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Abstract

As nitric oxide (NO) plays vital roles in the cardiovascular system, incorporating this molecule
into cardiovascular stents is considered as an effective method. In the present study, selenocystine
with different chirality (i.e., L- and p-selenocystine) was used as the catalytic molecule
immobilized on TiO, films for decomposing endogenous NO donor. The influences of surface
chirality on NO release and platelet behavior were evaluated. Results show that although the
amount of immobilized L-selenocystine on the surface was nearly the same as that of immobilized
p-selenocystine, in vitro catalytic NO release tests showed that L-selenocystine immobilized
surfaces were more capable of catalyzing the decomposition of S-nitrosoglutathione and thus
generating more NO. Accordingly, L-selenocystine immobilized surfaces demonstrated
significantly increased inhibiting effects on the platelet adhesion and activation, when compared to
p-selenocystine immobilized ones. Measurement of the cGMP concentration of platelets further
confirmed that surface chirality played an important role in regulating NO generation and platelet
behaviors. Additionally, using bovine serum albumin and fibrinogen as model proteins, the protein
adsorption determined with quartz crystal microbalance showed that the L-selenocystine
immobilized surface enhanced protein adsorption. In conclusion, surface chirality significantly
influences protein adsorption and NO release, which may have significant implications in the
design of NO-generating cardiovascular stents.
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1. Introduction

It is widely accepted that the endothelial cell (EC), the cell that lines the inner wall of blood
vessels, continuously produces and releases NO to sustain vascular patency [1]. The
produced NO inhibits platelet adhesion, aggregation and activation, through the activation of
soluble guanylate cyclase which catalyzes the conversion of guanosine 5’-triphosphate into
cyclic guanylate monophosphate (cGMP) in platelet [2]. Also, NO plays a critical role in
regulating blood pressure by limiting smooth muscle cells proliferation and leukocyte
infiltration [3].

Numerous strategies have been explored to mimic EC functions and to improve
hemocompatibility of cardiovascular implants. Among them, NO-releasing biomaterials
show promising anti-coagulation property by dramatically reducing platelet adhesion and
activation [4]. Incorporating NO donors into polymer coatings shows improved
hemocompatibility [5]. However, the limitations of this approach include the early burst
release of NO causing cytotoxicity [6] and the limited NO reserve for long-term release [7],
which make it difficult to progress into clinical applications.

In the circulating blood in vivo, NO secreted by ECs rapidly converts into endogenous NO
donors known as S-nitrosothiols (RSNOs), such as S-nitrosoglutathione (GSNO), S-
nitrosocysteine (CysNO) and S-nitrosoalbumin (AIbNO), which are kept at a steady pM-
level concentration in human plasma [1,3,8,9]. Glutathione peroxidase then catalyzes RSNO
to generate NO in the presence of thiols [10,11]. Therefore, small molecules such as
cystamine, cystine, selenocystamine and Cu2*-cyclen have been immobilized on biomaterial
surfaces to decompose RSNOs for NO production. Such biomaterials are called NO-
generating materials [12,13]. Diselenide-immobilized surfaces are among those which
display glutathione peroxidase-like catalytic activities [6,14]. We previously immobilized
selenocystamine on the vascular stent, which successfully inhibited platelet adhesion and
activation in vitro and reduced in-stent restenosis in vivo [15].

It was reported that chiral recognition and interaction regulated various biological processes
at the interfaces of cells [16,17], tissues or organs [18]. Wang et al. [19] found that L-valine
and p-valine grafted polymer showed different protein adsorption behaviors.
Bandyopadhyay et al. [20] reported that the chiral monolayer of polyol-terminated
alkanethiols exhibited a different resistance to protein adsorption and bacterial biofilm
formation. Additionally, Nakano et al. [21] reported that chiral recognition at the heme
active site of NO synthase was markedly enhanced by L-arginine and 5,6,7,8-
tetrahydrobiopterin. These studies showed different biological performances of chiral
biomaterials, which resulted from the interactions between chiral biointerface materials and
biological systems. The surface chirality may also influence the catalytic activity of NO
generating materials. In all these NO-generating studies, either achiral catalytic molecules or
only one kind of chiral catalytic molecule was used. The influence of chirality on the
catalytic activity or on the NO release remains elusive. In the present study, selenocystine
with different chirality is used to build chiral surfaces for catalytic generation of NO. As
TiO, film is a potential candidate for surface modification of cardiovascular implants [22], it
was used as the substrate for the immobilization of L/b-selenocystine via a polydopamine
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linker [23]. Because similar chiral carbon in L-selenocystine or p-selenocystine appears at
two locations, the surface grafting of L-selenocystine or p-selenocystine with one of its
amino group keeps the chirality of the outermost chiral carbon. Thus the chirality of the
surface depends on the chiral selenocystine used. Scheme 1 illustrates L-selenocystine and p-
selenocystine immobilized surfaces (L-Se and p-Se).

