is © The Royal Society of Chemistry 2018
To demonstrate that the PMMPC can be crosslinked with
HD, 1H NMR (Varian INOVA-400) spectra of PMMPC-HD was
characterized. The polymer PMMPC-HD with low degree of
cross-linking (reaction time: 20 min white translucent aky
solid) was dissolved in D2O, then was put into NMR tube for the
purpose of detecting the hydrogen atom in different chemical
environment (chemical shi (d)), using TMS as the internal
standard.

2.7. Surface characterization

The morphologies of bare Ti, modied Ti and micropatterned
samples were observed by scanning electron microscopy (SEM,
JSM-7001F, Japan), and the surface chemical composition was
examined using Fourier transform infrared spectrometer (FTIR,
NICOLET 5700, USA) with the mode of infrared grazing. Static
water contact angles were measured using a DSA100 Drop
Shape Analyzer at room temperature. At least 6 contact angles in
different areas were measured and averaged. The samples were
washed with ethanol and dried in Ar stream immediately before
the measurement. The thickness of PMMPC-HD was measured
using AFM (AFM, Nihon Veeco, Tokyo, Japan).

2.8. Platelets adhesion and whole blood adhesion

Platelet adhesion test was carried out to evaluate the adhesion,
distribution, behavior and activation of the platelets in vitro.
First, fresh whole blood supplied by the center of blood station
of Chengdu containing anticoagulant with 0.109 M solution of
sodium citrate at a dilution ratio of 9 : 1 (blood/sodium citrate
solution) was centrifuged at 1500 rpm for 15 min to separate the
blood corpuscles and get platelet rich plasma (PRP). Second,
300 mL PRP was added on the samples and incubated at 37 �C
for 15 min. Subsequently, the samples were rinsed three times
with PBS and xed with 2.5% glutaraldehyde for 4 h. Finally, the
samples stained with rhodamine 123 were observed through
uorescence microscope.

Whole blood adhesion test was prepared as follows: 300 mL
fresh whole blood containing anticoagulant was added on the
samples and incubated at 37 �C for 30 min. Then, the samples
were rinsed three times with PBS and xed with 2.5% glutar-
aldehyde for 4 h. Finally, the samples were dehydrated with 50,
75, 90 and 100% (v/v) ethanol water solution in turn every for
15 min and observed by way of SEM.

The study complied with all Institutional and National
Guidelines, as per China Association for Ethical Studies (CAES)
Statement: Ethical Conduct for Research Involving Humans, the
protocol was approved by Southwest Jiaotong University Human
Research Ethics Board, and all participants provided written
informed consent.

2.9. ECs culture

ECs derived from human umbilical vein were isolated and
cultured by using the following method. A human umbilical
cord was cannulated and washed thoroughly with PBS to
remove the blood inside the lumen. And then 0.1% type II
collagenase, the human umbilical cord was incubated (Invi-
trogen Corporation) in medium 199 at 37 �C for 15 min. The
RSC Adv., 2018, 8, 20836–20850 | 20839
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detached cells were washed in serum-free medium and
collected in complete M199 containing 15% fetal bovine serum
(FBS, Hyclone Company). The suspended cells were then seeded
in a single-used culture ask and incubated at 37 �C in
a humidied atmosphere with 95% air and 5% CO2. Harvested
primary ECs could be used to evaluate the proliferation
behavior on samples.

Ti, Ti-PDA, and Ti-PDA-M(P) samples were sterilized in
a sealed box exposed to the UV light for 1 h, Ti-PDA-REDV, and
Ti-PDA-M/R(P) samples was fabricated using ltered solution of
GREDVY and sterilized Ti-PDA and Ti-PDA-M(P). All the steril-
ized samples were placed in a 24-well culture plate, and 1 mL of
EC suspension was added. The culture time was 1 day (1D) and
3 days (3D). The concentration of EC used for seeding was 4 �
104 cells per mL. To study the morphology of ECs on samples,
the ECs were stained with rhodamine 123 (a uorescent mole-
cule), the procedure was as follows: aer the cells were xed
with 2.5% glutaraldehyde for 4 h. The samples were washed
with PBS for three times and dried in air, sample surfaces were
covered with rhodamine 123 (10 mg mL�1) for 15 min. Finally,
the samples were rinsed with PBS for three times and observed
through a uorescence microscope (OLYMPUS-IX 51, Japan).

