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BIOCHEMISTRY

A thrombin-triggered self-regulating anticoagulant
strategy combined with anti-inflammatory capacity

for blood-contacting implants

Yanan Wang1, Haoshuang wu', Zhongyi Zhou', Manfred F. Maitz>3, Kunpeng Liu’, Bo Zhang1,

Li Yang', Rifang Luo'#, Yunbing Wang'*

Interrelated coagulation and inflammation are impediments to endothelialization, a prerequisite for the long-
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term function of cardiovascular materials. Here, we proposed a self-regulating anticoagulant coating strategy
combined with anti-inflammatory capacity, which consisted of thrombin-responsive nanogels with anticoagulant
and anti-inflammatory components. As an anticoagulant, rivaroxaban was encapsulated in nanogels cross-linked
by thrombin-cleavable peptide and released upon the trigger of environmental thrombin, blocking the further
coagulation cascade. The superoxide dismutase mimetic Tempol imparted the antioxidant property. Polyphenol
epigallocatechin gallate (EGCG), in addition to its anti-inflammatory function in synergy with Tempol, also acted
as a weak cross-linker to stabilize the coating. The effectiveness and versatility of this coating were validated using
two typical cardiovascular devices as models, biological valves and vascular stents. It was demonstrated that the
coating worked as a precise strategy to resist coagulation and inflammation, escorted reendothelialization on the
cardiovascular devices, and provided a new perspective for designing endothelium-like functional coatings.

INTRODUCTION

Cardiovascular disease (CVD), including coronary atherosclerotic heart
disease and valvular heart disease, has the highest mortality rate among
noncommunicable diseases and increases incidence (1). As inter-
ventional cardiology has developed by leaps and bounds, implant-
able cardiovascular devices play a vital role in the treatment of CVD
(2, 3). High thrombosis risk, however, remains a stumbling block to
the effectiveness of cardiovascular implant materials. Coagulation
response affects the endothelial process, exacerbates the inflamma-
tory response, and induces late thrombosis (4, 5). Moreover, during
interventional procedures, the unavoidable tissue injury damages the
endothelial layer, causing host inflammatory and wound healing
responses, which are responsible for delayed endothelialization and
intimal hyperplasia related to excessive proliferation of smooth mus-
cle cells (SMCs). Coagulation and inflammation even cause calcification,
degradation, and restenosis. There are myriad reasons for the failure
of cardiovascular implant devices. Chief among them are poor endo-
thelialization and hyperplasia (6, 7). Rapid and healthy reendotheli-
alization of the surface and inhibited hyperplasia, therefore, are the
accepted direction for functional modification of cardiovascular
blood-contacting devices. Suppressing coagulation and inflamma-
tion, as the critical trigger of poor endothelialization and hyperplasia,
is an essential entry point to improve the performance of cardiovas-
cular implant materials.

Upon contact with foreign materials, the coagulation reactions
are immediately initiated. In the subsequent expansion stage, pro-
thrombin is converted to thrombin and then fibrinogen is converted
to fibrin, leading to the eventual formation of clots (8). To restrain
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the coagulation after the contact of biomaterials with blood, various
anticoagulant substances have been applied on the blood-contacting
surfaces (9), such as anti-adhesive macromolecules (10, 11), heparin
(7), and nitric oxide (NO)-releasing coatings (12, 13). The working
mode of most strategies is open-loop, based on passive diffusion
and enzymatic activity, with no feedback regulation. Because of the
amplifying effect of the rapid coagulation reaction, the optimum/
only choice to ensure long-lasting efficacy and match the actual co-
agulation level is to enhance the amount of substance modification
or prolong the service time. However, higher dosage is associated with
many potentially harmful side effects, such as bleeding risks (for
heparin) (14), toxicity (for NO) (15), or preterm exhaustion.

