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Vascular endothelial cell (EC) adhesion and migration are essential processes in re-endothelia-
lization of implanted biomaterials. There is no clear relationship and mechanism between EC
adhesion and migration behaviour on surfaces with varying wettabilities. As model substrates,
plasma SiOx:H nanocoatings with well-controlled surface wettability (with water contact angles
in the range of 98.5+2.38 to 26.3+4.08) were used in this study to investigate the effects of
surface wettability on cell adhesion/migration and associated protein expressions in FAK-Rho
GTPases signalling pathways. It was found that EC adhesion/migration showed opposite be-
haviour on the hydrophilic and hydrophobic surfaces (i.e. hydrophobic surfaces promoted
EC migration but were anti-adhesions). The number of adherent ECs showed a maximum
on hydrophilic surfaces, while cells adhered to hydrophobic surfaces exhibited a tendency for
cell migration. The focal adhesion kinase (FAK) inhibitor targeting the Y-397 site of FAK
could significantly inhibit cell adhesion/migration, suggesting that EC adhesion and migration
on surfaces with different wettabilities involve (p)FAK and its downstream signalling path-
ways. Western blot results suggested that the FAK-Rho GTPases signalling pathways were
correlative to EC migration on hydrophobic plasma SiOx:H surfaces, but uncertain to hydrophi-
lic surfaces. This work demonstrated that surface wettability could induce cellular behaviours
that were associated with different cellular signalling events.

Keywords: plasma SiOx:H nanocoating; surface wettability; cell adhesion/
migration; FAK-Rho GTPases signalling pathways
1. INTRODUCTION

There is increasing evidence that vascular endothelial cell
(EC) adhesion and migration are essential processes in
angiogenesis, wound healing, vessel remodelling and
re-endothelialization [1]. In particular, regarding implanted
biomaterials such as coronary stents, research has indicated
that in-stent restenosis could be decreased by rapid surface
endothelialization of a cardiovascular stent, which was
regarded as an important means to prevent thrombo-
genicity, to reduce proliferation and migration of smooth
muscle cells (SMCs) [2]. Neighbouring migration of vascu-
lar ECs on a stent surface is the main process of
re-endothelialization after stent implantation. The results
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of early experimental works suggested that the sequence
of healing events after intravascular stent placement,
marked by SMCs’ migration and proliferation and extra-
cellular matrix (ECM) accumulation, ceased after
complete coverage of ECs. The rate of EC coverage is influ-
enced more by migration than by proliferation [3].
However, other evidence indicated that endothelial pro-
genitor cells from circulatory blood contributed to
vascular repair and stent re-endothelialization [4,5].
Regardless of cell source in stent endothelium, from blood
circulation or vessel wall, it is important to properly
modify the implanted surface with suitable surface
properties for EC adhesion and migration.

Non-stoichiometric silicon oxides (SiOx with 0 , x � 2)
have been widely applied as optical coatings, passivation
layers and interlayers in electronics owing to their low
dielectric constant (low-k) [6,7]. SiOx:H coatings prepared
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by low-temperature plasma deposition may have well-
controlled surface wettability via mediating plasma
gas compositions, e.g. using trimethysilane (TMS;
(CH3)3SiH) and O2 with different molar ratios. In addition,
in our recent studies, low-temperature plasma-coated
nitinol alloy with hydrophilic SiOx:H nanocoatings
showed excellent biocompatibility and cell affinity [8,9].
To our knowledge, there are very few studies focusing on
implanted materials coated with plasma SiOx:H nanocoat-
ings. One example is the surface functionalization of
amorphous hydrogenated silicon (a-Si:H) and amorphous
silicon suboxide films (a-SiOx:H) with Arg-Gly-Asp
(RGD)-peptides by hydrosilylation reactions [10].

Cell adhesion and migration are affected by chemical
composition,mechanical properties,wettabilityand rough-
ness of the substrates [11]. In turn, surface wettability is
determined by surface chemistry and roughness. On the
other hand, surface wettability determines protein and
cell adhesion behaviour [12,13]. However, the effects of sur-
face wettability on cell migration are not clear. In a manner
similar to chemical andmechanical stimulus, the properties
of materials, especially surface information, are important
factors to determine cells’ biological behaviour, which
induce a cascade of intercellular signalling events. The
different surface properties would induce different ECM
protein adsorption, such as fibronectin (FN), laminin
(LN) and vitronectin (VN) [14,15], which are ligands of
integrins on cell membrane. The integrins a2b1 and
a5b1 were primarily thought of as LN and FN receptors,
respectively, while a3b1 has been shown to be capable
of binding to multiple ligands including both FN and LN
[16]. The distribution of active integrins would result
in focal adhesion conformation, which induces phosphoryl-
ation of focal adhesion kinase (FAK) at initial tyrosine-397
site. The interaction between the Y397-activated FAK
leads to a cascade of tyrosine phosphorylation of multiple
sites in FAK (Y-576, -577, -925) and activation of other
downstream signalling pathways. FAK can influence the
activity of Rho-family GTPases (RhoA, Rac and Cdc42)
through a direct interaction with, or phosphorylation of
protein activators or inhibitors of Rho GTPases, which
could result in direct local actin assembly to form stress
fibres, lamellipodia or filopodia [17]. Rac1 is one of the
small G proteins, which plays a vital role in cell migration
behaviour. The current studies have shown that Rac1 is
required in the front of the migrating cell to regulate
actin polymerization and lamellipodia and to form
membrane protrusion [18].