2.10. NO and PGI2 release of ECs

For NO and PGI2 detection, high density of ECs (5 � 105 cells
per mL) were seeded onto each sample to ensure the formation
of a conuent monolayer. Aer adhesion for 1 day, to 3 days, all
the samples were taken out, and a 200 mL culture medium was
collected respectively. All the collected culture medium was
stored at �20 �C until use. Nitric oxide release was indicated by
the content of nitrite, which is a stable degradation product of
NO and was detected by using Griess reagent (Sigma). In brief,
the collected culture media was centrifuged to remove any
particles. The supernatant (100 mL) was transferred into a new
96-well plate, and then an equal volume of Griess reagent was
added. The mixture was incubated for 15 min at room
temperature and read at 540 nm. PGI2 released by cultured ECs
was detected by using a human PGI2 ELISA Kit (Sigma)
according to the manual. Both NO and PGI2 were nally
normalized to cell number.

2.11. Smooth muscle cells (SMCs) culture

SMC derived from human umbilical artery were isolated and
cultured using the following method: the human umbilical cord
was washed thoroughly with PBS to remove the blood outside,
and then the artery was excised from the umbilical cord and
opened at its length. Connective tissue outside and broblast
layer outside were peeled off. The EC inside were gently scraped
by a sharp tweezer. The muscle tissue was washed thoroughly
with PBS and cut into small fragments. The fragments were
then seeded in a single-used culture ask lled with 4 mL
medium F12 and 1 mL fetal calf serum (FCS, Gibco BRL)
mixture, and incubated at 37 �C in a humidied atmosphere
containing 95% air and 5% CO2. The fragments were removed
aer SMC migrated to the culture ask. Replicated cultures
were performed by trypsinization when cells were approaching
20840 | RSC Adv., 2018, 8, 20836–20850
conuence. Cells were fed with freshly prepared growth
medium every 24 h. Subculture was performed when a degree of
conuency > 80% was obtained, and cells were used between
2nd and 5th passage.

The sterilizing, seeding and staining procedure were the
same as that of ECs, the concentration of SMC used for seeding
was 5 � 104 cells per mL.

2.12. Statistical analysis

Statistical signicance was performed using one-way analysis of
variance (ANOVA) using SPSS 17.0 (USA) statistical soware.
Data are presented as mean � SD.

3. Results
3.1. FTIR and 1H NMR of PMMPC-HD

As is shown in Fig. 2, PMMPC and cross-linked polymer
PMMPC-HD were characterized by FTIR and 1H NMR. The
broad infrared absorption peak around 3450 cm�1 attributed to
aromatic –NH–, –NH2 and O–H stretching vibrations. PMMPC
and PMMPC-HD have lots of the groups in the branched chain.
2943 cm�1 attributed to –CH2– stretching vibration which was
in main and branch chains of the polymers. Both the two
polymers had the group of –C]O at the 1723 cm�1. 1656 cm�1

was ascribed to �CONH� in the polymer of PMMPC-HD.
Furthermore, the appearance of �CONH � at 1546 cm�1

demonstrated that hexamethylene diamine was reacted with
PMMPC. Simultaneously, the amino group was reacted with
carboxyl of the polymer successfully. 1240, 1160 and 960 cm�1

were the absorbance of groups of MPC, corresponding to –P]O,
–P–O and –N+(CH3)3. The existence of characteristic functional
groups conrmed that the polymer of PMMPC-HD retain the
properties of polyMPC. As is shown in 1H NMR spectrum, at the
chemical shi 4.7 ppm was D2O peak. The characteristic peak
–N+(CH3)3 was at 3.3 ppm, the 3.6, 4.0 and 4.3 ppm was ascribed
to the protons of the group of MPC, as shown in the Fig. 2 (h–i).
Chemical shi of protons of methylene andmethyl group which
were marked with e and f was about 1.3 and 1.8 ppm. The
appearances of chemical shi a, b and c at about 2.8, 1.8 and
1.0 ppm, are also in consistent with the reported results35,36 and
demonstrated that HD was graed to the polymer PMMPC
because of the existence of the proton of methylene in the
PMMPC-HD which was ascribed to the HD.