The vascular endothelium, which plays a role in regulating the
coagulation response physiologically, can provide much biomimet-
ic inspiration for blood-contacting material surface modification.
In particular, thrombomodulin on the surface of endothelial cells
turns the procoagulant activity of thrombin to an anticoagulant by
forming a complex with thrombin, which activates protein C to ac-
tivated protein C (APC). APC inactivates the coagulation cofactors FVa
and FVIIa, thus inhibiting further thrombin generation (16). This
self-controlled feedback strategy is a paradigm for hemocompati-
ble surface modifications of biomedical devices (16-20). Thrombin-
responsive feedback-controlled drug delivery systems have been
used for anticoagulant regulation of the heparin-releasing hydrogel
coating, heparin-releasing hydrogel, and nanoparticle loaded with
fibrinolysis activator t-PA (tissue plasminogen activator) (16, 17, 20, 21).
Those works demonstrated that the feedback system rapidly counter-
acted the coagulation response and performed great potential as an
anticoagulant coating. However, current systems are designed for a
single anticoagulant purpose and are not combined with other func-
tions, which leads to their inability to meet the multifunctional require-
ments (anti-hyperplasia, anti-inflammation, pro-endothelialization,
etc.) of cardiovascular materials.

The coagulation and inflammatory responses after biomaterial
implantation are so closely related that they trigger and worsen each
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other (6, 22, 23). The intervention in the inflammation during the
process of endothelialization, especially in the early stage, has a pos-
itive effect on reendothelialization. The most critical and versatile
approach for suppressing the inflammatory response and triggering
an appropriate immune response remains inhibition of key signaling
molecules in the progression of inflammation. As a target of inflamma-
tion treatment, overexpressed reactive oxygen species (ROS) around
blood-contacting surface leads to enhanced host defense, increased
classically activated macrophages, nuclear factor kB (NF-kB) acti-
vation, and biomolecular damage (24). Coating with the ability to
eliminate ROS or free radicals has proven to be a reasonable and use-
ful strategy to suppress inflammation and other issues induced by
inflammation in cardiovascular implantable devices (25, 26). Various
antioxidants like ascorbic acid (27), antioxidant enzymes (28), and
glutathione (29) have been investigated. However, some of them are
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limited by high price or low possibility for modification. Since a
single function is not sufficient for blood-contacting materials, the
anti-inflammatory modification should take into account the com-
bination of anti-inflammatory substances with other functions, es-
pecially anticoagulant function. Substances that can interact with
other functional molecules without compromising antioxidant ac-
tivity, such as polyphenols (7, 30) and anti-free radical moieties (31),
are preferred.

Considering this, a self-regulating anticoagulant strategy com-
bined with anti-inflammatory capacity was proposed. In the early post-
implantation period without the coverage of normal endothelium,
this coating was expected to mimic part of the thrombomodulin to ex-
ercise the anticoagulant function, which was inspired by the thrombin-
triggered function and self-controlled feedback of thrombomodulin.
As shown in Fig. 1, the functional coating consists of the following
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Fig. 1. The functional model and preparation process of the thrombin-triggered anticoagulant strategy combined with anti-inflammatory capacity for blood-
contacting implants. Ox-HA, oxidized hyaluronic acid; RIVA, rivaroxaban; EGCG, epigallocatechin gallate; PEI-Tpl, Tempol-grafted polyethylenimine; R@NG, nanogels

loaded with RIVA.
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modules: (i) self-regulating antithrombotic system realized by thrombin-
sensitive nanogels loaded with an anticoagulant. Triggered by envi-
ronmental thrombin, the nanogels, based on oxidized hyaluronic acid
(Ox-HA) with thrombin-cleavable peptide cross-linkers, rapidly re-
leased the factor Xa (FXa) inhibitor rivaroxaban (RIVA) (32), blocking
the coagulation cascade. The level of coagulation activity directly
affected the anticoagulant release of the coating, comparable to the
feedback-controlled effect of the endothelium. (ii) The second module
is the anti-inflammatory system with the ability to scavenge free radicals.
Tempol (Tpl), a small radical scavenger with superoxide dismutase-
like activity, served as one of the anti-inflammatory modules. Tpl is
effective against oxidative stress-related diseases and can be easily
grafted on polyanionic polyethylenimine (PEI) (PEI-Tpl) to partic-
ipate in a coating assembly (33, 34). (iii) The third module is the assist-
ant anti-inflammatory module composed of epigallocatechin gallate
(EGCG) with antioxidant activity and inhibition of inflammatory cell
activation to overcome the limited anti-inflammatory capacity of a
single antioxidant (25).