2. Materials and methods

2.1. Materials

UBMS450 high vacuum unbalanced magnetron sputtering system was used to deposit TiO,
film onto the silicon (100) wafer. The deposited TiO, film was mainly anatase with a
thickness of 300 nm. 3,4-Dihydroxyphenylalanine (dopamine), tris-base (Tris), S-
nitrosoglutathione (GSNO), ethylenediamine-tetraacetic acid disodium salt (EDTA-2Na), L-
glutathione (GSH), bovine serum albumin (BSA) and fibrinogen from human plasma were
all purchased from Sigma-Aldrich Chemical Co. b-selenocystine and L-selenocystine were
purchased from ChemPep Inc. and J&K Chemical Technology, respectively. Phosphate
Buffered Saline (PBS, 0.01 M, pH = 7.4) was used in the NO release experiments.

2.2. Preparation of chiral surfaces by selenocystine immobilization

Silicon wafers with TiO, film coating were neatly cut into 8 mm x 8 mm squares as the
substrates or 4 mm x 4 mm squares for NO release analysis. All samples were washed
successively with acetone, ethanol and distilled water. Then the clean TiO, substrates were
placed into a 24-well plate. The substrates with five layered polydopamine (PDM) was
prepared as described in the literature [15]. Briefly, the first layer of polydopamine was
grafted to the TiO, surface via immersion of the substrates in a 0.5 mL solution of 2 mg/mL
dopamine (10 mM Tris buffer, pH = 8.5) at 37 °C with the lid open to allow water
evaporation overnight. The substrates were sonicated for three times with 5 min in water
each time to remove the weakly bonded dopamine. The five layers of polydopamine were
thus built layer-by-layer on top of the substrate by repeating the process of incubation,
evaporation and sonication.

The film of L-Se or p-Se was further immobilized on top of the polydopamine-grafted
substrates. The L- or p-selenocystine solution was prepared by adding L- or p-selenocystine
into 6 MM NaOH solution to reach a final selenocystine concentration of 3 mM. The
polydopamine-grafted samples were then incubated in the L- or p-selenocystine solution at
37 °C for about 12 h. Finally, the samples were cleaned with distilled water three times to
get rid of the unbounded selenocystine.

For in vitro stability analysis samples were incubated at 37 °C in PBS for 1 week, 3 weeks
or 5 weeks by continuous shaking in an air bath oscillator incubator with 60 rpm.

2.3. Materials characterization

The chemical structures of the samples were characterized by an attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR, NICOLET 5700) with the diffuse
reflectance mode in the range of 4000400 cm™L. X-ray photoelectron spectroscopy (XPS)
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analysis was carried out by a PHI-5400 (PerkinElmer, USA) X-ray photoelectron
spectrometer using a monochromatic AlKcx (hv = 1486.6 eV) at 10-20 kV working voltage
and 45 mA emission current. The barometric pressure in the chamber was set below 2 x
1079 Torr and the binding energy scale was standardized by setting the C1s peak at 284.6 eV.
Static water contact angles of the samples were measured using the sessile drop method on a
DSA100 contact angle instrument (KRUSS, Germany).

2.4. NO release tests

A Sievers 280i chemiluminescence NO analyzer (NOA280i, GE, USA) was used to measure
the catalytic generation of NO from GSNO [13] (Supporting information). Briefly, a 3 mL
PBS solution containing 22 y,M GSNO, 67 u,M GSH, and 500 p,M EDTA which chelates
metal ion contaminants that might otherwise decompose RSNO, was added into the reaction
vessel at 37 °C and protected from light. The sample was placed above the solution till the
detecting baseline was steady. The sample was then pushed into the reaction vessel and the
released NO was continuously purged from the test solution with nitrogen to the
chemiluminescene analyzer. The resulting NO signal (gas phase in ppb) was recorded by a
computer.

2.5. Protein adsorption on the surfaces

Quartz crystal microblance with dissipation (QCM-D) (Q-Sense AB, Sweden) was used to
monitor the process of selenocystine immobilization and protein adsorption [24]. First,
polydopamine was deposited onto the Au-coated single crystal sensor (10 mm diameter Au
films). Subsequently, the polydopamine-deposited crystal sensors were inserted into the
QCM-D instrument. PBS buffer was then pumped into the QCM-D’s channels to run base
lines. After the base lines were stable, the L- and p-selenocystine solutions were injected at a
speed of 50 y,L/min. 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) was injected
into the channels followed by washing with PBS buffer. Similarly, in another protein
adsorption experiment, fibrinogen (0.1 mg/mL) was used to replace BSA.

