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Integration of two or more biomolecules with synergetic and complementary effects on a material surface can
help to obtain multi-functions for various biomedical applications. However, the amounts of biomolecules in-
tegrated and their physiological functions are compromised due to the limited surface anchoring sites. Herein,
we propose a novel concept of film engineering strategy “from surface to bulk synergetic modification”. This new
concept is realized by employing the surface amine groups of plasma polymerized allylamine (PPAm) film for
grafting a molecule e.g., thrombin inhibitor, bivalirudin (BVLD), meanwhile its bulk amine groups is used as a
universal depot for storing and releasing therapeutic nitric oxide (NO) gas as supplement to the functions of
BVLD. It is demonstrated that such a “from surface to bulk synergetic modification” film engineering can impart
the modified-substrates with anti-platelet and anti-coagulant dual functions, giving rise to a highly endothelium-
mimetic thromboresistant property. We believe that our research provides a very promising strategy to deliver
multifunctional surface versatilely that require NO release in combination with other properties, which will find
broad biomedical applications in blood-contacting devices, and et al. Moreover, it also provides a brand-new

film engineering strategy for tailoring surface multi-functionalities of a wide range of materials.

1. Introduction

Recent advances in biomedical devices and their applications
mainly rely on the development of surface modification methods [1-4].
Especially, chemical strategies are the preferences for surface mod-
ification of biomedical devices due to their energetic effect. As the re-
presentatives of surface chemical modifiers, universal coatings deliv-
ered by plasma polymerization of organic monomer [5-8] and self-
polymerization of catecholamine [9-12], have boosted the great de-
velopment of applied surface science, engineering and technology.
They provide unique advantages to selectively tailor the surface func-
tionalities of a wide range of materials regardless of the inherent che-
mical compositions and physical characteristics (e.g. stiffness, topology
and geometrical shape), and meanwhile the bulk attributes of the ma-
terials themselves are not compromised [2,9]. Owing to these merits,
these two typical methodologies for attaining material-independent
coatings have been widely implemented for the immobilization of
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bioactive molecules [5,8-10] and biofunctional organic ad-layers [9]
with anti-fouling [6], cell adhesion [7], anti-microbial [11], and wett-
ability controls [12]. Nevertheless, such universal coating strategies
show a critical limitation for delivering surface multi-functions. For
instance, to create multifunctional surface, the most common method is
to employ the surface reactive groups of as-obtained coatings to co-
immobilize two or more biomolecules with synergetic and com-
plementary effects [13,14]. However, the amounts and physiological
functions of target biomolecules is inevitably compromised via surface
co-immobilization, which is due to the limited surface space and an-
choring sites.

Among the aforementioned coating strategies, plasma polymeriza-
tion of amine-bearing monomers (e.g. allylamine) (PPAm) and self-
polymerization of dopamine (PDA) particularly fascinate many atten-
tions of researchers over past decades. One of the most important
reasons is that both PPAm and PDA coatings can provide surface re-
active groups (the primary amine groups of PPAm, the catechol/
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quinone groups of PDA) to bind with various molecules for optimizing
the surface functions [9,10,15-17]. Nevertheless, most of the re-
searchers focus on the surface tailoring but the dominant functional
groups in the bulk of coatings are disregarded up to now [18]. Based on
previous studies, the secondary amine groups could be utilized to
chemically store NO by forming N-diazeniumdiolates (NONOates) at
high pressure [19]. As the most useful type of NO donors, diaze-
niumdiolates have aroused widespread interesting due to their pre-
dictability for generating NO via spontaneous hydrolysis under phy-
siological conditions, e.g. in blood or tissue fluids [20-22]. On the other
hand, NO is a liposoluble star gas molecule mainly synthesized by en-
dothelial cells [23]. After winning Nobel prize at 1998, the NO study is
still active until now, as it is demonstrated that NO is essential to a wide
range of biological systems, including cardiovascular system, nervous
system, reproductive system, immune system, as well as cancer devel-
opment [24-27] with the biological mechanism being further explored.