Those three functional modules were assembled on the basis of
the reported sandwiched layer-by-layer (LBL) self-assembly modifi-
cation (7, 35). EGCG with abundant phenolic hydroxyl groups was
endowed between PEI-Tpl and nanogels to establish a sandwiched
LBL coating and improve the overall performance of the multifunc-
tional coating (35). In addition, EGCG also had protective effects
on the endothelial cell function and inhibited SMC proliferation
(30, 36). HA, a typical component of glycocalyx, not only induces the
adhesion and proliferation of endothelial cells but also promotes the
conversion of SMCs to a contractile phenotype with low proliferation
(37), instead of the synthetic phenotype, which causes restenosis at
cardiovascular implantable devices. In this way, the self-regulating anti-
coagulant and self-defending anti-inflammatory coating mimicked
the endothelial function and paved the way for the reendothelializa-
tion of cardiovascular implantable devices. The intrinsic pro-endothelial
function of the coating, attributed to HA and EGCG, assists the endo-
thelialization process. The coating showed aspirational prospects in
improving the hemocompatibility and histocompatibility of cardio-
vascular implantable devices. The versatility of this strategy was demon-
strated here by two representative models of biological valve leaflets
and vascular stents.

RESULTS AND DISCUSSION

Preparation and in vitro RIVA release of thrombin-
responsive nanogels

The Tpl-grafted PEI (PEI-Tpl) was synthesized by nitrophenyl chloro-
formate (NPC) reaction (fig. S1A) and characterized by 'H nuclear
magnetic resonance (NMR) spectra (fig. S1B). The fourier transform
infrared spectrum (FI-IR) spectra of HA before and after oxidation
are shown in fig. S2; the peak at about 1731 cm™" (-C=0O- stretching)
indicated the successful oxidation of HA, which was consistent with
other studies (38).

The nanogels were prepared by cross-linking between the amino
group of cleavable peptide [NH,-Gly-(D)CHA-Ala-Arg-Ser-Trp-
Gly-CONHj;] and the aldehyde group of Ox-HA, named R@NG (fig.
S3). The FI-IR spectra of nanogels (R@NG) and the mixture of Ox-HA,
peptide, and RIVA (Ox-HA/peptide/RIVA) were detected (fig. S4).
Compared to Ox-HA/peptide/RIVA, the new peak around 1644 cm ™"
(C=N) that appeared in R@NG/EGCG/Tpl indicated the success of
Schiff’s base reaction. The particle size of the thrombin-triggered
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nanogels loaded with RIVA was about 189.90 + 0.21 nm. The particle
size of nanogels remained stable at the concentrations from 5 to
0.005 mg/ml, suggesting a covalent stable network of R@NG (fig. S5).
The thrombin-sensitive performance of nanogels was investigated
in phosphate-buffered saline (PBS) solution containing 5, 10, and
20 U/ml of thrombin. As shown in fig. S6, the particle size decreased
with time and disordered particle size distribution was observed grad-
ually under the stimulation of three different concentrations of throm-
bin, which indicated that thrombin triggers the disintegration of
nanogels. In addition, the change of particle size was more violent with
increasing thrombin concentration, suggesting the concentration-
dependent response to thrombin.

We also investigated the RIVA release behavior of nanogels at dif-
ferent thrombin concentrations. As shown in Fig. 2A, both the amount
and rate of RIVA release increased with the increasing thrombin
concentration. The nanogels rapidly responded to the thrombin and
then released most of the RIVA within 30 min, which ensured that
the nanogels could release FXa-inhibiting anticoagulant RIVA im-
mediately after contact with thrombin to block the coagulation. Further-
more, the low drug loss rate of the nanogels in the absence of thrombin
stimulation (about 10%) allowed nanogels to preserve functional sub-
stances without external stimuli.

Preparation and characterization of the coating

The coating system, with thrombin-triggered self-regulating anti-
coagulant ability and anti-inflammatory capacity, was obtained by
sequential assembly of PEI-Tpl, EGCG, and R@NG on the basis of sand-
wiched LBL self-assembly modification, named R@NG/EGCG/TpL
The coating named R@NG/Tpl was obtained by sequentially dipping
the substance into the solution of PEI-Tpl and R@NG.

