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d enhancement of nitric oxide
release and regulation of endothelial cells
behaviors by cystine immobilization on Ti–O films†

Yajun Weng, *ab Sisi Wu,ab Yonghong Fan,ab Honghong Han,ab Hong Wangab

and Nan Huangab

Endogenous nitric oxide (NO), generated by endothelial cells (ECs), plays a critical role in the cardiovascular

system. However, the effect of biomaterial-induced NO release on ECs is not clear. In this study, cystine

with different chirality was immobilized on Ti–O films to catalyze endogenous S-nitrosothiol

decomposition to generate NO. Chemiluminescence analysis showed that a stable, sustained release of

NO at a speed similar to that in healthy ECs was achieved on both enantiomer immobilized surfaces.

However, L-cystine-immobilized surfaces induced higher NO release than D-cystine-immobilized

surfaces. Although BSA adsorption was enhanced on L-surfaces, according to QCM analysis,

preadsorption of BSA on L-surface still had a significantly higher NO release than that on the D-surface,

indicating that the adsorption of BSA on L-surfaces was reversible. Platelet activation on the L-surfaces

was obviously inhibited because of induction of more NO release. The growth, migration, and NO

secretion behaviors of ECs were promoted by increased NO release on the L-surfaces. These results

show that L-cystine-immobilized surfaces are beneficial for the induction of NO release and regulation

of the behaviors of ECs, providing a promising method for the endothelialization of vascular biomaterials.
1. Introduction

Constitutive release of NO by endothelial cells plays a critical
role in maintaining blood vessel patency and inhibiting platelet
aggregation and smooth muscle proliferation.1–3 Many recent
studies have reported that localized NO release is an effective
method for improving the hemocompatibility of blood-
contacting medical devices.4,5 In our previous study, small
molecules of disulde or diselenide were immobilized on
cardiovascular biomaterials to catalyze endogenous S-nitro-
sothiol decomposition to locally generate NO.6–8 All these
modied biomaterials showed improved properties of inhibi-
tion of platelet activation and smooth muscle proliferation.
However, there were some contradictory results when the effects
of NO on the EC behavior were explored in the literature. Some
studies showed that NO plays an important role in mediating
angiogenesis by supporting the migration and survival of
ECs,9,10whereas other studies showed that addition of NO donor
inhibits the proliferation and migration of ECs.11,12 These
s of Materials, Ministry of Education,
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reports suggest that NO can act as an important protective
molecule for ECs, as well as a cytotoxic agent, depending on the
microenvironmental conditions.

Endogenous NO production is considered as the critical
function of ECs. Healthy ECs continuously secrete NO at
a steady speed of 0.5–4.0 � 10�10 mol cm�2 min�1, and when
ECs are damaged, NO production decreases.13 It is reasonable to
hypothesize that NO release at a steady speed in the ECs may
not be cytotoxic to ECs; however, it is not sure whether higher
speed of NO release is better. Since NO has a half time of a few
seconds and then it transforms into nitrite/nitrate, the Griess
reagent colorimetric method is usually employed to measure
NO production by ECs. Herein, we used the chemiluminescence
method to measure the concentration of nitrite/nitrate, result-
ing from the NO production by ECs; this method is more
sensitive. Moreover, nearly all the abovementioned studies were
based on NO donor or NO donor-loaded biomaterials. These NO
donor or NO donor-loaded biomaterials usually have a burst NO
release and cannot sustain a steady release.

Some recent studies have shown that surfaces with different
chirality may trigger different interface biological process and
cell–material interactions. Wang et al.14 found that L-valine and
D-valine-graed polymer showed different protein adsorption
behavior, and Bandyopadhyay et al.15 reported that chiral
monolayers of polyol-terminated alkanethiols exhibited
different resistances to protein adsorption and bacterial biolm
formation. It has also been reported that stem-cell
This journal is © The Royal Society of Chemistry 2017
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differentiation behavior varies on different chiral surfaces.16 We
recently reported that L-selenocystine-immobilized surfaces
showed higher catalytic activity in the decomposition of S-
nitrosoglutathione (GSNO) in the presence of glutathione (GSH)
and could improve hemocompatibility.17 In the present study,
two enantiomers of cystine were immobilized on Ti–O lms,
and their inuences on the catalytic NO release and EC behavior
were studied.
2. Materials and methods
2.1 Materials