Here in this study, we present a film engineering strategy from
surface molecule grafting to bulk NO loading based on the character-
istic merits of PPAm coating. A synergetic modification strategy for
integrating the functions of grafted-biomolecule and NO is attained, so
as to feature an ideal surface with multi-functions. Under plans, the
surface primary amine groups of PPAm coating are used for grafting the
anti-coagulant agent bivalirudin (BVLD) and the bulk amine groups are
simultaneously utilized to load anti-platelet agent NO as supplement to
the functions of BVLD, the resultant coating is denominated as BVLD/
NO-PPAm. As is well known, material-triggered thrombus involves two
separate yet synergistic events that the adsorbed fibrinogens are acti-
vated to form polymerized fibrin networks [28] and the adhered pla-
telets are activated based on cyclic guanosine monophosphate (cGMP)-
dependent pathway [29]. The complexity of thrombogenic process
determines that single functional agent can hardly meet the exquisite
requirement of biomedical devices in direct contact with blood, and the
integration of anti-platelet and anti-coagulant agents is a more pro-
mising strategy [30-32]. As expected, the BVLD/NO-PPAm coating
perfectly combines the anti-platelet and anti-coagulant dual functions
of BVLD and NO that is difficult to obtain otherwise. It is believed that
this surface to bulk engineering strategy can give a highly endothelium-
mimetic thromboresistant property by synergistically grafting BVLD
and delivering NO therapy, which will broaden the applications of NO
for biomedical and other purposes.

2. Materials and methods
2.1. Preparation of PPAm, C-F and PPAmF coatings

The PPAm and plasma polymerization of C-F coatings were de-
posited on 316L stainless steel (SS) substrates using pulsed radio fre-
quency (13.56 MHZ) plasma polymerization technique, the detail de-
scription of the apparatus can be read elsewhere [33]. In this work,
Allylamine (Aam, Purity =99.0%, Aldrich) monomer was used as pre-
cursor to prepare PPAm film, and high-purity argon (Ar) was used as a
discharge gas. The Hexafluoroethane (C,Fs, Purity =99.9%) and acet-
ylene (C,H,, Purity =99.0%) were chosen as precursors for fabricating
the plasma polymerization of C-F coating.

For the fabrication of PPAm coating, the 316L SS substrates and
vacuum chamber were cleaned by Ar (g) plasma for 10 min in advance,
and then the PPAm coating was fabricated using 6 sccm of Aam and 0.5
scem of Ar at a radio frequency (RF) power of 80 W, 25% (t,, = 250 ps,
toie = 750 ps) of pulse duty cycle, and 150 V negative bias voltage. After
3 h of deposition, the PPAm with approximate thickness of 300 nm was
prepared.

For the fabrication of C-F coating, the mixed precursors of CyF¢ (5
scem) and CoH, (0.5 scem) were plasma polymerized at a RF power of
90 W, 80% of pulse duty cycle, and 150 V negative bias voltage [34].

The PPAmF composite coating was obtained by alternative stacking
of the PPAm layer with thickness of 30 nm and the C-F layer with
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thickness of 20 nm, the final PPAmF coating was composed of 10-layer
PPAm film and 9-layer C-F film.

2.2. Immobilization of BVLD

To graft BVLD, the samples after PPAmF coating were immersed in a
solution containing 1 mg BVLD (2180 Da, Purity=98%, Chengdu
KaiJie Biopharm Co., Ltd.) per 1 mL water-soluble carbodiimide (WSC)
solution (pH = 5.6), of which the WSC solution consisted of 9.76 mg/
mL of 2-Morpholinoethanesulfonic acid (MES, Purity =99.0%, Sigma-
Aldrich), 0.24 mg/mL of N-hydroxysuccinimide (NHS, Purity =97.0%,
Sigma-Aldrich) and 1 mg/mL of N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide (EDC, Purity=99.0%, Sigma-Aldrich). After 12 h of re-
action, the BVLD-PPAmF specimens were rinsed 3 times with phosphate
buffered saline (PBS) and distilled water to remove the physically ad-
sorbed BVLD.Afterwards, the samples were dried and stored in a sealed
container.

2.3. Loading of NO in PPAmF coating

The NO-loaded substrates were obtained by subjecting the PPAmF-
functionalized substrates to a 0.5 M Sodium methoxide (NaOMe) so-
lution at high pressure. The high-pressure reactor was firstly filled with
Ar (g) to vent air and then charged with 75 psi NO (Purity =99.9%) gas.
After 3 days of reaction, the modified samples were washed with me-
thanol to remove the physically adsorbed by-products, subsequently
dried and stored at —20 °C before use.

2.4. ToF-SIMS analysis

The static ToF-SIMS spectra of PPAm coating was determined by
using a ToF-SIMS V spectrometer (ION-TOF GmbH, Miinster, Germany).
Sample was bombarded by 25 kV Biz* primary ions with a pulsed
current of 0.75 pA. The analysis area was 200 pm X 200 pm, and the
acquisition time was fixed to 40 s. Thus, an ion dose was less than
3 x 10! ions cm ™2, well below the static limit of SIMS conditions. A
low-energy flood gun was used to realize Charge compensation, and
three measurements at different locations were performed for each
specimen. The spectra were corrected prior to extracting ionic strength
data using IonSpec software.