Accordingly, we hypothesized that cell adhesion and
migration on surfaces with varying wettabilities induce
FAK-Rho GTPases signalling events. The phosphoryl-
ation of FAK could regulate Rac1 protein expression
and mediate cell migration behaviour. In this study,
an in vitro investigation on cell adhesion/migration
was firstly performed with a hydrophobic–hydrophilic
SiOx:H coating, and the relative protein expression in
FAK-Rho GTPases signalling pathway was examined.
2. MATERIAL AND METHODS

In this study, polished silicon (100) wafers (150 mm in
diameter, 6.082–12.55 Vcm in resistivity, p-type with
J. R. Soc. Interface (2012)
boron as a dopant, Silicon Valley Microelectronics,
Inc., Santa Clara, CA, USA) with very smooth surfaces
were used to explore treatment conditions of plasma
coating. The plasma-coated wafers were used to examine
in vitro cell adhesion and migration. A human vascular
EC line, EA.hy926 (Hematology Research Institute of
Jiangsu Province, China), was used in this study; this
is a hybridoma cell line between human umbilical vein
ECs (HUVECs) and the epithelioma A549 cells, and
retains most of the features of the HUVECs, including
the expression of endothelial adhesion molecules and
human factor VIII-related antigen [19].

2.1. Plasma coating and surface characterization

A low-temperature plasma deposition technique was
used to prepare SiOx:H nanocoating on the smooth sur-
face of the silicon wafers, which were performed at the
Centre for Surface Science and Plasma Technology in
University of Missouri (Columbia, MO, USA). A bell
jar-type plasma reactor system was used in this study,
which was described previously in our recent research
[20]. Before plasma deposition, the wafers were pre-
treated and cleaned with oxygen plasma for 2 min
under conditions of 2 sccm oxygen flow, 25 mtorr
pressure and 5 W DC power input. Subsequently,
plasma SiOx:H nanocoatings with thickness controlled
at 30–40 nm were deposited in a mixture of TMS and
oxygen (from 0 to 5 sccm) under conditions of
25 mtorr and 5 W of DC power input. The sample
identification codes and preparation conditions used
in this study are summarized in table 1.

2.2. Surface properties analyses

After plasma coating of silicon wafers, the coating
thickness was detected by a null seeking type
AutoEL-II Automatic Ellipsometer (Rudolph Research
Corporation, Flanders, NJ, USA) with a 632.8 nm
helium–neon laser light source. The surface wettability
of plasma-coated films was assessed by using a contact
angle measurement system (VCA 2500XE, USA).
X-ray photoelectron spectroscopy (XPS; Escalab 250,
Thermo, USA) with a monochromatic AlKa X-ray
source was used to determine the composition and
chemical states of the plasma coating (500 mm scanning
range). Adhesion strength of each plasma SiOx:H
nanocoating on the silicon wafers was evaluated using
a WS-2005 scratch test apparatus (Chemistry and
Physics Institute, Lanzhou, China).

2.3. In vitro cell adhesion assay

The plasma-coated silicon wafers (three specimens for
each treatment condition) were cut into a 1 � 1 cm2

square, and then were put into a six-well polystyrene
tissue culture plate. UV light was then used to sterilize
the specimens for at least 2 h. EA.hy926 cells were
dissociated mechanically and enzymatically in flasks
with 0.25 per cent trypsin, and then suspended in 10
per cent serum-containing media. Cell density at
1.0 � 103 cells ml21 was regulated by haemocytometer
and added into six-well polystyrene tissue culture
plates co-cultured with plasma-coated silicon wafers.



Table 1. Sample identification codes and preparation
conditions.

identification codes
of samples

flow radio of TMS
and O2 (sccm)

deposition
duration (min)

1:0 TMS:O2 ¼ 1:0 1.5
1:1 TMS:O2 ¼ 1:1 2
1:2 TMS:O2 ¼ 1:2 3
1:3 TMS:O2 ¼ 1:3 5
1:4 TMS:O2 ¼ 1:4 6
1:5 TMS:O2 ¼ 1:5 7
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After 4 and 8 h, the number of initial cells adhered to
each specimen was examined by microscopy (UM203i,
UOP Company, China). Three specimens for each treat-
ment condition, and five representative areas on each
specimen, were randomly chosen for taking pictures.
According to the pictures, different cell behaviours
including suspension, just adhesion (but not spreading)
and spreading were distinguished and counted. Summing
up total cell numbers in the five representative areas, the
average number of cells on each treatment condition was
calculated and presented as mean+ s.d.

After 1 and 5 days, the F-actin distribution (stained
by Phallotoxins, Invitrogen, USA) and morphologies of
adhered cells on each specimen were examined using a
laser scanning confocal microscope (Leica TCS SP5,
Germany) and a scanning electron microscope
(Quanta 600F, FEI Company, USA), respectively.

2.4. Cells’ migration on plasma SiOx:H
coating—scratch wound migration assay

Cell migration was measured using a monolayer scratch
injury assay as described previously [21]. Briefly, the
EA.hy926 cells were plated onto plasma SiOx:H-coated
silicon wafers until confluence and then starved serum-
free for 8 h. During the last 4 h, hydroxyurea was added
at a final concentration of 5 mmol l21 to prevent further
DNA synthesis. Then a uniform scratch (about 500 mm)
was performed in the cell monolayer using a plastic cell
scrapper (Corning, USA). Then, cell monolayers were
washed gently with phosphate-buffered saline (PBS),
marked (for reference) and photographed using a reflec-
tive upright biological microscope (UM203i). Images of
the wounds under static culture in an incubator contain-
ing 5 per cent CO2 at 378C without serum were acquired
at 0, 2, 6 and 12 h. Eight wounded edges in the cross sec-
tion were randomly chosen at 0 h and observed
consecutively at each duration. The cell migration dis-
tance at the end of each recording period was calculated
by difference between the end length and original length
of the wounded edge. Migrated cell numbers were derived
from the average of the fields in triplicates. After 12 h, by
continuing culturing, and by observing per half-hour
periods until cells reached confluency again, wound
repair durations of each sample were determined.