3,4-Dihydroxyphenylalanine (dopamine), L-cystine, D-cystine, S-
nitrosoglutathione (GSNO), L-glutathione (GSH), ethyl-
enediaminetetraacetic acid disodium salt (EDTA–Na2), bovine
serum albumin (BSA), and cell counting kit-8 were purchased
from Sigma-Aldrich Chemical Co. Other chemicals were of
analytically pure grade and were purchased from Jin Shan
Chemicals. Phosphate buffered saline (PBS, 0.01 M, pH ¼ 7.4)
was used in the NO release experiments. Milli-Q-water (R ¼ 18.2
MU) was used for other experiments.
2.2 Preparation of samples

Ti–O lm-deposited silicon wafers were prepared by unbal-
anced magnetron sputtering18 and used as the substrate. It's
mainly anatase phase of TiO2 and the thickness of the lm is
about 300 nm. The as-deposited Ti–O on Si wafers was cut into 8
mm � 8 mm plates for all the samples, whereas the samples for
NO release were cut into 8 mm � 4 mm. The substrates were
sonicated in acetone, ethanol, and water in sequence each step
3 times. All the cleaned Ti–O substrates were placed into a 24-
well plate. Then, ve-layered polydopamine was prepared as
described in the literature.7 Briey, a rst layer of polydopamine
was graed on the Ti–O surface via immersing the substrates in
a 0.5 mL solution of 2 mg mL�1 dopamine (10 mM Tris buffer,
pH 8.5) at 37 �C with the lid open to allow water to evaporate
overnight. The substrates were sonicated 3 times, each time for
15 min in water to remove the weakly bonded dopamine. A
second layer of polydopamine was obtained on repeating
incubation, evaporation, and sonication. Then, ve-layered
polydopamine was obtained on repeating the abovementioned
steps. L- or D-cystine was then further immobilized. A solution of
NaOH with a concentration of 6 mM was rst prepared, and
then, L- or D-cystine was added to obtain a nal concentration of
3 mM. Next, the abovementioned polydopamine-graed
samples were incubated into the L- or D-cystine solution at
37 �C for about 12 h. Then, they were cleaned 3 times to remove
the unbonded cystine.

The samples were referred as Ti–O (Ti–O lm), DOPA (5 layer
polydopamine-graed Ti–O lm), L (L-cystine-immobilized on
DOPA), and D (D-cystine-immobilized DOPA).

For the sample preparation for BSA preadsorption, 0.1 mg
mL�1 or 0.5 mg mL�1 BSA was used. Aer a 2 hour incubation,
samples were washed 3 times and then dried at room
temperature.
This journal is © The Royal Society of Chemistry 2017
2.3 Characterization

XPS analysis was performed via a KRATOS XSAM800 X-ray
photoelectron spectrometer using CuKa. The pressure in the
chamber was below 2� 10�9 Torr. The binding energy scale was
referenced by setting Cls peak at 284.6 eV.

For water contact angle analysis, the samples were placed on
the holder of a DSA100 drop shape analyzer. The contact angle
of the drop on the surface was measured at room temperature.
At least 6 contact angles on different areas were measured and
averaged.

Quartz crystal microbalance with dissipation (QCM-D) (Q-
Sense AB, Sweden) was used to monitor the process of BSA
adsorption. First, polydopamine was deposited onto the Au-
coated single crystal sensor (10 mm diameter Au lms).
Subsequently, the polydopamine-deposited crystal sensors were
inserted into the QCM-D instrument. PBS buffer was then
pumped into the QCM-D channels to run base lines. Aer the
base lines were stable, the L- and D-cystine solutions were
injected at a speed of 50 L min�1. When the QCM signals did
not vary, PBS buffer was introduced into the channels again.
Finally, when the signals were stable, BSA (0.1 mg mL�1) was
injected into the channels followed by washing with PBS buffer.
2.4 Nitric oxide detection

NO release catalyzed by the samples was examined using Sievers
280i chemiluminescence analyzer (GE Co., U. S).17 Briey, a 5
mL solution containing 130 mMGSNO, 60 mMGSH, and 500 mM
EDTA–Na2 (to chelate metal ion contaminates that might
otherwise decompose RSNO) was added into the reaction vessel
at 37 �C. The sample was hung above the solution until the
detecting baseline was steady; then, the sample was pushed into
the reaction vessel and the releasing NO was continuously
purged from the test solution with nitrogen to the chem-
iluminescence analyzer.