The surface morphology of R@NG/Tpl and R@NG/EGCG/Tpl
coatings was investigated by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). As shown in Fig. 2B, nanogels
were observed on the surfaces of R@NG/Tpl and R@NG/EGCG/
Tpl. The increased number of nanogels in R@NG/EGCG/Tpl com-
pared with R@NG/Tpl indicated that the addition of EGCG im-
proved the assembly of the nanogels on the coating. According to the
AFM data (Fig. 2C), the surface roughness of R@NG/EGCG/Tpl
was higher than that of R@NG/Tpl due to the increase of surface
particles, which was consistent with the results of SEM. The pres-
ence of EGCG in R@NG/EGCG/Tpl was verified by ultraviolet-visible
(UV-vis) spectrum (Fig. 2D). The adsorption band around 214 nm
and the wide band between 270 and 290 nm in R@NG/EGCG/Tpl
indicated the existence of natural EGCG and slightly oxidized EGCG
(35). EGCQG, rich in phenolic hydroxyl groups, worked as the weak
cross-linker and imparted intermolecular forces to the coating, such
as hydrogen bonds with nanogels and electrostatic interactions with
PEI-Tpl. In addition, slightly oxidized EGCG with a small amount
of 0-quinones could form covalent bonds with primary amines in
PEI-Tpl through Michael addition or Schiff base reaction (7, 35).

The surface zeta potential shift of the coatings during the assem-
bly process is shown in Fig. 2E. The final surface zeta potential at
pH 7.4 of R@NG/Tpl was about +4.38 mV, while the zeta potential
of R@NG/EGCG/Tpl (+3.25 mV) was slightly lower due to the neg-
atively charged EGCG. The real-time assembly process of R@NG/Tpl
and R@NG/EGCG/Tpl was investigated by quartz crystal microbal-
ance with dissipation (QCM-D). The frequency shift (AF) indicated
the adsorbed mass, and the dissipation variation (AD) indicated the
soft state of the adsorbates. The high and low AD/AF represented the
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Fig. 2. Characterization of nanogels and coating. (A) Accumulated RIVA release from thrombin-sensitive nanogels in PBS with different thrombin concentrations. (B) SEM and
(C) AFM images of R@NG/Tpl and R@NG/EGCG/Tpl. (D) UV-vis spectra of R@NG/Tpl and R@NG/EGCG/Tpl on a quartz substrate. (E) Surface zeta potential of R@NG/Tpl and
R@NG/EGCG/Tpl at pH 7.4. Real-time monitoring of (F) R@NG/Tpl and (G) R@NG/EGCG/Tpl assembly with QCM-D. (H) AD-AF curve of nanogel layers in R@NG/EGCG/Tpl coating.

soft and rigid state of the adsorbed layer, respectively. The typical
frequency and dissipation variations of the coating were shown in
Fig. 2 (Fand G). The frequency variation of R@NG/EGCG/Tpl (45.97 +
0.83 Hz) was increased compared with R@NG/Tpl (33.48 + 0.57 Hz),
which indicated the higher adsorption of the coating components.
Unlike the other layers, the frequency of the nanogel layer continued
to increase during the desorption process [deionized (DI) water], due
to the water absorption of the nanogels. The AD/AF value of all nano-
gel layers in R@NG/EGCG/Tpl coating (Fig. 2H) was obtained by
analyzing the F-time and D-time curves (fig. S7). The difference be-
tween the AD/AF values of the desorption and adsorption became

Wang et al., Sci. Adv. 8, eabm3378 (2022) 4 March 2022

smaller as the number of layers increased, and the AD/AF values in
the desorbed state gradually decreased, indicating that the nanogel
layer became more rigid and its water absorption decreased. The
rate of change in AD/AF decreased with increasing number of lay-
ers, which suggested that the coating became more stable during the
assembly process.