2.5. Single cells’ motility on surfaces with
different wettabilities

After 4 h culture, single cells spreading on plasma-
coated samples were randomly chosen for observation.
J. R. Soc. Interface (2012)
With a fixed view and focus, images at 0, 10, 20 and
30 min were taken, and the migrated distances of
single cells were calculated by Dn ¼ Ln2 L0, where Dn

is the cell migration distance, Ln and L0 are the cell pos-
ition at the ending point and at the original position,
respectively. Accordingly, during 30 min, the average
migrated speed of cells of each group was calculated.
2.6. FAK inhibitor

FAK inhibitor (1, 2, 4, 5-benzenetetraamine tetra-
hydrochloride), targeting the Y-397 site of FAK
(Sigma, USA), increases cell detachment and inhibits
cell adhesion in a dose-dependent manner, which was
found and tested by Golibovskaya in 2008 [22]. In this
study, it was used to explore whether the (p)FAK
signalling pathway is important in inducing EC
migration on the plasma SiOx:H surface.

At first, scratch wound migration assays as described
above were performed to determine the appropriate
concentrations of the FAK inhibitor. Different concen-
trations of the FAK inhibitor (50, 100, 150, 200 and
250 nmol ml21) were added into 6-well tissue culture
polystyrene (TCPS) plates co-cultured with cell scratch
monolayer. Images of the wounds were acquired and
analysed at 0, 2, 4, 8 and 24 h. According to the results,
one certain concentration of the FAK inhibitor would
be chosen to add into the sterilized plasma SiOx:H-
coated substrate. The same steps described in §§2.4
and 2.5 were repeated to investigate whether cell
migration on surfaces with varying wettabilities would
associate with the FAK Y-397 phosphorylation.
2.7. Western blot and immunofluorescence
analyses—proteins associated with FAK
signalling pathways

EA.hy926 cells were seeded at 1000 cells mm22 for 24 h on
SiOx:H plasma-coated wafers. After 48 h culture, cells on
each wafer with 70–80% confluence were washed three
times with PBS and disintegrated by 50 ml cell lysis sol-
ution. The total proteins were collected and centrifuged
with 10 000 r.p.m. at 48C for 5–10 min. The protein
concentration of each sample was quantified by UV
spectrophotometer (DU 800, Beckman Coulter, Inc.,
CA, USA) using bicinchoninic acid protein assay kit.
Equal amounts (30 mg) of total protein were added and
separated by 10–12% sodium dodecylsulphate–poly-
acrylamide gel electrophoresis and blotted onto
polyvinylidene fluoride (PVDF, GE Healthcare) transfer
membranes. PVDF membranes were blocked for 2 h
with 5 per cent bovine serum albumin (BSA) in TBST
buffer (20 mmol l21 Tris–HCl (pH 8.0), 150 mmol l21

NaCl, 0.05% Tween 20). Membranes were incubated
with the primary antibodies in 5 per cent BSA in TBST
buffer overnight at 48C. Following incubation with pri-
mary antibody, blots were washed three times with
TBST buffer and incubated with appropriate horseradish
peroxidase-labelled secondary antibodies in 1 per cent
BSA in TBST buffer for 2 h at 378C. After blots were
washed with Tris-buffered saline Tween-20 (TBST),
target proteins were detected using enhanced chemilumi-
nescence. Images of bands were determined using
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Figure 1. Oxygen flow rate dependence of the water surface contact angles (denoted as II) and thickness (denoted as I) of SiOx:H plasma
nanocoatings. Other plasma conditions used were: TMS flow rate of 1 sccm, system pressure of 25 mtorr, DC plasma power of 5 W.
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Molecular Image ChemiDoc XRSþ with Image Lab Soft-
ware (Bio-Rad Laboratories, Inc., USA). All first
antibodies, including anti-integrin a2 (C-9) mouse mAb
(sc-74466), anti-integrin a5 (A-11) mouse mAb (sc-
166665), anti-FAK (A-17) rabbit mAb (sc-1688),
anti-pFAK (2D11) mouse mAb (against a phosphopep-
tide corresponding to amino acid residues surrounding
tyrosine 397 of FAK of human origin, sc-81493), anti-
Rac1 (C-11) rabbit mAb (sc-59) and anti-RhoA (26C4)
mouse mAb (sc-418), were purchased from Santa
Cruz Biotechnology, Inc. (CA, USA). The peroxidase-
conjugated goat anti-mouse IgG and goat anti-rabbit
IgG (secondary antibodies) were purchased from Dingguo
Biotechnology Co., Ltd. (Beijing, China).

After 48 h in culture (equal to culture duration of
Western blot analysis), immunofluorescence staining of
RhoA and Rac1 was analysed by laser scanning confocal
microscope (Leica TCS SP5). Cells were fixed with
4 per cent paraformaldehyde (Sigma-Aldrich) and
permeabilized with 1 per cent Triton X-100 for 10 min.
Following fixation and permeabilization, samples were
blocked by adding 1 per cent (w/v) BSA for 15 min at
room temperature. Cells were incubated in the primary
anti-Rho and anti-Rac1 antibody solutions (1:100 dilution,
SantaCruz,USA)at 48Covernight.Each stepwas followed
by washing three times with PBS for 5 min every time. The
secondary fluoresceine isothiocyanate (FITC)-conjugated
immunoglobulin (goat anti-mouse IgG, green colour
fluorescence) and PE-conjugated immunoglobulin (goat
anti-rabbit IgG, red colour fluorescence) were incubated
with primary anti-Rho and anti-Rac1 antibodies, respect-
ively, for 60 min. Then, the DAPI (40,60-diamidino-2-
phenylindole) with 1:800 dilution was added for nuclei
staining for 30 min. Samples were sealed using 10 per cent
glycerol, kept in a dark place and observed by laser
scanning confocal microscopy.