2.5. GATR-FTIR and XPS analyses

The chemical structures of various coatings were measured by
GATR-FTIR (NICOLET5700) and the surface chemical states were tested
by XPS (K-Alpha, Thermo Electron, USA). XPS was performed at
12 kV X 15 mA under a pressure of 2 x 10”7 Pa with a monochro-
matic Al Ka (1486.6 eV) X-ray source. The graphitic carton peak
(284.8 eV) was used as a reference for correction.

2.6. Hydrophilcity test

The water contact angles (WCA) were measured on of various
samples by employing a Kriiss GmbH DSA 100 Mk 2 goniometer
(Hamburg, Germany), DSA 1.8 software was used to obtain the images
of water drop processing.

2.7. Quantitative analysis of amine groups in PPAm coating

Trifluoromethyl benzaldehyde (TFBA) and Trifluoroacetic anhy-
dride (TFAA) derivatization methods in combination with XPS were
used to determine the concentration of the primary and secondary
amine groups [35]. In brief, the PPAm-coated substrates were placed
into a reaction chamber and then was evacuated to a pressure of 1 Pa.
Subsequently, the TFBA or TFAA was introduced into the chamber for
derivatization reaction. After 12 h of reaction, the samples were
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examined by XPS, and the concentrations of primary and secondary
amine groups were calculated by the formulas reported in the literature
[35].

2.8. QCM-D real-time monitoring of BVLD immobilization

The amount of BVLD immobilized on the PPAmF coating was
monitored in real time by QCM-D (Q-sense AB, Sweden). Firstly, the
PPAmF coating was deposited on a quartz wafer (diameter 10 mm, AT-
cut, 5 MHz, Au coated) and placed in the flow chamber of QCM-D.
Subsequently, the MES buffer solution was flowed into the chamber at a
rate of 50 pL/min. After the fundamental frequency curve was stabi-
lized, the WSC solution containing BVLD (1 mg/mL) was passed at the
same flow rate. Ultimately, the chamber was washed thoroughly by PBS
solution to remove the BVLD physically adsorbed on sample. The mass
of immobilized BVLD was based on frequency shift (Af) and calculated
through the Sauerbrey equation [36].

2.9. Measurement of NO release

A chemiluminescence NO analyzer (NOA, 280i, Boulder) was used
to measure NO released from the specimens containing diazeniumdio-
lates [37]. During the test, the sample was immersed in PBS (pH = 7.4)
at 37 °C after calibration of the instrument, and the released NO was
transported from the reaction chamber to the analyzer by nitrogen (N5)
until the amount of released NO was below 1 ppb.

2.10. Activity of the adsorbed thrombin

The activity of absorbed thrombin was measured by incubating
20 pL of human thrombin solution (2 pg/mL) on various samples for
30 min at 37 °C, then 130 pL of 1% Bovine Serum Albumin (BSA dis-
solved in PBS) was added and incubated for 10 min to avoid nonspecific
adsorption. Afterwards, 130 pL of mixed solution was transferred into a
96-well plate and 130 pL of the 2.2 mg/mL chromogenic substrate S-
2238(H-D-Phe-Pip-Arg-pNA-2HC1) for thrombin was added to each
well. Finally, a microplate reader (uQuant, Bio-tek instruments Inc.)
was used to detect the absorbance at 405 nm.

2.11. Platelet adhesion

Platelet rich plasma (PRP) was obtained by centrifuging fresh
human whole blood (the central blood station of Chengdu, China) at
1500 rpm for 15 min. 50 pL of fresh PRP was introduced onto each
sample and incubated at 37 °C for 30 min. Subsequently, the samples
were rinsed 3 times with 0.9 wt% NacCl solution and fixed with 2.5 wt%
glutaraldehyde solution for 12 h. After dehydration and deal-
coholization, the platelets adhered on the surfaces were observed by
SEM (JSM-7001F, JEOL Ltd., Japan).