In vitro thrombin-sensitive RIVA release and stability

of coating

The thrombin-triggered self-regulating anticoagulant function was
based on the thrombin-triggered RIVA release behavior of the

40f15

£202 ‘6T |14dy uo Bio'a0us 10s" MMM/ SA1IY WoJ) papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

coating. R@NG/EGCG/Tpl was alternately immersed every 2 hours
for two cycles in solutions with and without thrombin. As shown in
Fig. 3A and fig. S8, the pulsatile release curve of RIVA suggested a
rapid response to thrombin and the repeatable release of RIVA. Fur-
thermore, to investigate the stability of R@NG/EGCG/Tpl without
thrombin stimulation, we quantified the RIVA release from R@NG/
EGCG/Tpl after 28 days of exposure to PBS. After 28-day immersion,
about 65.3% of the initially loaded amount remained in the nanogels
(Fig. 3B). In addition, we observed the morphology of R@NG/EGCG/
Tpl after immersion in PBS for 7 days (R@NG/EGCG/Tpl-7) and
14 days (R@NG/EGCG/Tpl-14) (Fig. 3, C and D). A large number of

nanogels were still present on the surface of R@NG/EGCG/Tpl-7,
which was not much different from R@NG/EGCG/Tpl. Some of the
nanogels were shed on the surface of R@NG/EGCG/Tpl-14, but a
high number of nanogels remained to be observed. In summary,
R@NG/EGCG/Tpl was capable of self-regulation by releasing anti-
coagulant drugs on demand due to the sensitivity to thrombin and
reduced undesired drug loss to limit the coagulation risk in vitro.

In vitro anti-inflammatory assay
Inflammatory response can occur quite vigorously after implanta-
tion of a blood-contacting material. Monocytes in the blood arriving
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Fig. 3. Stability and anti-inflammatory capacity of the coating. (A) Pulsatile release profile of RIVA from R@NG/EGCG/Tpl under phasic exposure to the thrombin
concentration of 10 U/ml. (B) RIVA loss rate of R@NG/EGCG/Tpl immersed in PBS at 37°C over 28 days. SEM images of R@NG/EGCG/Tpl after being immersed in PBS at 37°C
for 7 days (C) and 14 days (D). (E) DPPH radical scavenging capability of the coatings. Fluorescence images of the (F) morphology and ROS generation of 160 nM
PMA-treated THP-1 cells on different samples after 48 hours. Scale bar, 50 um. (G) TNF-a and (H) IL-10 levels expressed by THP-1 cells detected by ELISA. *P < 0.05,

**P<0.01, ***P<0.001, and ****P < 0.0001 (t test, error bars are defined as SD).
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at the implantation site undergo phenotypic changes and differentiate
into macrophages (6). A high level of proinflammatory free radi-
cals, secreted by macrophages, enhances the inflammatory response
and cell damage (24). In addition, the invasion of inflammatory
cells induces coagulation, endothelialization disorder, and excessive
proliferation of SMCs (39, 40).

The free radical scavenging capacity of the coatings was investi-
gated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (7), and the re-
sult was shown in Fig. 3E. In terms of absorbance values, both R@NG/
Tpl and R@NG/EGCG/Tpl showed the potent ability to scavenge
free radicals, but in comparison, the DPPH elimination rate of R@NG/
EGCG/Tpl was approximately 38.13% higher than that of R@NG/Tpl.
The free radical scavenging capacity of the coating apparently was mainly
contributed by Tpl (25, 31, 34) and further enhanced by the endowed
antioxidant EGCG (37). In addition to acting as a weak cross-linking
agent, the antioxidant EGCG also helped to improve the anti-free
radical properties of the coating.