3.2. Characterization of Ti modied with PMMPC-HD and
GREDVY

Dopamine is a material easily self-polymerized and deposits
onto numerous surfaces in wet conditions, the polished tita-
nium (Ti) was immersed in dopamine solution for 48 h. Aer
micropatterned immobilization of PMMPC-HD and GREDVY,
SEM, water contact angle and FTIR characterization were
proceed. As shown in Fig. 3(a and b), SEM and optional graph of
the micropattern of Ti-PDA-M/R(P) was complete, neat and
orderly. The width of bands was 25 mm on average.

The stability of the micropattern mainly depends on the
PMMPC-HD, the sample of Ti-PDA-M(P) was immersed in
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 FTIR (a) spectra of PMMPC and PMMPC-HD and 1H NMR (b) of structural unit of PMMPC-HD.
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deionized water for 1, 3, 5 and 7 days. The micropattern of
PMMPC-HD was still visible on the surface of polydopamine
coating (Fig. S1†). The data demonstrated that the micropattern
was stable enough to regulate cells. The thickness of PMMPC-
HD pattern detected aer immersed in water and PBS (pH:
7.4) for 1, 3, 5 and 7 days. As shown in Fig. S2,† the thickness of
Ti-PDA-M(P) micropattern increased because of swelling effect
in deionized water and PBS. The thickness of 1 day and 3 days in
deionized water was 220 nm, but the thickness of 5 days
increase to 730 nm. The data showed that swelling effect of 1
This journal is © The Royal Society of Chemistry 2018
and 3 days was not obviously. The thickness of Ti-PDA-M(P)
micropattern in PBS (pH: 7.4) increased slowly from 308 nm
to 410 nm. The data suggested inuence of ion strength on the
Ti-PDA-M(P) micropattern was obviously, because ion concen-
tration and ion strength of PBS solution were bigger than those
of deionized water. It can be concluded that PBS buffer (pH 7.4)
containing a great many ions can accelerate hydrolysis of
PMMPC-HD.

As is shown in Fig. 4, the results of water contact angle
showed that the sample Ti-PDA-M(P), Ti-PDA-M/R(P) was more
RSC Adv., 2018, 8, 20836–20850 | 20841
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Fig. 3 Optional graph (a) and SEM image (b) of the sample Ti-PDA-M/R(P). Adsorption and detachment process of PMMPC-HD and GREDVY on
PDA-modified Au QCM sensor (Au-PDA) (c).

Fig. 4 Water contact angle of samples. Data presented as mean� SD,
n ¼ 6. *p < 0.05.
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hydrophilic than the Ti and Ti-PDA, whose degree decreased to
46.2 � 1.53�, because PMMPC-HD on the surface containing
phosphorylcholine (PC) groups has super hydrophilic property.

The QCM-D results showed that the amount of PMMPC-HD
could be immobilized onto PDA coating, and it reached 137.7 �
2.8 ng cm�2. From the data, it can be concluded that the poly-
mer can adhere onto PDA coating covalently by means of
condensation reaction. Similarly, the peptide GREDVY, which
has the free amino, carboxyl and phenyl groups can be immo-
bilized on PDA coating through chemical reaction, electrostatic
interaction and p–p Interactions, and the amount of GREDVY
on the surface reached 80.0 � 2.4 ng cm�2.

The surface infrared grazing FTIR of samples showed that
the groups in surface coatings. As shown in Fig. 5, all coatings
had a broad peak around 3400 cm�1 ascribed to –OH and –NH2

stretching vibrations, which exits in the polydopamine coating,
PMMPC-HD and GREDVY. Three coatings also presented peaks
at 2950 cm�1 (aliphatic C–H stretching vibrations of CH2). The
peak at 1740 cm�1 was ascribed to the C]O stretching vibra-
tions of –COOH and –COOR groups, which were in the coating
Ti-PDA-M/R(P) and Ti-PDA-M(P), but not the PDA coating. The
20842 | RSC Adv., 2018, 8, 20836–20850 This journal is © The Royal Society of Chemistry 2018
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Fig. 5 FTIR spectra of samples: Ti-PDA, Ti-PDA-M(P) and Ti-PDA-M/R(P).
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difference showed that polymer of PMMPC-HD was successfully
immobilized on the PDA coating. As is shown in gure of partial
enlargement, PDA coating had the peak at 1635 and 1629 cm�1