2.8. Statistical analyses

The data obtained in this study were analysed using
statistical software SPSS v. 11.5 (SPSS, Inc., Chicago,
J. R. Soc. Interface (2012)
IL, USA) and reported as means+ s.d. Data obtained
from different treatment groups were then statistically
compared. To reveal differences among the groups,
one-way ANOVA followed by Tukey’s test was used.
The differences were considered significant at p , 0.05.
3. RESULTS

3.1. Coating thickness and surface contact angles

Figure 1 shows oxygen flow rate dependence of the
water contact angle and thickness of SiOx:H plasma
nanocoatings. It can be seen that, with the increase of
oxygen ratio, the water contact angle of the samples
decreased from 98.5+ 2.38 to 26.3+ 4.08 (the contact
angle of silicon wafer without SiOx:H plasma nanocoat-
ings is about 558, and not used in this study as control).
A contact angle of 658 is regarded as the boundary
between hydrophilicity and hydrophobicity [23]. In
this study, 1:0 and 1:1 (TMS:O2 ratio; table 1) groups
showed hydrophobic properties, with contact angles of
98.5+ 2.38 and 82.3+ 3.58, respectively. Groups 1:2
and 1:3 showed neutral hydrophilicity with contact
angles of 47.5+ 3.08 and 41.5+ 3.08, respectively,
while 1:4 and 1:5 groups showed hydrophilicity with
contact angles of 29.3+ 2.58 and 26.3+ 4.08, respect-
ively. The thickness of all samples was controlled at
30–40 nm by adjusting the duration of plasma
deposition.

The adhesion forces measured by WS-2005 scratch
test instrument were used to evaluate the adhesion of
plasma SiOx:H coating to the silicon wafer substrate.
During the measurements, an increasing force via the
moving diamond indenter with a diameter of 0.2 mm
was loaded on the surface of the plasma-coated samples.
Acoustic signals were then captured by the piezoelectric
transducer and the typical measurement data are shown
in figure 2. Usually, the appearance of a second sym-
metrical peak can be regarded as breaking of the
coating and the breaking point gives the critical loading.
Plasma-coated samples deposited with TMS:O2 ratios of
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Figure 2. The typical scratch test results that illustrate
adhesion between plasma SiOx:H coatings (TMS:O2 ¼ 1:0)
and the silicon wafer substrates, with a scanning range of
2 mm. The diameter of the diamond indenter was 0.2 mm,
load speed was 20 N min21, and speed was 2 mm min21.
The results obtained with all the plasma-coated samples
ranged from 12.7 to 20.9 N.
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1:0–1:5 were assessed and the adhesion forces of these
plasma coatings ranged from 12.7 to 20.9 N (3.175�
102 to 5.225 � 102 MPa). These results demonstrated
that the plasma coatings were tightly integrated with
the substrate, which could be applied in the surface
modification of implanted biomaterials.
3.2. X-ray photoelectron spectra

Figure 3a shows the XPS survey spectra of SiOx:H
plasma nanocoatings in the binding energy range of
0–1200 eV. Only three elements’, O1s, C1s and Si2p
(Si2s peak is not discussed here because the atomic scat-
tering factor is small) peaks could be found. Notably,
the O element appeared in the plasma coatings
obtained with TMS:O2 ¼ 1:0 (0 sccm O2) owing to
the post-reactions of the plasma coatings when exposed
to ambient air.

Figure 3b–d shows the high-resolution spectra of
Si2p, O1s and C1s electron orbital of SiOx:H plasma
nanocoatings prepared at different TMS/O2 ratios
(from 1:0 to 1:5 sccm). The Si2p peak could be deconvo-
luted into three peaks including SiO2–C2 (101.6 eV),
SiO3–C (102.7 eV) and Si–O2 (103.7 eV), respectively
[24]. It was noted that incorporation of Si–C
(99.6 eV) and SiO–C3 (100.5 eV) peaks would not
give a good curve fitting with the Si2p spectra for all
the samples. Calculation of the relative intensity of
each peak using XPS peak 41 software showed that
the component of SiO2–C2 decreased with the increase
of O2 flow ratio. These results indicate that more
Si–CH3 bonds of the TMS molecules were broken and
replaced by Si–O bonds. As shown in figure 3, the
O1s spectra exhibited three peaks at 531.65, 532.64
and 533.7 eV, which were attributed to C–OH, Si–O
and O–Si–O bonds, respectively [25]. As seen in
figure 3d, four peaks at 284 eV (Si–(CH3)x bond),
284.85 eV (C–C bond), 285.6 eV (C–O bond) and
286.5 eV (C–OH bond) [26,27] were noticed with the
plasma coatings prepared with TMS:O2 ratios of 1:0 to
1:2. The Si–(CH3)x peak (284 eV) could hardly be
J. R. Soc. Interface (2012)
found for plasma coatings prepared with TMS:O2¼ 1:3.
The results indicated that, with higher O2 flow rate
over 3 sccm (TMS¼ 1 sccm), the hydrophobic 2CH3

bonds in the TMS structure had all been almost detached
and replaced by O-containing chemical groups. In
addition, an amorphous SiOx-like structure had been
identified with these plasma coatings by X-ray diffraction
in our previous study [8], and –OH, Si–O–Si and Si–H
bonds were observed by Fourier-transform infrared
spectroscopy [9].

Table 2 shows the percentage of each element (Si, C
and O) of the plasma-deposited SiOx:H nanocoatings by
XPS quantification. It can be seen that, with the
increase of O2 flow rate or addition, the percentage of
C component decreased, while the percentage of O com-
ponent increased gradually. However, the percentage of
Si component was constant in all six sample types with
increase of O2 flow rate.
3.3. Cell adhesion

Cells’ attachment to plasma nanocoating surfaces was
assessed by seeding EA.hy926 cells on the specimens
(three specimens from each plasma coating) with a den-
sity of 1.0 � 103 cells ml21. Five examination areas were
randomly chosen from each specimen for cell counting.

The attached cell numbers were statistically analysed
and the results are shown in figure 4. With 4 h incu-
bation, cells with different behaviours (suspension,
just adhesion not spreading and spreading; figure 4a)
could be easily distinguished. Statistical analyses
showed no significant differences (p . 0.05) in numbers
of cells adhering to all specimens at 4 h. However, after
8 h cell culture, most cells showed spreading behaviour,
and the number of cells at the adhesion and suspension
status decreased. The numbers of total and spreading
cells adhered to 1:4 and 1:5 specimens were significantly
higher than that on the 1:0 and 1:1 groups (p , 0.05).
Cells adhered to surfaces would experience proliferation
after 8 h culture, at the same time, more suspending
cells would adhere to hydrophilic surfaces than to
hydrophobic surfaces. It is demonstrated that hydro-
philic SiOx:H surfaces could promote higher cell adhesion
and spreading when compared with hydrophobic surfaces.