2.12. Fibrinogen (Fg) adsorption and activation

In the test of Fg adsorption, the samples were placed in 24-well plate
and incubated by 50 pL of platelet poor plasma (PPP) for 2 h at 37 °C.
After rinsing with PBS, 1% of BSA was dropped onto the samples for
30 min and then washed with PBS. In a next step, 20 uL of HRP-labeled
mouse anti-human fibrinogen antibody (Sigma-Aldrich) was added onto
each sample, incubated for 1 h at 37 °C, and subsequently rinsed with
PBS. After the specimens were dried, 100 pL of tetramethylbenzidine
(TMB) chromogenic solution was added to each well for 10 min, and
then 50 puL H,SO4 (1 M) was used as the stop solution. Finally, a mi-
croplate reader was used to determine the absorbance at 450 nm.

The activation of adsorbed Fg was investigated by indirect im-
munochemistry. Firstly, each sample was incubated with 50 puL of PPP
for 2 h at 37 °C. After PBS rinsing, the samples were blocked by 1% BSA
for 30 min and washed with PBS. Subsequently, 20 pL of anti-fibrinogen
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gamma chain mouse monoclonal antibody (primary antibody) was
added and incubated for 1 h at 37 °C. The samples after PBS rinsing
were continuously incubated with 20 puL. HRP-labeled goat anti-mouse
polyclonal antibody (secondary antibody) for 1 h at 37 °C. The stained
samples were further washed with PBS, reacted with 100 pL of chro-
mogenic substrate TMB for 10 min, and then 50 uL H,SO, (1 M) was
added to stop the reaction. Finally, a microplate reader was used to
determine the absorbance at 450 nm.

2.13. Evaluation of ex-vivo antithrombogenicity

To evaluate the antithrombogenic properties of various samples, ex
vivo blood circulation assay was performed using the New Zealand
white rabbit model with arteriovenous (AV) shunt. The animal ex-
periments were conducted in accordance with the Provisions and
General Recommendation of Chinese Experimental Animals
Administration Legislation, and following all the ethical guidelines. In
particular, 6 New Zealand white rabbits (2.5-3.5 kg) were used and the
experimental animals were subjected to general anesthesia by the
auricular vein injection of pentobarbital sodium (30 mg/mL/Kg). The
316L SS foils (15 x 9 mm?) with or without surface modifications were
rolled up and placed inside the extracorporeal catheter, and the ca-
theter was used to connect the carotid artery and vein. After 2 h of
blood flow, the circulation was stopped and the circuits were removed
from the animals. After PBS (pH 7.4) rinsing, the occlusive rates of the
circuits containing test samples were assessed by examining the lumen
area. The blood flow rate was tested at the end of circulation and
normalized to that before the start of circulation under the same pres-
sure pump condition. The thrombus formed on samples were photo-
graphed and weighed, and then fixed with 2.5 wt% glutaraldehyde
solution for 12 h. After dehydration, dealcoholization, and critical point
drying, all the samples were characterized by SEM.

2.14. Statistical analysis

All the quantitative data in this study were presented as mean =+
standard deviation (SD). The statistical significance of the data was
analyzed by SPSS software using one-way analysis of variance
(ANOVA). The probability p < 0.05 was considered as statistically
significant. All the in vitro and ex vivo tests were at least triply per-
formed.

3. Results and discussion
3.1. Preparation of PPAm coating with capacity to load NO

Initially, the amine-bearing PPAm coating is fabricated by pulsed
plasma polymerization using the parameters as 6 sccm of allylamine
and 0.5 sccm of argon, 5 Pa of system pressure, 80 W of radio frequency
(RF) power input, 25% (t,, = 250 ps, tog = 750 ps) of pulse duty cycle,
and 150 V of negative bias voltage (Fig. 1A). It has been reported that
pulsed mode is preferable for the preparation of PPAm coating with
regard to the well-retained amine groups of allylamine after poly-
merization [38]. As widely reported, the PPAm coating is featured with
the high degree of cross-linking structure, leading to a robust chemical
stability under various conditions [39]. Both grazing incidences atte-
nuated total reflection Fourier transform infrared spectroscopy (GATR-
FTIR) and time of flight secondary ion mass spectrometry (Tof-SIMS)
are performed to determine the chemical state of our fabricated PPAm
coating. The results of GATR-FTIR analysis reveal the features of ally-
lamine (H,C=CH-CH,-NH,) structure in the PPAm coating, with the
peaks at 3350 and 3210 cm ™! attributed to the N-H stretching vibra-
tions, and the peaks at 2925 and 2860 cm ™! attributed to the aliphatic
C-H stretching of -CH, (Fig. 1B). In addition, some new functional
groups emerge during the process of plasma polymerization [15,40,41],
possibly ascribed to the C=N, -C=N=0 and -C=C- groups at 2180 and
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Fig. 1. Plasma polymerization of allylamine coating. (A) A schematic illustration of the preparation of PPAm coating by pulsed plasma polymerization of allylamine.
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Fig. 2. (A) GATR-FTIR spectra of the PPAm coating before and after NO loading. (B) The NO release pattern of PPAm after NO loading.