ascribed to C]C�C]O (aliphatic C]C stretching vibrations)
and the peak at 1516 cm�1 attributed to C–N stretching vibra-
tions. The peak around 1661 cm�1 was ascribed to amide I band
(�CONH�, I), and amide II band (�CONH �, II) was at
1546 cm�1, both of which were found in Ti-PDA-M/R(P) and Ti-
PDA-M(P). Additionally, the Ti-PDA-M/R(P) had the peak of 1658
and 1640 cm�1, so it can be concluded that the peaks were
stretching vibration of C]C of phenyl (with hydroxyl group) in
GREDVY, proving that the peptide was successfully immobi-
lized on PDA coating.
3.3. Platelets adhesion and whole blood adhesion

The in vitro platelet adhesion test is used to investigate the
blood compatibility of biomaterials. To study adhesion of
platelets on different samples, at least nine sight elds with the
size of 100 � 100 mm were collected through a uorescence
microscope and were counted adherent platelets for statistical
analysis. The quantity of platelets on all samples aer contact
with PRP for 15 min is presented in Fig. 6. The data showed that
Ti-PDA facilitated a much higher level of platelet adhesion
compared with samples of Ti, Ti-PDA-REDV, Ti-PDA-M(P) and
Ti-PDA-M/R(P). The quantity of adhered platelets on all the
samples decreased in the order: Ti-PDA > Ti > Ti-PDA-REDV > Ti-
PDA-M(P) > Ti-PDA-M/R(P). On the Ti-PDA surface the platelets
were in aggregation to a greater extent. In the same way, the
band containing PDA surface in samples of Ti-PDA-M(P) also
aggregated the adhered platelets. On the Ti-PDA-REDV surface,
the number of adhered platelets decreased and the degree of
aggregation weakened. On the Ti-PDA-M/R(P) surface, the
platelets were least of all and the degree of aggregation became
weaker.

As is shown in Fig. 7, on the surface of Ti and Ti-PDA, the
number of adhered red blood cells is the largest of all. Also, the
adhered platelets on the Ti-PDA were more than other samples.
But on the Ti-PDA-REDV, the amount of adhered red blood cells
This journal is © The Royal Society of Chemistry 2018
decreased obviously, while the platelets on Ti-PDA-REDV also
reduced signicantly. But on the surface of Ti-PDA-M(P), the
platelets were adhered on the edge of micropattern and acti-
vated, simultaneously the platelets were mainly dendritic. Only
few red blood cells were adhered. On the surface of Ti-PDA-M/
R(P), very few platelets and red blood cells were adhered, and
the platelets were round and the red blood cells were like round
at cakes, displaying normal phenotype in vivo. The data of
whole blood adhesion showed the polyMPC had good
hemocompatibility.
3.4. EC culture

In vitro, the ECs in culture medium are in disorder and the
microenvironment of cells is isotropic. On the micropatterned
surface, the cells can be regulated. As shown in Fig. 8(a), the
cells on surface of Ti, Ti-PDA and Ti-PDA-REDV without
micropattern were distributed freely, and the cell morphology
was ellipsoidal. On the Ti-PDA-M(P) and Ti-PDA-M/R(P), the
cells were highly ordered and elongated. The long axis of the
cells was in the direction of stripe of the micropattern. It is
noteworthy that axial ratio of the cells on the surface with
micropattern was maximum to 8 and the cells on Ti-PDA-M/R(P)
begin interconnecting by the third day. Also it can be seen that
the cells on the surface with peptide REDV were better in
morphology than those on Ti and Ti-PDA. Considering PMMPC-
HD was resistance to proteins and cells, the data suggested that
REDV can capture ECs. Quantication of the degree of cell
elongation (elongation factor), which we dened as the length
of the longest axis divided by the length of the short axis across
the cell nucleus, showed that ECs on micropattern exhibited
a signicantly higher degree of elongation compared with ECs
on at samples.