Cell adhesion is closely coupled with the protrusions
of the leading edge of the cell (filopodia and lamellipo-
dia) [28]. The confocal immunofluorescence images of
F-actin staining after 1 day of cell culture are shown in
figure 5. It could be seen that there are obvious differ-
ences in single cell morphology observed among the
cells attached to the SiOx:H plasma nanocoated speci-
mens. In 1:0 and 1:1 hydrophobic groups, all spreading
cells showed polymerized F-actin filaments, more
obvious protrusions (spike-like filopodias marked in red
arrows and flat fan-like lamellipodias marked in white
arrows in figure 5), those of which were in favour of
cell migration. However, in 1:2–1:5 samples, filopodia
and lamellipodia of cells were less than that of 1:0
and 1:1 samples. In addition, after 5 days of cell culture,
the results of cell micromorphology by scanning electron
microscopy (SEM) exhibited similar differences (shown
in electronic supplementary material, figure S1), with
cells attached on 1:0 and 1:1 hydrophobic surfaces
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Table 2. The percentage of each element in the SiOx:H
plasma nanocoatings by XPS quantification.

element (%)

TMS:O2 ratio

1:0 1:1 1:2 1:3 1:4 1:5

Si 31.44 36.27 35.61 37.71 37.07 37.4
C 32.83 12.69 13.65 4.92 6.33 5.51
O 35.73 51.04 50.74 57.37 56.6 57.09
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displaying obvious natural endothelial cobblestone road
shape, while cells on 1:2–1:5 groups showed less filopodia
and lamellipodia. The SEM results of 5 days’ cell culture
on plasma SiOx:H surfaces with varying wettabilities
J. R. Soc. Interface (2012)
confirmed the confocal immunofluorescence results of
1 day cell culture.
3.4. Cells’ migration–scratch wound migration
assay

The results of cells’ migration by scratch wound
migration assay are shown in figure 6. It can be seen
from figure 6b that hydrophobic surfaces (1:0 and 1:1
groups, with contact angles . 658) showed the largest
migration distance at almost every duration when com-
pared with the other groups. Data analyses revealed
that the cell migration distance on 1:0 and 1:1 samples
was significantly longer than that on 1:5 samples at 2 h;
the cell migration distance on 1:0 and 1:1 samples were
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Figure 5. Confocal immunofluorescence images of EA.hy926 cells, showing localization of F-actin in response to the plasma
SiOx:H surfaces with varying wettabilities (green: F-actin; blue: nucleus). Red and white arrows in figures indicate filopodia
and lamellipodia protrusion of cells, respectively.
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significantly longer than that on 1:2 and 1:4 samples at
6 h; and the cell migration distance on 1:0 samples was
significantly longer than that on the other groups at
12 h. The results of the average distance of migrated
cells across the baseline (figure 6c) and wound repair
duration (figure 6d) also demonstrated that the
hydrophobic surfaces could enhance cell migration.
Specifically, the wound repair duration (endothelializa-
tion in the scratch area) of 1:0 samples required about
18 h, shorter than that of 1:5 samples (about 24 h).
The data of EC migration showed an obvious trend,
i.e. that cells migrated faster on hydrophobic surfaces
than on hydrophilic surfaces except 1:2 samples. Nota-
bly, the 1:2 samples (contact angles � 508) were
abnormal among all samples. Migrated distance, the
average migrated cells’ number and wound repair dur-
ation data of 1:2 samples showed lower cell motility
when compared with more hydrophilic samples (1:3
and 1:4 samples).
J. R. Soc. Interface (2012)
Interestingly, when compared with cell adhesion
results shown in figure 4, cell migration results showed
opposite trends to the cell adhesion behaviour on
these plasma nanocoating surfaces. In other words,
the hydrophilic surfaces could enhance cell adhesion,
whereas the hydrophobic surfaces could promote cell
migration. A possible explanation is that the stronger
cell adhesion to hydrophilic surfaces is likely to keep
cells attached to the surface, and thereby reduce
their cell motility. These results are consistent with
the reported regulation data of ECM such as LN and
FN on cell migration [29].
3.5. Single cells’ motility on wettable surfaces

According to images obtained at the start (0 min) and
end points (30 min), the migrated distance of each
single cell was calculated (figure 7a). The single cells
migrating on surfaces with varying wettabilities showed
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Figure 6. Effects of surface wettability on the migration of EA.hy926 cells. (a) Images illustrating cell migration on
SiOx:H plasma nanocoating surfaces at 0, 2, 6 and 12 h (scale bar, 500mm). (b) Cell migration distance on the various
surfaces tested. (c) Average number of migrated cells across the baseline (dashed line in (a)). (d) Wound repair duration
on the plasma SiOx:H coatings with different surface wettability. Asterisk denotes statistically significant difference with
p , 0.05.
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Figure 7. Effects of surface wettability on single EA.hy926 cells migration. (a) Images of single EA.hy926 cell migration on the
plasma SiOx:H surfaces: (A1) initial location of cells at 0 min, (A2) cell positioning at the ending point (30 min) and (A3) overlay
of the two previous images to show cells’ motility on the surfaces tested. The distances migrated by single cells were calculated by
Dn ¼ Ln2 L0. The cell average migration speed on each group during 30 min was calculated accordingly and is shown in table 3
(only 1:1 sample group is shown in (a); the single cell in black pane in figures A1 and A2 was randomly selected and showed
in (b) 1:1 group). (b) Morphological changes of single cells on the plasma SiOx:H nanocoatings with different wettabilities.
Scale bar, 100 mm.
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Figure 8. Effects of FAK inhibitor on the migration of single EA.hy926 cells on surfaces with different wettabilities at 0 and
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Table 3. Single cells’ migration on SiOx:H plasma nanocoatings with different wettabilities.