2.6. In vitro platelet adhesion and cGMP analysis

Fresh whole blood was obtained legally from the Blood Center of Chengdu, China. The
blood was centrifuged at 1500 rpm for 15 min to separate the blood corpuscle, from which
the platelet rich plasma (PRP) was obtained [25]. Due to the instability of endogenous NO
donors [1], almost no RSNO can be retained in the PRP. To study the NO effects on platelet
adhesion, exogenous RSNO, GSNO and GSH, were added after the addition of 500 p,L PRP
to obtain a solution with 130 u,M GSNO and 400 y,M GSH. For the anti-collagen activation
test, 10 y,L collagen was also added to reach the final collagen concentration of 106 p,g/mL.
Another group in the platelet adhesion test has PRP as the only addition. The platelet
adhesion study was performed by incubating the samples with or without GSNO or collagen
in PRP at 37 °C for 30 min. After washed with PBS twice, they were fixed in 2.5%
glutaraldehyde for 12 h and then rinsed with PBS for three times. The platelets adsorbed on
the surfaces were dehydrated, stained with rhodamine, and then examined with a
fluorescence microscope.

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fanetal. Page 5

The cGMP of platelets was analyzed with human cGMP ELISA kit (Hufeng biotechnical
Co., Shanghai, China) [26]. The process is similar to the GSNO-present platelet adhesion
test in that PRP, GSNO and GSH were added onto the samples. After 30 min incubation, 100
W, L of triton (10%) was added, which was followed by sonication for 10 min. The
supernatant used for the analysis was obtained by precipitating the cell fragments with
centrifugation at 2500 rpm for 10 min.

3. Results and discussion

3.1. Surface characterization

Fig. 1 shows the FTIR spectra of TiO,, PDM and L-Se samples. Compared with TiO5, the
PDM sample shows two wide absorption peaks: one in the range of 3600 cm™1 and 2850
cm~1, which is the overlap of O—H, N—H and C—H stretching absorption, and the other in
the range of 1780 cm™1 and 1435 cm~1 which shows the overlap of benzene ring vibration,
N H scissoring vibrations and C=0 of quinone. In addition, a new peak is found at 1289
cm~1 when amplifying FTIR spectra at 400-1500 cm™1 the (Supporting information), which
is the deformation vibration of O H and N H. Newly appearing on the L-Se sample are two
peaks (1604 cm~1 and 1381 cm™1) showing COO~ stretching vibration derived from the
COO™ group of selenocystine.

As shown in Fig. 2a, the water contact angle of TiO, film is 77.6 + 3.1°. After dopamine
grafting, the water contact angle decreases to 60.7 + 1.8°, because of the presence of
hydrophilic functional groups including amines, quinone and phenol hydroxyl groups. After
selenocystine immobilization, the water contact angle rises again because of the
consumption of the hydrophilic functional groups such as quinone groups. There are no
differences between L-Se (68.9 + 1.4°) and p-Se (68.9 + 1.1°), indicating that the surface
chirality does not influence surface hydrophilicity [27]. However, differences in the water
contact angle between the L-Se and p-Se samples are found after protein adsorption (Fig.
2b). Compared to p-Se, the L-Se sample is more hydrophilic after BSA adsorption, while it
is slightly more hydrophobic after fibrinogen adsorption. The result suggest that the surface
chirality may influence the protein adsorption which leads to the differences in surface
hydrophilicity. BSA is known as a hydrophilic biomolecule and thus BSA adsorption
enhances surface hydrophilicity [28]. Contrarily, it was reported that the water contact angle
increased with fibrinogen adsorption [29]. Therefore, the fact that higher hydrophilicity of
the L-Se sample after BSA adsorption and higher hydrophobicity after fibrinogen adsorption
may both suggest its improved protein adsorption when compared to the p-Se sample.

The XPS was used to characterize the surface composition. Results show that the peak of
nitrogen newly appears on the PDM sample (Fig. 3a), while peaks of selenium (Se 3d and Se
LMM) are present on both Se samples. As full XPS spectrum of p-Se is just the same as that
of L-Se, only L-Se is shown here.