To investigate the response of monocytes to the coatings, we incu-
bated the samples with induced human monocytic leukemia cell line
(THP-1 cells). As shown in Fig. 3F, the largest number of macrophages
in activated states was observed on the surface of the control group.
Compared with that, the number and activation degree of macrophages
on the surfaces of both R@NG/Tpl and R@NG/EGCG/Tpl were sub-
stantially lower. The intracellular ROS production in macrophages was
probed by 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA),
and as shown in Fig. 3F, macrophages in the control group displayed
a higher level of ROS, while the fluorescent signals of R@NG/Tpl
and R@NG/EGCG/Tpl were substantially attenuated. Furthermore,
in R@NG/Tpl and R@NG/EGCG/Tpl groups, the expression levels of
proinflammatory cytokine tumor necrosis factor-o. (TNF-0) decreased
and immunosuppressive cytokine interleukin-10 (IL-10) increased
compared with the control group (Fig. 3, G and H). TNF-o is mainly
secreted by classically activated macrophages, while IL-10 is released
by regulatory macrophages to dampen immune responses (41, 42).
In addition to the antioxidant Tpl, HA also contributed to the anti-
inflammatory properties of R@NG/Tpl, which exhibited anti-
inflammatory activity and inhibited the release of monocyte cytokines.
Combined with the results of the DPPH assay, it can be concluded
that, in all experimental results, R@NG/EGCG/Tpl performed the best
anti-inflammatory activity among the three groups due to the antioxi-
dant and anti-inflammatory EGCG. As an anti-inflammatory agent,
EGCG was proven to inhibit the TNF-o expression and up-regulate the
IL-10 expression, thereby suppressing the activation of inflammatory
cells (36). On the basis of the above, it was substantiated that the R@NG/
EGCG/Tpl coating inhibited the inflammation of macrophages differ-
entiated from monocytes by suppressing free radical production and
regulating the expression of inflammation-related proteins.

From the above results, it is concluded that the addition of EGCG
improved the assembly and free radical elimination capacity of the
coating, resulting in a greater anticoagulant and anti-inflammatory
potential of R@NG/EGCG/Tpl compared to R@NG/Tpl. Therefore,
the subsequent characterization focused on R@NG/EGCG/Tpl.

In vitro platelet adhesion assay

Biomaterial incubation with platelet-rich plasma to observe platelet
adhesion and activation on the surface of the material is a common
method to analyze the antithrombotic properties (43, 44). To fur-
ther investigate the antithrombotic activity, platelet adhesion on the
samples was inspected by SEM, and the results are shown in Fig. 4A. A
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large number of activated spread platelets with pseudopods were on
the surface of control, while only a few low-activated discoid platelets
were observed on the surface of R@NG/EGCG/Tpl. We also catego-
rized and quantified the morphological differences between the two
groups, according to the degree of activation (45). As shown in fig.
S9, 40.97% of the platelets in the control group belonged to class 3,
while only 23.16% belonged to class 3 in R@NG/EGCG/Tpl. The per-
centage of inactivated platelets (class 1) was 0% in the control group,
while in R@NG/EGCG it was 11.36%. Notably, the quantitative re-
sults of platelet adhesion (Fig. 4B) also confirmed that the number of
adherent platelets in the control group was much higher than that in
the R@NG/EGCG/Tpl group. To sum up, R@NG/EGCG/Tpl performed
excellent anti-platelet activation function and showed the potential to
improve the hemocompatibility of blood-contacting biomaterials. The
anticoagulant ability of the coating was further validated in differ-
ent specific material models.