1:0 1:1 1:2 1:3 1:4 1:5

maximum migrated distance in
30 min (mm)

32.7 37.9 27.0 39.9 33.4 21.0

minimum migrated distance in
30 min (mm)

10.5 16.8 12.9 12.0 6.0 12.5

speed of single cells migration
(mm min21)

0.80+0.23 0.87+ 0.21 0.62+ 0.13a 0.69+0.31 0.59+0.2a 0.60+ 013a

aMeans significant difference compared with 1:1 sample ( p , 0.05).
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different motilities. It can be seen from figure 7 and
table 3 that 1:1 samples revealed the fastest migration
speed during 30 min. Also, the cell migration speeds on
the hydrophobic surfaces (1:0 and 1:1) were significantly
faster than those on the hydrophilic surfaces (from 1:2
to 1:5 samples). However, maximum and minimum
migrated distances of single cells in each group in
30 min showed no regularity owing to non-directional
motion. The results also indicated that surface hydro-
phobicity had the advantage of surface hydrophilicity
in enhancing cell migration speed.
3.6. Effect of FAK inhibitor on cell adhesion
and migration

FAK inhibitor, 1, 2, 4, 5-benzenetetraamine tetra-
hydrochloride, would change in colour with duration
as formation of large conjugated bonds between ben-
zene and amino, and the chemical equation is
depicted in electronic supplementary material, figure S2a.
Therefore, freshly prepared FAK inhibitor was used in
the whole study.

At first, the effects of different concentrations (from 50
to 250 nmol ml21) of FAK inhibitor on the adhesion of
EA.hy926 cells cultured in TCPS at 4 h were examined
(see electronic supplementary material, figure S2b). With
J. R. Soc. Interface (2012)
the increase in the concentration of the FAK inhibitor,
the cell nucleus became more apparent and the lamelli-
podia of spreading cells shrank. In particular with the
addition of 200 and 250 nmol ml21 FAK inhibitor, the
lamellipodia of the cells almost disappeared. Therefore,
the FAK inhibitor significantly increases cell detachment.

Different concentrations of FAK inhibitor could
decrease EC migration in TCPS, which is shown in elec-
tronic supplementary material, figure S3a,b. It can be
seen from electronic supplementary material, figure S3
that, with increasing concentrations of FAK inhibitor,
the cell migration distance decreased. According to the
results of electronic supplementary material, figure S3,
50 nmol ml21 of FAK inhibitor were chosen to check if
it could inhibit cell migration on plasma SiOx:H coating
(figure 8). The cell migration on different surfaces with
different wettabilities decreased at 12 h, which was
compared with previous results in figure 6 (without the
addition of FAK inhibitor). In addition, there is no
significant differences among all hydrophilic and hydro-
phobic groups. It is hypothesized that FAK played a
central role in signalling, which was associated with EC
migration on the surface of materials.

The behaviours of single cells were observed and
characterized with 50 nmol ml21 of FAK inhibitor treat-
ment for 4 h. With the effect of FAK inhibitor for 4 h,
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most cells on surfaces with different wettabilities showed
round morphology and no obvious changes in the sub-
sequent 30 min observation (figure 9b). Furthermore,
migrated distance was hardly found among these cells
during 30 min (figure 9a). It is noted that FAK inhibitor
could significantly restrain cell motility on the different
surface wettabilities.
3.7. Associated protein expression in FAK-Rho
GTPases signalling pathway

Cell migration-dependent FAK-Rho GTPases signalling
pathway has been proven in a previous study [17].
However, does EC migration behaviour on surfaces
with different wettabilities follow this signalling event?
Expression of some crucial proteins in the FAK-Rho
GTPases signalling pathway by Western blot and
immunofluorescence is shown in figure 10.

It can be seen from figure 10a–c that proteins in the
FAK-Rho GTPases signalling pathway, in response to
plasma SiOx:H surfaces with varying wettabilities,
showed significant differences. It is demonstrated that
the surface wettability could lead to the expression of
different proteins, and resulted in diverse cell adhesion
and migration behaviours. The integrin subunits, a5
and a2, which are respective receptors of FN and LN,
showed opposite expression levels in response to plasma
SiOx:H surfaces (figure 10a). Hydrophobic surfaces (1:0
and 1:1 groups) and most hydrophilic surfaces (1:5
group) revealed higher integrin a5 but lower integrin
a2 expression, suggesting that plasma SiOx:H nanocoat-
ings with different wettabilities could adsorb different
ECM proteins and result in differences in integrin
J. R. Soc. Interface (2012)
expression. Regarding the FAK and p-FAK proteins, it
could be seen from figure 10b that the total FAK proteins
in all samples were approximately equal. However, the
phosphorylation level of FAK (p-FAK) was downregu-
lated with increasing surface wettability. The small G
protein RhoA (figure 10c), which regulates stress fibres
related to cell adhesion/migration, showed equal
expression levels in 1:0–1:4 samples, but a relatively
lower level in 1:5 groups. Another small G protein,
Rac1, which regulates lamellipodia, exhibited an interest-
ing phenomenon. The hydrophobic surfaces (1:0 group)
showed higher expression level of Rac1 than that of
hydrophilic surfaces (1:2–1:5 groups). Among 1:2–1:5
groups, 1:2 and 1:5 samples showed lowest Rac1
expression, which was consistent with previous results
of cell migration (figure 6). The immunofluorescence
results in figure 10d,e revealed that Rac1 was mainly dis-
tributed in the cytoplasm, while RhoA was distributed
both in the cytoplasm and the nucleus. In addition, it
verified the Western blot results in which cells on 1:2
and 1:5 samples showed weaker expression of Rac1
protein (figure 10e), and only 1:5 group showed lower
expression of RhoA protein (figure 10d).