NO produced by ECs was also detected by Sievers 280i
chemiluminescence analyzer. Nitrite/nitrate derived from NO in
the culture media could be reduced by vanadium trichloride
(VCl3), and then, the reduced NO could be directly detected.
Sodium nitrite was used to obtain the standard curve. First,
vanadium trichloride reduction solution was prepared as
follows: 0.4 g VCl3 was dissolved in water and 4 mL H2SO4 was
then added; aer this, water was added to achieve constant
volume of 50 mL. Second, 4 mL vanadium chloride reduction
solution was added into the reaction vessel under 90 �C water
incubation and connected by a circulation cooling system.
When the detecting baseline was steady at zero, 10 mL ECs
culture media was added by microsyringe. At last, the reduced
NO was continuously purged from the test solution with
nitrogen to the chemiluminescence analyzer.
2.5 In vitro platelet adhesion test

Fresh whole blood was centrifuged at 1500 rpm for 15 min to
separate the blood corpuscles and obtain platelet rich plasma
(PRP). Due to its chemical instability, only a few endogenous
donors of S-nitrosothiol can be preserved in the nal PRP.
RSC Adv., 2017, 7, 27272–27280 | 27273
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Therefore, GSNO was added for compensation. For each
sample, 0.5 mL of PRP was added, supplemented solutions of
GSNO and GSH were subsequently added, and nally 130 mM
GSNO and 60 mM GSH were obtained. Then, the samples were
incubated in the PRP (with GSNO, GSH) for 30 min. All the
samples were tested in triplicate. The PRP was later removed
and the samples were washed twice with PBS. These samples
were treated with 2% glutaraldehyde for 12 h, followed by
a dehydration process.19 Fluorescence analysis was carried out
via rhodamine–phalloidin dyeing.
Fig. 1 Schematic of ECs migration and NO pretreatment experiment.
(a) ECs migration experiment; (b) NO pretreatment experiment. ECs
cultured in the media with GSNO and GSH, and samples laid upside
down in the Boyden chamber.
2.6 EC culture

Human umbilical cords were donated by the Maternal and
Child Care Service Centre of Chengdu. Human umbilical vein
ECs (HUVECs) were isolated from new born umbilical cord
according to Jaffe et al.20 using enzymatic digestion. Following
isolation, HUVECs were cultured in M199 media (Gibco, U.S.A.)
with 15% FBS (Sigma, U.S.). Cells were cultured in humidied
air containing 5% CO2 at 37 �C, and the fourth passage was
used. ECs were seeded at a concentration of 5� 104 cells per mL
and incubated at 37 �C in 500 mL of M199 culture media with
15% and 20 mg mL�1 endothelial cell growth supplement. For
the NO release group, similar to the platelet adhesion test,
GSNO and GSH were added to obtain a nal concentration of
130 mM and 60 mM, respectively. Culture media was changed
every 6 hours for the NO release group. Aer the predetermined
time points (1 day and 3 day), samples were taken out, and the
non-adhered cells were eliminated by PBS washing. Then, the
adhered cells were xed with 2.5% glutaraldehyde for 4 h. Aer
this, cells were rhodamine–phalloidin stained for 20 min and
rinsed. Then, the samples were visualized via uorescent
microscopy (Zeiss, Germany). Cell viability analysis was carried
out using a cell counting kit-8 (CCK-8).

Themigration of ECs on different samples (n¼ 4) was carried
out via amodiedmethod according to Yang et al.21. Briey, 1 cm
� 3 cm Ti foil was folded into an L shape (Fig. 1a). One side of
the Ti foil was incubated in dopamine solution to prepare
a polydopamine coating. Then, the samples were refolded at the
polydopamine edge (polydopamine coating has an obvious
brown color). Aer L/D cystine was immobilized on the poly-
dopamine coating, HUVECs were seeded only on another arm of
the Ti surface. The seeded cell density was varied to 5� 105 cells
per mL. Aer being cultured for 6 h, a conuent monolayer was
formed and samples were turned upside down. Then, the
migration of the cells on the modied arm continued for
another 1 day. Moreover, GSNO and GSH were added to obtain
a nal concentration of 130 mM and 60 mM for the NO release
group; the culture media was changed every 6 hours. Aer xing
and immunostaining, the samples were viewed via a uores-
cence microscope, and the migration distances were obtained.