2245 cm ™!, and -C=0 and C=N groups around 1645 cm ™. Further
Tof-SIMS analysis indicates that the secondary ions of the most domi-
nant nitrogen contain hydrocarbons at m/z 30 (CH,;N*), 59 (C3HoN ™)
and 72 (C4H;oN ™) from the positive spectrum (Fig. 1C) and those at m/
z 24 (CN7) and 42 (CNO ™) from the negative spectrum (Supplementary
Fig. 1). To quantitatively examine the primary and secondary amine
groups, we performed an analysis of the derivatization reactions in gas
phase [35] combined with X-ray photoelectron spectroscopy (XPS), and
the corresponding results show that the NH/C ratio (3.1%) exceeds the
NH,/C ratio (2.1%) (Supplementary Table 1), indicating the more
secondary amine groups formed in the PPAm than the primary amine
groups retention in the PPAm. Based on the aforementioned results of
GATR-FTIR, Tof-SIMS and XPS, a possible structure of PPAm coating is

illustrated in Fig. 1D.
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Previous strategies for the loading and release of NO usually involve
the use of polymer matrices to encapsulate or physically adsorb the
species containing diazeniumdiolates [42,43]. However, most of these
existing approaches are defective regarding the poor stability of ad-
sorbed materials in physiological conditions, and the thick coatings
ranging from micro-to millimeter are prone to be detached [42-44].
Therefore, the development of a simple and versatile strategy to im-
mobilize NO and release is of great significance. Based on the hypoth-
esis that the PPAm film abundant with amine groups is a versatile and
promising loading platform, the NO-storing and release characteristics
of PPAm is initially investigated. Firstly, the PPAm coating with a
thickness of approximately 300 nm is constructed, and the PPAm-
coated substrates are immersed in a sodium methoxide/methyl alcohol
mixed solution and subsequently exposed to a high-pressure NO gas
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Fig. 3. From surface to bulk modification of the PPAmF coating. (A) A schematic illustration of the surface grafting of BLVD and bulk loading NO. (B) GATR-FTIR of
the PPAmF, BVLD-PPAmF, NO-PPAmMF and BVLD/NO-PPAmF coatings. (C) BVLD grafted on the NO-PPAmF coatingreal-time monitored by QCM-D (n = 4). (D) The

NO release pattern of BVLD/NO-PPAmF coating.

atmosphere. To demonstrate the successful loading of NO in the PPAm
coating, PPAm coating before and after NO loading is determined using
GATR-FTIR. Clearly, the characteristic peaks attributed to the diaze-
niumdiolate [18], i.e., the NO vibration at 1735 cm !, N=N stretch at
1610 cm™~!, N-O stretch at 1386 cm ', and the N-N stretch at
1480 cm ™! are present in the NO-loaded PPAm (NO-PPAm) coatings
(Fig. 2A), indicating the successful immobilization of NO. The NO re-
lease from functionalized substrates are further tested in phosphate
buffered saline (PBS) solution under physiological conditions, using
chemiluminescence NO analyzer. As shown in Fig. 2B, a noticeable
amount of NO release can be detected from the NO-PPAm coated sub-
strates, confirming the successful storage of NO in the PPAm coating by
forming diazeniumdiolates. Taken together, these results demonstrate
that the PPAm coating is an efficient platform for NO loading and re-
lease.

3.2. PPAm coating aiming for synergetic modification from surface to bulk

As a potent anti-platelet agent, NO has been widely used to develop
the anticoagulant properties of blood-contacting materials/devices
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[45-47]. The anti-platelet activity of NO is ascribed to its capacity to
up-regulate the expression of cyclic guanosine monophosphate (cGMP)
within platelets. However, material-triggered thrombus involves two
separate and synergistic events that including the adsorption and acti-
vation of fibrinogen to form polymerized fibrin networks [28], as well
as the adhesion and activation of platelets based on cyclic guanosine
monophosphate (cGMP)-dependent pathway [29]. Consequently, em-
ploying single NO strategy to functionalize blood-contacting materials
or biomedical devices with thromboresistant properties but not con-
sidering the suppression of fibrinogen adsorption and activation is in-
adequate in vivo.