Specially, compared with more hydrophilic samples
(1:3 and 1:4 samples), 1:2 samples showed a lower
integrin a5 and Rac1 expression level. Meanwhile, the
p-FAK expression of 1:2 samples presented a threshold.
Based on previous results of cell migration (figure 6),
1:2 samples also showed lower cell motility. We specu-
lated that 1:2 samples were a key turning point, i.e.
cell adhesion/migration on hydrophobic surfaces (1:0
and 1:1) involved the FAK-Rho GTPases signalling
pathway, while on hydrophilic surfaces (1:2–1:5
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groups, with contact angles from 47.5+ 3.08 to 26.3+
4.08), the signalling events of cell adhesion/migration
were uncertain to the FAK-Rho GTPases pathway.
Notably, 1:5 samples showed significantly less
migration distance at 12 h (figure 6), and lower RhoA
and Rac1 protein expression levels compared with 1:4
samples, while the difference in contact angle was only
about 38 (29.3+ 2.58 versus 26.3+ 4.08). In addition,
according to the results in figure 8, the FAK inhibitor
could decrease cell migrated distance in all samples,
suggesting that FAK phosphorylation at the 397 tyro-
sine site was an important event for EC migration.
Two critical proteins relevant to cell migration,
p-FAK and Rac1, both showed stronger expression
levels in hydrophobic surfaces than in hydrophilic sur-
faces. This is in agreement with results showing that
hydrophobic surfaces could promote migration of ECs.
As a result, it is also certified that the FAK-Rho
GTPases signalling pathways can be correlated to EC
migration on hydrophobic plasma SiOx:H surfaces. The
J. R. Soc. Interface (2012)
1:2 samples revealed higher levels of pFAK but lower
levels of Rac1, the 1:3 and 1:4 samples showed lower
levels of pFAK but higher levels of Rac1, while the 1:5
samples showed lower levels of pFAK, Rac1 and RhoA.
Therefore, cells migrating in the 1:2–1:5 groups probably
experienced other different signalling pathways. For
example, FAK–PI3K (the phosphoinositide 3-kinases)
was mentioned in an alternative work [30]. In light of
previous FAK inhibitor results, EC migration on both
hydrophobic and hydrophilic plasma SiOx:H coatings
was FAK (pY397)-dependent, but as to 1:2–1:5 groups,
cell migration on coatings was uncertain to the
FAK-Rho GTPases signalling pathways.
4. DISCUSSION

Using plasma-associated technology such as plasma
immersion ion implantation deposition (PIII) and
plasma-enhanced chemical vapour deposition (PECVD),
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Ti–O, T–Ni and amorphous carbon (a-C:H) films were
prepared and exhibited excellent biocompatibility
[31–33]. Plasma-nanocoated SiOx:H films showed stable
chemical and mechanical properties. Even after repeatedly
using samples (experiencing cleaning and collecting depos-
ited proteins using a plastic cell scrapper), the contact
angles have hardly changed. It suggested that plasma-
nanocoated SiOx:H films could be applied for the surface
modification of implanted materials because of its well-
controllable and stable properties. In preliminary studies
in our research group, this coating (only TMS:O2¼ 1:4
condition) has been used to modify intravascular stents
and implanted in the rabbit abdominal artery.The prelimi-
nary results showed that plasma-nanocoated SiOx:H films
could accelerate re-endothelialization and inhibit restenosis
(data not shown). Certainly, more animals should be used
in our further research in order to collect statistically
reliable data.

In this study, EA.hy926 cells instead of original ECs
were used because of their higher affinity to the surfaces
of materials. Actually, the primary HUVECs purchased
from Sciencell were tested as a model cell type in our
entire experiments. However, we found that HUVECs
showed low affinity to surfaces without FN or collagen
pre-coatings. In most available published similar
works [12,34,35], surfaces are coated with different FN
concentrations and blocked by serum albumin. The
EA.hy926 cells, which retain most features of
HUVECs, showed better adhesion capacity in vitro
and made contact with the plasma SiOx:H nanocoating
directly without FN introduction.

The surface properties of an implant, especially sur-
face wettability and chemistry, play a critical role in
determining its biocompatibility and ultimately its inte-
gration into the natural biological system of a human
body, as soon as it directly contacts the blood and
host tissues. Recently, self-assembled monolayers were
regarded as a conventional model substrate for mechan-
istic investigation of adhesion of cells and platelets [36].
Ordered and well-controlled surface functional groups
(–CH3, –COOH, –OH and –NH2) grafted on SAMs
induced changes of wettability and were used to study
cell adhesion behaviour and correlate it with the FAK
signalling pathway [34], and adsorption and activation
of plasma proteins (fibrinogen and albumin) [37].
According to these studies [38], the surfaces prepared
with different concentrations (100/0, 34/66, 50/50,
83/17, 0/100) of two kinds of thiol (HS–(CH2)10–
CH3 and HS–(CH2)10–COOH) had contact angles
from 111+ 3.58 to 21+ 7.18, which were in a similar
range to that of the SiOx:H plasma nanocoating surfaces
used in the present study. The literature results showed
that the number of adhered HUVECs reached a maxi-
mum on CH3/OH-mixed SAMs with a water contact
angle of 408, while cell adhesion decreased with increas-
ing water contact angle up to 60–708, suggesting that
cell adhesion is mainly determined by surface wettabil-
ity, but is also affected by the surface functional groups,
their surface density and the cell type [13]. Our results
showed that cell adhesion reached a maximum on
hydrophilic 1:4 samples (with contact angle of 29.3+
2.58) and on 1:5 samples (with contact angle of
26.3+ 4.08) after 8 h of cell culture.
J. R. Soc. Interface (2012)
Cell migration is an essential process in angiogenesis,
wound healing, vessel remodelling and re-endotheliali-
zation, which involves formation, remodelling and
disassembly of focal adhesion. It can be divided into
four distinct steps: (i) lamellipodia formation at the
cell periphery without directional preference; (ii) direc-
tional lamellipodia protrusion and new focal adhesion
formation in the flow direction; (iii) remodelling of
pre-existing focal adhesions; and (iv) disassembly of
focal adhesions at the rear [39]. As early as 1991,
Calof & Lander [29] demonstrated the relationship
between neuronal cell migration and cell–substratum
adhesion and reported that LN promoted neuronal
migration, but was anti-adhesion. Similarly, our results
shown in figures 4 and 6 demonstrate that cell adhesion
and cell migration behaviours occur in very different
ways, and are probably affected by adhesion strength
between cells and the substrate. Strong adhesion
between cells and substrate could enhance cell attach-
ment but inhibit the cell migration. Van Kooten et al.
[40] reported that cell detachment decreased with
increasing wettability. They suggested that cells
adhered to hydrophilic surfaces presented stronger
adhesion strength than those adhered to hydrophobic
surfaces, resulting in improved cell adhesion. However,
strong adhesion is likely to keep cells attached on the
surface, and thereby preventing cell migration. To our
knowledge, there are only a few reported works about
EC migration on surfaces with varying wettabilities.
In the present study, results show that hydrophilic sur-
faces can enhance EC adhesion, but hydrophobic
surfaces can greatly accelerate EC migration. To date,
most investigations on biomaterials usually focus on
cell adhesion and not cell migration [14,41,42]. As a con-
tinuation of this study, we are currently investigating
surface wettability effects on cell migration under gradi-
ent laminar shear stress, with the aim of establishing a
relationship between surface wettability and cell
adhesion, adhesion force and cell migration.