For detecting the function of ECs, cells were pretreated with
NO for 2 hours in Boyden chamber as follows. ECs were seeded
on 24-well plates with a concentration of 5 � 104 cells per mL.
Aer 1 day culture, Boyden chamber with a 3 mm pore size was
laid on the plate (Fig. 1b). Then, 1 cm � 1 cm samples of L or
D were laid upside down in the chamber. GSNO and GSH were
27274 | RSC Adv., 2017, 7, 27272–27280
added to obtain a nal concentration of 130 mM and 60 mM in
the cell culture media. Aer 2 hours culture, Boyden chamber
was removed and culture media was replaced with new media
without endogenous NO donor solution. At the predetermined
time points, new media was added to replace the old media.
Then, the media was obtained for nitrite/nitrate analysis.
2.7 Statistical analysis

Data are represented as mean values � standard deviation.
Statistical analysis was performed using SPSS one-way ANOVA.
A p value less than 0.05 was considered to be statistically
signicant.
2.8 Live subject statement

The authors state that all experiments were performed in
compliance with the guideline ‘Biomedical research ethics review
method involving people’ (China), and approved by the medical
ethics committee of Southwest Jiaotong University. Informed
consents were obtained from human participants for this study.
3. Results and discussion
3.1 Surface characterization

Fig. 2a shows the XPS spectra of each sample. It was observed
that aer polydopamine deposition, no peaks of Ti2p or Ti2s
appeared for the sample DOPA, indicating that the deposited
polydopamine was thicker than the detection range of XPS.
Additionally, a new peak of N1s that originated from the amino
groups of dopamine molecules was present, proving that DOPA
lm was successfully coated onto the Ti–O surface. Additional
peaks of S2s and S2p appeared for the sample L and D, which
were due to the disulde group of cystine. The surface chemical
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XPS spectra of samples. (a) Wide-scan spectra and (b) high-resolution spectra of S2p on the sample L and D.
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compositions of samples L, D, and DOPA are listed in Table 1,
and detailed high-resolution data for S2p of samples L and D are
shown in Fig. 2b. There was slight difference in the surface S
content between the samples L and D, consistent with the fact
that molecules with different chiralities oen have similar
chemical reactivity.

Water contact angle of the samples is shown in Fig. 3a. It was
observed the sample DOPA was hydrophilic. Sample L and
sample D were more hydrophobic with a water contact angle
about 60�. This may be because when L- or D-cystine was immo-
bilized on the surface, hydrophilic groups, such as quinone and
catechol group, on the surface of the sample DOPA were
consumed and hydrophobic groups, such as CH2, were exposed
on the surface. There were nearly no differences between the
Table 1 Surface element ratio of sample DOPA, L and D

Samples C (%) N (%) O (%) S (%)

DOPA 73.3 7.5 19.2 0
L 75.6 6.1 16.2 2.1
D 75.8 6.2 16.0 2.0

Fig. 3 Water contact angle of samples. (a) Bare samples; (b) sample L and
as mean � SD (n $ 6, *p < 0.05).

This journal is © The Royal Society of Chemistry 2017
samples L and D, indicating that surface chirality had little effect
on hydrophilicity. However, sample L was more hydrophilic than
sample D aer BSA adsorption (Fig. 3b). A distinct difference of
BSA adsorption between samples L and D was observed andmore
BSA was adsorbed on sample L than on sample D, as monitored
by QCM (Fig. 4). Since BSA is a hydrophilic protein,22 more BSA
adsorption probably contributes to the decrease in the water
contact angle for sample L. Endogenous NO donor GSNO was not
used in the QCM adsorption detection because GSNO adsorption
on these surfaces can lead to NO release, which interferes with
QCM detection.
3.2 Discrimination in catalyzing NO release on different
chiral surfaces

Chiral discrimination in response to homochiral biological
systems has been frequently reported in the literature.23,24

Herein, NO release catalyzed by samples with different surface
chiralities was evaluated using a Sievers 280i chem-
iluminescence analyzer. A steady and continuous NO release
was observed when the samples were pushed into endogenous
NO donor solution (Fig. 5). There was no burst release. A
D with or without BSA preadsorption (0.1 mgmL�1). Data are presented

RSC Adv., 2017, 7, 27272–27280 | 27275
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Fig. 6 Fluorescent images showing the platelet adhesion on L and
D sample after incubation with PRP and endogenous NO donor
solution for 30 min.