As is well known, the perfect thromboresistant properties of en-
dothelial cell (EC) layer can be fulfilled by the synergistic effects of anti-
platelet agents (e.g., prostacyclin and NO) and anti-coagulants (e.g.,
heparan sulfates and thrombomodulin). Over the years, many efforts
have been dedicated to mimic the high thromboresistance of nature
endothelium by integrating these two types of bioactive agents into
polymer matrices or co-immobilizing them on material surfaces
[30-32,48]. Nonetheless, most of the available methods are subject to
either the limited surface anchoring sites for grafting bioactive agents
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Fig. 4. The thrombin quantity ratio between active (absorbance) and adsorbed
thrombin (ng/cmz) determined on various samples. Data are presented as
mean =* standard deviation (SD) and analyzed using a one-way ANOVA,
*p < 0.01, ***p < 0.001.

or the sophistication of multi-step process that obstructs actual appli-
cations.

Herein, we focus on the characteristic merits of PPAm coating in-
cluding material-independence and the abundance of reactive amine
groups to develop a new method for mimicking the perfect throm-
boresistance of EC layer. In this work, the anti-platelet agent NO and
anti-coagulant of direct thrombin inhibitor-bivalirudin (BVLD) are sy-
nergistically utilized to develop antithrombogenic surface. In parti-
cular, the primary amine groups of PPAm-coated surface are used to
covalently immobilize BVLD, and then the BVLD-functionalized PPAm
coating immersed in basic solution is subjected to high-pressure NO gas
for loading NO. Such a synergistic modification from surface BLDV-
grafting to bulk NO-loading is innovative, material-independent, and
permits ease of operation. Although PPAm can serve as a NO-loading
molecular platform as demonstrated above, it suffers from the poor
durability in NO release which limits the practical applications, as the
release window is only 1 h by using 300 nm of PPAm coating.
Considering that the reason for rapid NO release might be ascribed to
the hydrophilic characteristics of PPAm coating [15,16], 9 layers
(20 nm of individual layer) of hydrophobic hexafluoroethane (C-F) film
(Figs. S2 and S3) are sequentially introduced into 10 layers (30 nm of
individual layer) of PPAm to fabricate PPAmF composite coating (Fig.
S4), which can resist water invasion into the coating and hence reduce
the hydrolytic rate of NONOates. The PPAm and PPAmF film with the
same thickness of PPAm (300 nm) are further investigated for the NO
release in vitro. It is evident that the composite coating strategy can be
used to optimize the NO release as expected. Compared with PPAm, the
PPAmF coating after loading NO not only reduces the burst NO release,
but also prolongs the release time of NO to more than 8 h (Fig. S5).

According to the aforementioned results, the PPAmF-functionalized
substrates are subjected to the synergistic modification from surface
conjugation of BVLD to bulk NO loading (Fig. 3A). At first, BVLD is
immobilized onto the PPAmF coating through a N-hydroxysuccinimide-
ethyl(dimethylaminopropyl) carbodiimide (NHS-EDC) coupling reac-
tion. GATR-FTIR analysis demonstrates the presence of C=O0 stretching
band at 1660 cm ™2 in the PPAmF group and the reinforcement of O-H
(—COOH) stretching band at 3420 cm 2 indicates the successful anchor
of BVLD (Fig. 3B). The further NO loading leads to the emergence of
new peaks at 1735 cm ™! (NO vibration), 1596 cm ™! (N=N stretch),
1466 cm~! (N-N stretch), and 1386 cm ™' (N-O stretch) specific to
NONOates, which confirms the storage of NO as diazeniumdiolates in
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the PPAmF composite coating. The high-resolution N1s spectra corro-
borates the diazeniumdiolate reaction of BVLD/NO-PPAmF by the
presence of new peaks at 402.9 eV (Fig. S6). The hydrophilicity mea-
surements of various substrates also indicate the success of BVLD
grafting and NO loading with regard to the significant changes in water
contact angles before and after functionalizations (Fig. S7). In a next
step, the amount of BVLD immobilized on the PPAmF coating is real-
time determined by quartz crystal microbalance with dissipation (QCM-
D), and the result shows that a noticeable amount of 0.74 =+ 0.05 pg/
cm? BVLD is anchored on PPAmF coating (Fig. 3C). This level is com-
parable to that of PPAm coating (data not shown), indicating that the
sequential stacking of C-F and PPAam layers will not compromise the
secondary reaction of surface groups for grafting bio-functional mole-
cule. Compared with PPAm, the PPAmF coating after loading NO not
only reduces the burst NO release, but also prolongs the release time of
NO to more than 8 h (Fig. 3D). Taken together, these findings indicate
that the PPAmF coating is quite suitable for the independent but sy-
nergistic modification from surface molecule grafting to bulk NO
loading, thus can be used to impart biomaterials with designable multi-
functions.