In this study, FAK inhibitor was used to determine if
( p)FAK was involved in cell adhesion and migration.
We have demonstrated that hydrophilic surfaces could
promote endothelial adhesion, but were anti-migration,
thus showing that cell adhesion strength could play an
important role in adhesion/migration. However, it
remained unclear why the FAK inhibitor decreased
both cell adhesion and migration behaviour. We specu-
lated that dephosphorylation of FAK at the Y-397 site
could interrupt downstream signalling events. The
family of Rho-GTPases, RhoA, Rac and Cdc42, which
participates in directing actin assembly into stress
fibres, lamellipodia and filopodia, could be restrained
by FAK inhibitor. The disassembly of stress fibres,
lamellipodia and filopodia would increase cell detach-
ment and reduce cell adhesion. At the same time, the
absence of RhoA, Rac and Cdc42 could result in the
decline of cell migration. Therefore, phosphorylation
of FAK at the Y-397 site could be an important event
in cell adhesion/migration on surfaces with distinct
wettabilities.

Using SAMs as model substrates and MC3T3-E1
osteoblast-like cells, Kaselowsky et al. [15] performed a
series of studies to demonstrate that surface chemistry
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modulated FN adsorption following the pattern NH2 .

CH3 . COOH . OH, and a5b1 integrin binding fol-
lowing the order OH . COOH ¼ NH2 . CH3. They
also found that surface chemistry induced FAK phos-
phorylation at, respectively, 576, 397 and 861 tyrosine
sites following the order NH2 . OH ¼ COOH . CH3

[34]. However, several differences can be pointed out
with our results. The possible reason is that gene and
protein expression of cells are affected not only by wet-
tability but also by surface chemistry and composition.
In addition, the cell type and culture duration are also
crucial factors. In this study, the expressions of related
proteins in the FAK-Rho GTPases signalling pathways
were examined. Based on results of cell migration, FAK
inhibition and protein expression, we demonstrated that
EC migration on all hydrophobic or hydrophilic plasma
SiOx:H surfaces would depend on the phosphorylation
of FAK at the 397 sites, and EC migration on hydro-
phobic surfaces involved the FAK-Rho GTPases
signalling pathways. We also speculated that there are
other signalling pathways involved in EC migration
on hydrophilic plasma SiOx:H surfaces, which also
depend on FAK phosphorylation but are uncertain to
depend on Rho GTPases. Cell behaviour on 1:2
sample is a turning point.

Some signalling pathways or signalling molecules
involved in cell migration were already identified [43].
For example, the association between EC migration
on polyurethane nanocomposites and VEGFR2-
PI3K-Akt-eNos-NO signalling pathways has been
demonstrated by Hung et al. [30], who further suspected
that FAK-Rho GTPases were another signalling event
involved in cell migration. In the present study, we con-
firmed that EC migration behaviour on hydrophobic
plasma SiOx:H surfaces can be correlated with the
FAK-Rho GTPases signalling events, and the FAK
phosphorylation at Y397 was a key factor for EC
migration on all samples. However, cell adhesion and
migration processes are dynamic and persistent beha-
viours. Protein expression would alter with an
increase in cell–substrate contact duration. In this
study, considering that enough concentrations were
used for Western blot analyses, we collected cells at
48 h at 70–80% confluence. Despite the encouraging
results obtained, several new questions were raised,
such as: how do cells sense surface wettability and
protein expressions at the initial stages? Do proteins
in the FAK-Rho GTPases change at a certain pro-
portion with cell contact duration? These questions
will be explored in our future research.
5. CONCLUSION

In this study, significant new information is presented:
(i) biocompatible plasma SiOx:H nanocoatings were
prepared with well-controllable surface wettability and
showing strong adhesion force with the substrate. This
technology may be applied for the surface modification
of implantable biomaterials, such as coronary stents.
(ii) EC adhesion and migration showed opposite
behaviours on the hydrophilic/hydrophobic surfaces of
plasma SiOx:H nanocoatings. Hydrophobic surfaces
J. R. Soc. Interface (2012)
could promote higher EC migration than hydrophilic
surfaces. The number of adherent ECs showed a maxi-
mum on hydrophilic surfaces, while cells adhered to
hydrophobic surfaces exhibited a tendency for cell
migration. (iii) EC migration on hydrophilic/hydro-
phobic surfaces of plasma SiOx:H nanocoatings
involved differences in the expression of multiple pro-
teins, including integrins, ( p)FAK, Rac1 and RhoA in
the FAK-Rho GTPases signalling event. The FAK-
Rho GTPases signalling pathway was correlated with
EC migration on hydrophobic plasma SiOx:H surfaces.
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