Fig. 4 QCM-D detection of BSA adsorption on sample L and
D (concentration of BSA: 0.1 mg mL�1).
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signicantly higher speed of NO release was observed when it
was catalyzed by sample L compared to that by sample D. Results
from the present study are in good agreement with previous
studies, which show that surfaces immobilized with L-amino
Fig. 5 NO release catalyzed by sample L and D. (a) Monitored by Sievers 2
or without BSA preadsorption (BSA0.1 represents the concentration of B
presented as mean � SD (n $ 4, *p < 0.05).

27276 | RSC Adv., 2017, 7, 27272–27280
acid improve the protein adsorption regardless of the protein
type.14,25 Compared to sample D, sample L also likely promotes
the adsorption of GSNO, a nitro-derivative of GSH that is
a protein fragment. Upon adsorption on the surface, GSNO is
immediately consumed to produce NO, and thus, the process of
GSNO adsorption converts into mass transfer. Distinct from
other proteins' adsorption in equilibrium with desorption from
a surface, GSNO is continuously transferred to the surface due
to its constant consumption, which is driven by an intermo-
lecular force similar to that in protein adsorption. Although
80i chemiluminescence analyzer. (b) NO release rates of samples with
SA is 0.1 mg mL�1, BSA0.5 represents that of 0.5 mg mL�1). Data are

This journal is © The Royal Society of Chemistry 2017
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there was no difference in the surface S content or the amount
of catalytic active sites between samples D and L, GSNO
decomposition or NO release was enhanced with sample L due
to faster transfer of GSNO.

When BSA was preadsorbed on the samples, NO release
catalyzed by both samples decreased. Representative images are
shown in the ESI (Fig. S1†). Despite more BSA adsorption,
sample L retained higher catalyzing activity and induced more
NO release under the same conditions. This may indicate that
preadsorption of BSA on the sample L was reversible. Thus, when
the samples were pushed into endogenous NO donor solution,
desorption of BSA occured, whereas endogenous NO donor was
adsorbed and then degraded to release NO. Thus, NO release
mostly depended on the catalyzing activity of the samples. The
abovementioned results illustrated that surface chirality had
a signicant inuence on the catalyzing activity of the samples.

As a pivotal inhibitor of platelet activation, NO was loaded
into biomaterials to enhance the hemocompatibility in peering
studies.26,27 Biomaterials with higher NO release showed higher
ability of platelet-activation inhibition. Platelet adhesion on
samples L and D was evaluated, and the representative results
are shown in Fig. 6. The adhered platelets on sample L mostly
remained round and only a few spread, indicating that less
platelets were activated. In contrast, the spreading degree of
adhered platelets on sample D was obviously increased, which
was in accordance with the NO release results.
Fig. 8 NO secretion by ECs pretreated by NO donor solution and
samples. Data are presented as mean � SD (n ¼ 4, *p < 0.05).
3.3 Interactions of ECs with surface chemistry and NO

It is of great importance to know how ECs interact with vascular
biomaterials. Surface chemistry, including surface chirality, has
Fig. 7 Evaluation of ECs' adhesion, growth on samples and cell viability. (
and 3 days respectively. (b) ECs' viability analyzed by CCK-8. (c) Fluoresce
with NO donor solution in media which was changed every 6 hours. (d) EC
the media and analyzed by CCK-8. Data are presented as mean � SD (n

This journal is © The Royal Society of Chemistry 2017
profound effects on the cells. Even further, the synergetic effects
of surface chirality combined with NO release on ECs remain
unexplored. In the present study, ECs' adhesion, growth, and
migration on each sample were studied. NO donor was then
added in the culture media to explore the synergetic role of
surface chemistry and NO release on ECs.

Fig. 7a shows ECs' adhesion and growth on the samples.
Compared with DOPA, ECs preferred to adhere and proliferate
on the L and D surfaces. Moreover, L surfaces presented better
affinity for ECs according to CCK-8 analysis (Fig. 7b). Similarly,
some previous studies show that surfaces modied by L-amino
a) Fluorescent images of ECs adhesion and growth on samples for 1 day
nt images of ECs adhesion and growth on samples for 1 day and 3 days
s' viability with NO donor solution which was changed every 6 hours in
¼ 4, *p < 0.05).

RSC Adv., 2017, 7, 27272–27280 | 27277
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acid have better cell compatibility than those modied by D-
amino acid.25,28 Furthermore, Zhou et al.25 proposed that greater
protein adsorption on L-amino acid-immobilized surfaces
contributed to better cell compatibility. In the present study, we
also found more protein (BSA) adsorption on the L surfaces.