Fig. 8(b) showed the amount of ECs on the surface of
samples. The average number of ECs on surfaces of samples
was counted at least nine sight elds. It can be seen that aer
being cultured for 1 day, the number of cells on Ti-PDA-M(P)
was smallest of all, but on the Ti-PDA-M/R(P) the number
increased obviously. On the 3-third day, the amount of ECs of all
RSC Adv., 2018, 8, 20836–20850 | 20843
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Fig. 6 Fluorescence images and number of adherent platelets on the surface of samples. Data presented as mean � SD, n ¼ 9. *p < 0.05.
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samples and surface coverage increased, and on Ti-PDA-M/R(P)
the number was bigger than that of Ti-PDA-M(P). On the Ti-PDA
surface, the EC spreading was on a smaller scale than that on
the Ti-PDA-REDV. That is to say, the peptide REDV can enhance
adhesion and proliferation of ECs and is benecial to EC
spreading compared to Ti and PDA coating.
Fig. 7 SEM images of whole blood adhesion (30 min) on surfaces of sam

20844 | RSC Adv., 2018, 8, 20836–20850
3.5. Release of NO and PGI2 of ECs

Healthy ECs are essential to maintain vascular homeostasis by
the continuous release of NO and PGI2. NO and PGI2 are
predominant products that act as antiproliferative agents in
vascular smooth muscle cells.37 As is shown in Fig. 9, the
determinations of NO and PGI2 release levels per cell were
performed to evaluate EC functions. ECs cultured with Ti-PDA-
ples.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Fluorescent images of ECs on the samples after 1 day and 3 days of culture (a); amount of ECs was counted at least nine sight fields (b),
elongation factor of EC on surface of samples (c). Data presented as mean � SD, n ¼ 9. **p < 0.01, ***p < 0.001.
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M(P) and Ti-PDA-M/R(P) produced more NO and PGI2 than that
of Ti and Ti-PDA by the 1st and 3rd day, demonstrating that
micropattern can regulate EC functions. Considering that the
amount of ECs on Ti and Ti-PDA surface were bigger than that
on micropattern samples, the elongated cells showed better cell
functions. With Ti-PDA-REDV, EC had larger spreading area
compared to that with Ti and Ti-PDA, and displayed better cell
functions.
Fig. 9 NO and PGI2 release in culturemedia for samples (the size of samp

This journal is © The Royal Society of Chemistry 2018
3.6. SMCs culture

For the aim of improving the effect of antiproliferation of
vascular smooth muscle cells, micropattern had the property of
elongating the cells33 and enhancing expressing of smooth
muscle a-actin of SMCs which demonstrates a phenotype shi
to a more contractile phenotype.38 As shown in Fig. 10, on the
surface of Ti and Ti-PDA aer 1 day and 3 days of culture, most
cells were in random distribution, and the cell morphology was
spread. The average number of SMCs on surfaces of samples
le:F10mm, n¼ 3). Data presented asmean� SD, *p < 0.05, **p < 0.01.

RSC Adv., 2018, 8, 20836–20850 | 20845
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was counted at least nine sight elds. As shown in Fig. 10(b), the
amount of smooth muscle cells on Ti and Ti-PDA aer 3 days of
culture was larger than that of 1 day. On the surface of Ti-PDA-
REDV, the number of cells aer 1 day of culture was fewer than
that of Ti-PDA, but had not obvious difference aer 3 days of
culture. It can be speculated that the PDA coating was not
completely covered by GREDVY, in other words, PDA coating
was exposed to adhere SMCs on the surface of Ti-PDA-REDV. On
the surface of micropattern, Ti-PDA-M(P) and Ti-PDA-M/R(P),
the cells were distributed orderly, with the long axis of cells in
the direction of micropattern. The amount of cells on Ti-PDA-
M(P) of a 3 days culture was larger than that of 1 day, simi-
larly, SMCs of a 3 days culture on the surface of Ti-PDA-M/R(P)
was more than that of the 1 day culture. Moreover, the number
of SMCs adhered on Ti-PDA-M/R(P) was smaller than that of
other sample aer 3 days culture. The results suggest that the
micropattern of Ti-PDA-M/R(P) inhibited proliferation of
smooth muscle cell to a certain extent. The conclusion was
consistent with the literature.33,38 As shown in Fig. 10(c), the
ratio of ECs/SMCs' numbers on samples was 4, 5 aer 1 day
culture. The data suggested that ECs were easier to adhere on
samples than SMCs. Aer 3 days culture, the ratio of Ti, Ti-PDA
Fig. 10 Fluorescent images of SMCs on the samples after 1 day and 3 d
fields, (c) ratios of ECs/SMCs' numbers on samples. Data presented as m