3.3. Reduced adhesion and activation of platelets and fibrinogen

Previous results have clearly demonstrated that the integration of
BVLD and NO on a material can be perfectly realized by the synergistic
modification of PPAmF coating strategy from surface to bulk. To further
investigate the anti-platelet and anti-coagulant performances of BVLD/
NO-PPAmF coating, the tests of in vitro platelet adhesion, and fi-
brinogen (Fg) adsorption and activation are performed. As a synthetic
short peptide, BVLD has been well demonstrated for the efficiently in-
hibitory effects on both circulating and clot-bound thrombin [49]. The
bioactivity of BVLD is dominated by both the nitrogen and carbon
terminal domains, and the coupling of carboxyl of BVLD may probably
lead to a compromise of bioactivity. In this regard, the bioactivity of
BVLD/NO-PPAmF coating is investigated by using thrombin inactiva-
tion assay [36]. It is clear that the anti-thrombin effect of both the
BVLD-PPAmF and BVLD/NO-PPAmF coating is much better than that of
316L SS, PPAmF and NO-PPAmF groups (Fig. 4), implying the good
retention of bioactivity after coupling BVLD.

To evaluate the anti-platelet effects of BVLD/NO-PPAmF, the un-
coated and coated substrates are exposed to platelet rich plasma (PRP)
for 30 min and then determined by scanning electron microscopy
(SEM). Evidently, the platelets exhibit serious platelet aggregation and
activation on 316L SS and PPAmF, with the highest amounts of adhered
platelets on both samples (Fig. 5A). In contrast, the NO-PPAmMF coating
on 316L SS substrate significantly reduces the platelet adhesion and
activation as compared with 316L SS and PPAmF, demonstrating the
anti-platelet effects via NO-cGMP mechanism. The BVLD-PPAmF
coating also shows substantial inhibitory effects on platelet adhesion
and activation, confirming the well-maintained bioactivity of grafted
BVLD with the inhibitory effects on thrombin-mediated platelet acti-
vation and aggregation [36]. It is noteworthy that the combination of
BVLD and NO leads to a further inhibitory effect on both platelet ad-
hesion and activation, as only a few platelets with round and non-
activated state are observed on BVLD/NO-PPAmF. According to the
statistical analysis, the platelet adhesion/activation determined on
BVLD/NO-PPAmF coating is significantly reduced by 2.1/32.5 folds and
1.2/25.2 folds compared to those determined on BVLD-PPAmF and NO-
PPAmF coatings (Fig. 5B and C). The synergistic effect of BVLD and NO
to suppress platelets is corroborated.

To evaluate the effects on Fg adsorption and activation, enzyme-
linked immuno sorbent assay (ELISA) is involved after exposing various
samples to platelet poor plasma for 30 min. As respected, both BVLD-
PPAmF and BVLD/NO-PPAmF significantly reduce the Fg adsorption
(Fig. 5D) and activation (Fig. 5E), indicating the availability of BVLD-
functionalization to inhibit Fg through anti-thrombin pathway. It is
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Fig. 5. Examinations on the adhesion and activation of platelets and fibrinogen. (A) SEM images of platelets on various substrates after being incubated in PRP for
2 h. (B) The number and (C) the activated rate of adhered platelets. (D) Adsorption and (E) activation of fibrinogen. Data presented as mean = SD (n = 4) and

analyzed using a one-way ANOVA, ***p < 0.001.

very interesting that the NO-PPAmF group also shows the inhibitory
effects on Fg adsorption and activation [50]. Overall, the previous re-
sults demonstrate that the integration of BVLD and NO on a blood-
contacting material can arouse anti-platelet and anti-coagulant dual
functions.

3.4. Anti-thrombogenicity test by ex vivo blood circulation

To examine whether the BVLD/NO-PPAmF coating is sufficient
forresisting the formation of thrombus on a blood-contacting material,
an ex vivo blood circulation assay is performed using the New Zealand
white rabbit model with an arteriovenous (AV) shunt (Fig. 6A). The
BVLD/NO-PPAmF coating on 316L SS foils are assembled into the
tubing of the circuits (as illustrated in Fig. 6A) and the antithrombo-
genic properties regarding the occlusive and blood flow rates of the
circuits containing the testing samples, as well as the weight of formed
thrombus are assessed after 2 h of extracorporeal circulation without
any systemic anticoagulation.