When NO donor was added into the culture media, the
spreading degree of adhered ECs decreased, especially on the L

and D surfaces, compared to those without an added NO donor
Fig. 9 Evaluation of ECs migration on samples. (a) Fluorescent images o
images of ECs migration on samples with NO donor solution in the m
measured with NO donor solution in the media, which was changed ev

27278 | RSC Adv., 2017, 7, 27272–27280
(Fig. 7c). According to statistical analysis, there was a signicant
enhancement of cell viability on the L surfaces compared to that
on Ti–O when NO donor was added (Fig. 7d). Additionally, cell
viability on D surfaces recovered to a higher level than that on
Ti–O aer 3 days culture (Fig. 7d). Moreover, an obviously
higher viability of ECs was retained on the L surfaces than that
on the D surfaces. These results demonstrated that NO release
increased the ECs' viability. Due to its short half life, most
f ECs migration. (b) ECs migration distance measured. (c) Fluorescent
edia, which was changed every 6 hours. (d) ECs migration distance
ery 6 hours. Data are presented as mean � SD (n ¼ 3, *p < 0.05).

This journal is © The Royal Society of Chemistry 2017
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researchers equate NO donor with NO. Sarkar et al. reported
that various NO donors damaged ECs and stated that NO
inhibited ECs' proliferation.11 They reported that NO donor
undergoes self-decomposition by consumption of thiols. The
consumption and generation of NO donor and thiols keep
a balance (metabolism), and the concentration will remain
constant in vivo. NO release via both catalyzation or self-
decomposition of NO donor will consume thiols. In their
study, only NO donor was added, and thiols were consumed
without supplying would change the microenvironment of
oxidation and reduction. Interestingly, Law et al.29 found that
antioxidants protect ECs from NO donor damage. In addition,
the self-decomposition of NO donor was uncontrollable, and
NO release monitoring was not reported in their study. In our
study, GSH was supplied with GSNO as the NO donor solution.
Moreover, NO release was regulated by the catalytic activity of
the samples. It was controlled to maintain a concentration of
1.0–1.3 � 10�10 mol cm�2, which was consistent with NO
secretion by ECs.

To exclude surface chemistry inuences, ECs were cultured
in plates with NO donor-containing media and samples and
pretreated for 2 hours (Fig. 1b). Following this, NO secretion by
pretreated ECs was evaluated. Fig. 8 shows that there was no
signicant difference in the NO secretion of ECs between that
pretreated with Ti–O and DOPA, and NO secretion signicantly
increased when the ECs were pretreated with L or D sample.
Furthermore, greater NO secretion was shown by L sample
pretreatment than D sample pretreatment. These results clearly
showed more NO secretion of ECs with biomaterial-induced NO
release. Previously, Chen et al. reported that endothelial nitric
oxide synthase gene expression and activity were regulated by
a positive-feedback regulatory action of exogenous NO.30

Increase in the activity of nitric oxide synthase may contribute
to more NO secretion by ECs.

Both EC adhesion and migration are required for in situ
endothelialization of vascular prostheses. The results, as shown
in Fig. 9a and b, indicated the DOPA surfaces substantially
reduced the migration of ECs, whose migration distance was
only 0.5 times on Ti surfaces. Polydopamine is widely used for
surface modication due to its high reactivity. High reactivity
without selectivity of polydopamine may contribute to the low
viability and mobility of ECs. Moreover, note that the L surface
remarkably enhanced the mobility of the ECs, and the migra-
tion distance was 0.3 times and 0.6 times longer than that of Ti
and D, respectively. When endogenous NO donor solution was
added, EC migration on D surfaces recovered to 1.0 times that of
the Ti surface, demonstrating the positive effect of NO release.
ECs' migration on the L surface remained 0.6 times longer than
that on the D surfaces. The abovementioned results conrmed
that the combined effect of surface chemistry and NO release
promotes the migration of ECs on sample L.

4. Conclusion

In summary, we have reported that NO release and ECs'
behavior on cystine-immobilized surfaces are highly dependent
on the surface chirality. L surfaces promote more protein
This journal is © The Royal Society of Chemistry 2017
adsorption and higher NO release. Synergetic effects of surface
chirality and NO release by L-cystine immobilization promote
ECs' viability and migration on the surfaces. These results
convincingly show that NO release and surface chirality regu-
lated by L-cystine immobilization are efficient methods for
anticoagulation and endothelialization, which appear prom-
ising for vascular devices modication.
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