No obvious differences exist in the high resolution XPS spectra of selenium between L-Se
and p-Se, indicating that the two samples have similar amount of surface selenium content
(Fig. 3b). After incubation in PBS for 1 week, 3 weeks or 5 weeks, the peak area of
selenium for L-Se gradually decreases, suggesting gradual loss of selenium. Because the
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peak position and shape do not change, the loss of surface selenium might be due to the
removal of weakly bound selenocystine from the substrate.

3.2. Protein adsorption on L-Se and b-Se

QCM-D was used in our study to monitor molecule grafting or protein adsorption. The
results are presented in Fig. 4 which shows selenocystine grafting onto polydopamine film
with a density of 350 ng/cm?. Although there is nearly no difference in the grafting amount
between L-Se and p-Se according to the XPS analysis, BSA adsorption on L-Se (514 ng/cm?2)
is much higher than that on b-Se (403 ng/cm?) (Fig. 4a). The same absorption phenomenon
was also observed when fibrinogen was used as the model protein (Fig. 4b).

QCM-D analysis also shows that the L-Se surface promotes more protein adsorption, which
is consistent with the literature [19]. The adsorption of proteins on biomaterial surfaces is
generally considered as an “inevitable’ process. The process is driven by various
interdependent interactions such as hydrogen bonding, steric, electrostatic and hydrophobic
interactions [30,31]. In the present study, the L-Se and p-Se surfaces are both negatively
charged due to the addition of NaOH to dissolve selenocystine. As BSA and fibrinogen are
both negatively charged, electrostatic repulsion prevents the two proteins from attaching to
the L-Se or p-Se surfaces. The main driving forces for the adsorption of both proteins may be
attributed to hydrogen bonding and hydrophobic interaction [19]. The difference of steric
structure of L-Se and p-Se may lead to different steric interactions, which in turn influence
hydrogen bonding and hydrophobic interaction. Endogenous NO donor GSNO was not used
in the QCM adsorption detection, because the GSNO adsorption on these surfaces can lead
to NO release which interferes the QCM detection.

3.3. Catalytic generation of NO in vitro

Chemiluminescence analysis provides an accurate means of NO detection. A Sievers 280i
chemiluminescence NO analyzer was used here to evaluate NO release, as done in previous
studies [6,32,33]. The NO production catalyzed by L-Se or b-Se exhibited a steady release
speed as a zero-order reaction (Fig. 5). A high noise peak can be seen when the GSNO
solution was injected or when the sample was pushed into the reaction solution which
caused flow disturbance. Although there is nearly no difference in terms of the amount of
immobilized selenocystine between L-Se and p-Se, a significant difference of NO flux
between the two samples was found: NO generation catalyzed by L-Se (11.25 + 1.22 ppb)
was much faster than that catalyzed by p-Se (7.83 £ 1.59 ppb) (Fig. 5a). After 1 week, 3
weeks or 5 weeks of incubation in PBS, the difference still existed while the NO release
from each sample decreased slightly with the prolonged incubation (Fig. 5b). Results from
the present study are in good agreement with previous studies which showed that the
surfaces immobilized with L-amino acid improved protein adsorption regardless of the
protein type [19,34]. Compared to p-Se, the L-Se sample also likely promotes the adsorption
of GSNO, a nitro derivative of GSH which is a protein fragment [35]. Upon adsorption on
the surface, GSNO is immediately consumed to produce NO, and thus the process of GSNO
adsorption converts into the mass transfer. Different from the protein adsorption in
equilibrium with desorption from a surface, GSNO is continuously transferred to a surface
due to the constant consumption, which is driven by the intermolecular force similar to
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protein adsorption. Even though there is no difference in the surface selenium content or the
amount of catalytic active sites between L-Se and p-Se samples, the GSNO decomposition or
the NO release is enhanced on the L-Se, due to faster transfer of GSNO.

3.4. In vitro platelet adhesion and cGMP analysis

The effect of immobilized chiral molecules on the platelet adhesion was also investigated.
As the injury of vascular endothelium due to stent implantation always leads to collagen
exposure, collagen was used as an activator in the study [36-38]. Two groups, one with PRP
and collagen and the other with PRP only, were included in the study. It is known that
platelets adsorbed on biomaterial surfaces can exhibit five different morphologies, i.e.,
round, dendritic, spread dendritic, spreading and fully spreading shapes [39]. As shown in
Fig. 6, when PRP and collagen were both added onto the samples, the morphology of
platelets adhered on the PDM sample was more spreading with more aggregates compared
with those on TiO,. Results also showed that the platelet adhesion, aggregation and
activation on p-Se was lower than those on L-Se. When the GSNO solution was also added,
the number of adhered and activated platelets decreased dramatically on L-Se and p-Se,
which can be attributed to the NO release through the GSNO self-decomposition which has
a half time of about 8 min in the physiological condition [1]. Quantitative analysis showed
that the number and the spreading area of adhered platelets on L-Se were the lowest among
all samples (Fig. 7). Platelets on L-Se were mostly round while some platelets on p-Se
showed spreading morphology. Because the NO release on L-Se was higher than that on p-
Se, results here suggest that continuous NO release helped to inhibit collagen-induced
platelet activation. Furthermore, in the presence of GSNO, compared with TiO,, the platelet
adhesion significantly decreased on PDM whose quinone residues might speed up GSNO
decomposition [40].