20846 | RSC Adv., 2018, 8, 20836–20850
and Ti-PDA-REDV was about 2–3, but that of Ti-PDA-M(P) and
Ti-PDA-M/R(P) increased signicantly. The ratio of Ti-PDA-M/
R(P) was also bigger than that of Ti-PDA-M (P). The data sug-
gested proliferation of SMCs was quicker than that of ECs, but
the ratio of Ti-PDA-M/R(P) could demonstrate the competitive
growth of ECs over SMCs could be increased and suggested the
GREDVY induced the adhesion of the EC cells.
4. Discussion

Micropatterning is an important method for regulating the
adherent cells including vascular smooth muscle cells, endo-
thelial cells and so on. The micro-transfer molding method was
chosen to fabricate micropattern with the PDMS stamp to
adhere PMMPC-HD onto the surface, the optical and SEM
image showed a strip interval distribution. The IR and 1H NMR
results demonstrated that amino group reacted with carboxyl
group. The QCM showed that PMMPC-HD can be immobilized
onto PDA coatings mainly through condensation reaction of
amino and carboxyl. Likewise, the peptide GREDVY containing
amino and carboxyl groups can be immobilized. The Ti-PDA-M/
R(P) micropattern of PMMPC and GREDVY was successfully
ays of culture (a), number of SMCs (b) was counted at least nine sight
ean � SD, n ¼ 9, *p < 0.05, **p < 0.01, ***p < 0.001.

This journal is © The Royal Society of Chemistry 2018
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fabricated and the ECs' functions were successfully regulated.
NO and PGI2 release of the elongated ECs were improved.

The micropattern of polyMPC has been fabricated using
micropatterned mask. Generally, the preparation method is as
follows: rst, the MPC-polymer was coated on the surface
uniformly, and then UV or O2 plasma was used to initiate
a photochemical reaction or etch the polymer7 through micro-
patterned mask. Last, remove the polymer which can't be
immobilized rmly and the regular micropattern was fabri-
cated. The reaction which UV initiate in the above steps
contains azidonation reaction39 and decomposing molecular
layer.40 The area of PMMPC is nonspecic suppression
adsorption of proteins, simultaneously the area of substrate can
adhere amounts of proteins in vitro and adhere platelets, cells.
The REDV peptide was chosen because this short peptide
sequence is known to be selectively adhered for ECs.28,41 To
immobilize special peptide GREDVY onto the Ti, we chose PDA
coating containing quinone groups, amino and carboxyl groups
as a bridge to connect amino and carboxyl group of GREDVY. To
fabricate the micropattern, PDMS was used to construct
micropattern is convenient and doesn't require critical reaction
conditions. The reaction can occur at room temperature in
humid environment. Considering polyMPC which have excel-
lent cytocompatibility without any cytotoxicity,42 it is likely to
apply in three-dimensional print eld for fabricating micro-
pattern and tissue engineering. In all, polyMPC with micro-
pattern have good hemocompatibility43 can be potential in
vascular tissue engineering.