The cross profiles of the circuits containing the testing samples re-
veal that both the bare 316L SS and PPAmF groups cause severe oc-
clusion, whereas the BVLD-PPAmF and NO-PPAmF groups significantly

23

reduce the occlusion and thrombosis formation. The functionalizations
of BVLD and NO are both demonstrated for their efficiency for im-
proving antithrombogenicity in vivo (Fig. 6B and C). It is noteworthy
that a nearly perfect thromboresistance is achieved by the BVLD/NO-
PPAmF coating, as almost no occlusive thrombosis occurs. As shown in
Fig. 6D, the thrombuss formed on the bare 316L SS and PPAmF-coated
substrate both consist of the fiber network linked with red blood cells
and activated platelets. The BVLD-PPAmF coating visibly reduces the
formation of fibrin, though some activated platelets are still found on
the surface. In the NO-PPAmMF group, the platelet adhesion and acti-
vation are significantly reduced, but the adherence of polymerized fi-
brins is still detected. In contrast, the coating with BVLD/NO-PPAmF
completely prevents the formation of thrombosis, as very scattered
platelets in the nonactivated state are detected on the surface. It de-
monstrates that perfect antithrombogenicity can be achieved in vivo by
the synergistic antithrombotic and antiplatelet effects. Further statis-
tical studies reveal that the bare 316L SS induced 58.7 + 3.9% of
occlusion (Fig. 6E), and 64.1 * 3.9 mg of thrombus formation
(Fig. 6F), whereas the BVLD-PPAmF and NO-PPAmF coatings reduce
the occlusion rate to 10.5 += 1.0 and 7.3 = 1.8%, and reducethe
thrombus formation values to 49 =+ 3.5 and 3.7 = 1.8 mg
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Fig. 6. Ex vivo thrombogenicity. (A) Schematic of the New Zealand white rabbit model with arteriovenous shunt. (B) Cross sectional images of various samples after
2 h of blood circulation. (C) Photographes of the formed thrombus. (D) The thrombus components evaluated by SEM. (E) Occlusion rates. (F) Weight of thrombus. (G)
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Retention of blood flow rate. Data are expressed as mean

respectively. As for the BVLD/NO-PPAmF group, the occlusion rate and
thrombus weight are further reduced to 3.3 * 1.2% and
1.7 = 1.2 mg, which are significantly lower than the values de-
termined from the BVLD-PPAmF and NO-PPAmF groups.

The maintenance of desirable blood flow rate is crucial to the suc-
cess of cardiovascular surgery. In this study, the blood flow rate of
various groups at the end of circulation is normalized to that before the
start of circulation under the same pressure pump condition. Due to the
highly thromboresistant properties, the BVLD/NO-PPAmF group can
maintain 90.4 * 4.2% of the initial blood flow rate after 2 h of ex-
tracorporeal circulation, which is much higher than that of BVLD-
PPAmF group (64.2 *+ 4.5%) and NO-PPAmF group (68.7 *= 5.2%),
not to mention that of uncoated 316L SS (20.3 * 4.7%) and PPAmF
group (16.83 = 4.4%) (Fig. 6G). The above findings indicate the great
potential of our engineering strategy “from surface to bulk synergetic
modification” to tailor the surface functionalities of blood-contacting
materials/devices and meet the high requirements of antithrombo-

genicity.
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SD (n = 4) and analyzed using a one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.

4. Conclusion

In summary, a film engineering strategy from surface to bulk
modification is proposed in this study by employing the surface amine
groups of amine-bearing film for immobilizing bioactive molecule, and
the bulk amine groups of film is subsequently used to load NO. By
surface grafting thrombin inhibitor BLVD and bulk loading therapeutic
gas NO, the anti-platelet and anti-coagulant dual functions can be si-
multaneously achieved on a blood-contacting material to combat
thrombogenicity. The sequential and alternative stacking of hydro-
phobic C-F and hydrophilic PPAm nano-layers to form PPAmF com-
posite coating can circumvent NO burst release and significantly extend
the release time of NO, without compromise the surface graft of bio-
molecules. Overall, our studies demonstrate a general strategy to sy-
nergistically integrate NO therapy and bioactive molecules to develop
multi-functions. It is our belief that such a film engineering strategy
from surface to bulk modification, may inspire the surface functiona-
lization of other blood-contacting materials and provide new insights
into the design of biomedical devices for cardiovascular applications.
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