Blood platelet activation is critical to homeostasis, since inappropriate platelet activation
leads to thrombosis. It is known that NO can act as the platelet activation inhibitor through
activating soluble guanylate cyclase, an enzyme that synthesizes cGMP [41]. Therefore, as a
secondary messenger of NO release, the levels of cGMP in platelet should be associated
with the NO release. Fig. 8 shows the concentration of cGMP synthesized by platelets
attached to different samples. The result reveals that cGMP in plasma increased after
incubation with both L-Se and p-Se, while the cGMP concentration with L-Se were
significantly higher when compared with that with p-Se.

The highly diffusible nature of NO allows it to enter the platelet, where it activates guanylate
cyclase, leading to a rapid increase in the cGMP concentration [42]. As NO releasing speed
catalyzed by L-Se was enhanced, the cGMP concentration of platelet incubated with L-Se
was found to be the highest while the activated degree of the adhered platelets was the least
when endogenous NO donor was added. Although it was reported that NO inhibited platelet
adhesion or activation to collagen through cGMP-independent mechanisms [43,44], the
present study shows that the inhibition of platelet activation through NO release is positively
correlated with the cGMP concentration. Thus, surface chirality influences platelet behavior
by varying NO releasing speed. Overall, this study suggests that L-Se may have better
hemocompatibility than p-Se.
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4. Conclusion

In the present study, small chiral molecules of selenocystine were immobilized on TiO, via a
polydopamine linker. Both XPS and QCM analyses show L-Se or b-Se surfaces have similar
surface composition and the same amount of immobilized selenocystine. Water contact
angle analysis also shows both surfaces have similar hydrophilicity. Despite these
similarities, the two surfaces are quite different in their biological performances. After
protein adsorption, an obvious difference in surface hydrophilicity between the two surfaces
was found. QCM detection confirms L-Se promotes more protein adsorption. NO release
analysis shows that NO generation is enhanced by L-Se. Therefore, L-Se is also found to be
more capable of inhibiting platelet adhesion and activation.

Supplementary Material
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Fig. 3.
XPS spectra. (a) Spectra of the L-Se sample and PDM film. (b) The Se high resolution XPS

spectra of L-Se, p-Se and samples incubated in PBS for 1 week, 3 weeks or 5 weeks.
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Fig. 4.

QCM-D detection of the mass dynamics, showing (a) selenocystine (3 mM) grafting on the
polydopamine linker, followed by BSA (0.1 mg/mL) adsorption, and (b) fibrinogen (0.1
mg/mL) adsorption on L-Se or p-Se surfaces.
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Release rates of NO catalytically generated by -Se and p-Se samples in fresh PBS (3 mL,
pH = 7.4) containing NO donor of 22 mM GSNO, 67 mM GSH and 500 mM EDTA. (a) NO
flux curves of L-Se and p-Se; (b) NO release rates of the samples incubated in PBS for 0, 1,

3 or 5 weeks. Data are presented as mean £ SD (n = 4). “*” shows p < 0.05.
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Immunofluoresent images showing the platelet adhesion on TiO,, PDM, L-Se or p-Se with

or without GSNO or collagen after incubation with PRP at 37 ° C for 30 min.
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Quantitative measures of platelet adhesion: (a) the number of adhered platelets, and (b) the
spreading area of adhered platelets on TiO,, PDM, L-Se and p-Se. Data are presented as
mean £ SD (n = 4). “*” shows p < 0.05.
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The concentration of cGMP synthesized by platelets incubated with TiOy, PDM, L-Se and b-
Se in the presence of GSNO and GSH for 30 min at 37 ° C. Data are presented as mean +

SD (n = 4). “*” shows p < 0.05.
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Schematic figure of L-and p-selenocystine immobilization on TiO, films via a polydopamine

linker to form chiral surfaces (*: chiral center of p-selenocystine; A:chiral center of L-

selenocystine).
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