As was mentioned above, in order to capture EC selectively,
the peptide GREDVY was chosen to immobilize onto PDA
coating. The peptide arginine-glycine-aspartate (RGD), which is
the principal integrin-binding present within ECM proteins
such as bronectin, vitronectin, brinogen, osteopontin, and
bone sialoprotein,44,45 is recognized by platelet integrin recep-
tors which promote their adhesion,46,47 and enhance smooth
muscle cell adhesion.48 So the RGD can adhere to smooth
muscle cells and platelets and the peptide REDV cannot allow
specic adhesion as ligand–integrin interactions. But the result
of the platelets adhesion showed that amount of platelets on Ti-
PDA-REDV decreased slightly and degree of aggregation weak-
ened. It can be concluded that PDA coating13 had a certain
degree of exposure which can lead to activation and aggregation
of adhered platelets. It might be caused by the large amount of
primary amino groups (positively charged) that are likely to
promote platelet adhesion (negatively charged) by electrostatic
interaction.49,50 Some anticoagulant biomolecules51–53 and
polymer (polyethylene glycol54 and polyMPC13) are used to
improve hemocompatibility. All in all, the sample of Ti-PDA-
REDV can adhere to endothelial cells selectively, whose
morphology of EC was better than that of ECs on Ti-PDA. The
hemocompatibility of Ti-PDA-REDV had improved to some
extent, but it needs further improvement.

NO release can be promoted by shear stress with dened
direction.55–57 It can be concluded that micropattern which has
the similar functions might inuence the integrin and
morphology, which induce the synthesis of endothelial NO
synthase (eNOS) which was contributing to NO release of ECs.
This journal is © The Royal Society of Chemistry 2018
Similarly, the PGI2 release be also upregulated by shear stress,58

and micropattern can promote the PGI2 secretion of ECs.59 The
NO release plays a crucial role in governing endothelial function
and health, inhibition of platelet adhesion and activation and
inhibition of smooth muscle proliferation and migration.60

Promoting NO and PGI2 by micropattern is a good way of
regulating some EC functions as shear stress in vivo, which can
improve the vasodilation and prevent the formation of
atherosclerosis.

From previous studies, the thickness of polymer MPC was
about 10–40 nm,40,61,62 whose maximum reached about
100 nm,63 by surface initiated atom transfer radical polymeri-
zation. As is called the “graing from” way, the degree of
polymerization was about 200. The “graing to” way, as is re-
ported, the thickness was about 800 nm, the top thickness
reached 4000 aer polyMPC incubated in water for 60 min.39

The molecular weight of the polymer reached 2.2 � 105. It came
into a conclusion that the thickness on the surface was positive
correlation withmolecular weight of MPC polymer. Considering
the molecular weight of PMMPC (170 kDa), the thickness might
be not enough to impact EC in the third dimension. Since the
two-dimensional micropattern can regulate cell adhesion and
distribution, morphology and functions in vitro to some extent,
and make the cell present highly ordered, the cell microenvi-
ronment in vivo was even more complicated and therefore has
more effective inuences on cells. As a result, attempting to
fabricate three-dimensional is a promising way to regulate cell
functions.
5. Conclusion

Cross-linked PMMPC-HD with hexamethylenediamine was
synthesized successfully and immobilized on PDA coating using
PDMS stamps, and peptide GREDVY can be immobilized onto
PDA coating because PMMPC-HD is non-specic resistance
adhesion of proteins. The Ti-PDA-M/R(P) micropattern was
successfully fabricated with PMMPC-HD and GREDVY. Platelets
adhesion and whole blood adhesion showed that polyMPC has
good hemocompatibility and on the peptide GREDVY coated
surface the degree of platelet aggregation weakened and the
number decreased. The micropattern Ti-PDA-M/R(P) can regu-
late EC morphology, orientation and functions. Upregulation of
NO and PGI2 release demonstrated that elongated EC was closer
to native endothelial cells.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by nancially supported by the
National Natural Science Foundation of China (No. 81330031,
31570963), National Key Research and Development Program of
China (2016YFC1100402), Key Basic Research Project (No.
2011CB606204).
RSC Adv., 2018, 8, 20836–20850 | 20847

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02607f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:4

2:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 F. Xu, Y. Sun, Y. Chen, et al., Endothelial Cell Apoptosis is
Responsible for the Formation of Coronary Thrombotic
Atherosclerotic Plaques, Tohoku J. Exp. Med., 2009, 218, 25–
33.

2 D. E. Anderson and M. T. Hinds, Endothelial cell
micropatterning: methods, effects, and applications, Ann.
Biomed. Eng., 2011, 39, 2329–2345.
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