Cell morphology and proliferation of HUVECs and HUASMCs
Rapid endothelialization and early inhibition of smooth muscle hy-
perproliferation are common requirements for most cardiovascular
implants (12), which are key to ideal material-host integration and
avoidance of late thrombosis, late restenosis, and material failure. Con-
sidering the favorable antithrombotic and anti-inflammatory capacity,
R@NG/EGCG/Tpl was selected for the subsequent experiments.
The proliferation of primary human umbilical vein endothelial cells
(HUVEC:s) was investigated by fluorescent microscopy and the meta-
bolic cell counting kit-8 (CCK-8) assay. As shown in Fig. 4C, the cell
adhesion and proliferation number of HUVECs on the surface of
R@NG/EGCG/Tpl were significantly higher than those of the con-
trol group, consistent with the results of the CCK-8 assay (Fig. 4D). In
addition, most of the cells on the surface of R@NG/EGCG/Tpl showed
a healthy spindle-shaped morphology. In contrast, the cell morphol-
ogy of primary human umbilical artery SMCs (HUASMC:s) on the
surface of R@NG/EGCG/Tpl was substantially smaller and rounder
than that of the control group (Fig. 4E). The CCK-8 assay (Fig. 4F)
also showed that the proliferation on the surface of R@NG/EGCG/
Tpl was inhibited. The size of HUASMCs was further analyzed by
calculating the mean area of individual cells (fig. S10), and the results
were consistent with the conclusion above. In addition, we quanti-
fied cell morphology by analyzing the mean value of the radius ratio,
the ratio of the maximum concentric radius to the minimum con-
centric radius of the cell. As shown in Fig. 4G, the mean radius ratio
of R@NG/EGCG/Tpl was significantly lower than that of the con-
trol group after both 24 and 72 hours, which suggested that the cell
morphology of HUASMC:s on the surface of R@NG/EGCG/Tpl was
rounder than that of the control group. EGCG generally protects en-
dothelial cell function and inhibits SMC proliferation (30, 36). HA
had been demonstrated to induce the adhesion and proliferation of
endothelial cells by binding to CD44 and the receptor for HA-mediated
motility (46). In addition, HA also promotes the conversion of SMCs
to a contractile phenotype with low proliferation (37), which might
contribute to the observed decreased proliferation rate of SMCs in
R@NG/EGCG/Tpl with cross-linked HA. The different effects of R@NG/
EGCG/Tpl coating on HUVECs and HUASMCs suggested that the coat-
ing had the potential to reduce cardiovascular material failure caused by
delayed endothelialization and smooth muscle hyperproliferation.
In summary, the R@NG/EGCG/Tpl coating with self-regulating
anticoagulant strategy and anti-inflammatory capacity exhibited
potential self-regulating anticoagulation and effective elimination
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of free radicals, paving the way for endothelialization. The intrinsic
pro-endothelial function should further facilitate the rapid com-
plete endothelialization of blood-contacting material, achieving the
integration of the material in the host and maximizing the function
of the cardiovascular devices. Hence, this coating apparently fulfills
all requirements for surface modification of blood-contacting mate-
rials, as verified in the two specific applications below.

Modification on biological valve leaflets

Bioprosthetic heart valves are widely used in heart valve replacement,
and most biological heart valves in the clinic are cross-linked with
glutaraldehyde, which usually suffer from coagulation reaction, in-
flammation, and calcification (47, 48). To investigate the potential
improvement of GLUT biological valve leaflets, the R@NG/EGCG/
Tpl coating was modified on GLUT.

The mechanical properties, thermal shrinkage temperature, and
collagenase degradation of leaflets were investigated, and the results
(Fig. 5, A to C) indicated that the R@NG/EGCG/Tpl coating did not
significantly affect the mechanical property and collagen stability of
the leaflets. The morphologies of GLUT cross-linked biological leaflets
with and without modification were observed with SEM (Fig. 5D).
After modification, the fibrous structure of the biological valve leaf-
lets remained clear and was uniformly covered by the nanogel em-
bedded coating.

The ex vivo arteriovenous shunt assay was conducted to investigate
the antithrombotic property of the modified valve leaflets under real
blood conditions, as indicated in the schematic diagram in Fig. 5E. We

Wang et al., Sci. Adv. 8, eabm3378 (2022) 4 March 2022

stuck the biological valve leaflets on the inner wall of polyvinyl chloride
(PVC) tube tightly, which was connected with the carotid artery and
jugular vein of the rabbit to form a circuit. The blood circulation
continued for 1 hour, and the results were shown in Fig. 5 (F and G).
After 1-hour blood circulation, severe thrombosis with cross-linked
fibrin, activated platelets, and erythrocytes (Fig. 5F) was observed on
the surface of GLUT. No thrombus was observed on R@NG/EGCG/
Tpl, but only a small number of platelets with low activation levels.
In addition, the thrombus weight on R@NG/EGCG/Tpl was significantly
lower than that on GLUT (Fig. 5G). In conclusion, the self-regulating
anticoagulant R@NG/EGCG/Tpl coating was suitable and effective
for improving the anticoagulant properties of the biological valve
leaflets.

Biological valve leaflets were implanted subcutaneously in male
Sprague-Dawley rats to analyze the host response in vivo. Subcuta-
neous implantation is a common model for investigating the direct
effects of the biomaterials at the implant site. The thickness of the
fibrous capsule surrounding the implant indicates the histocompat-
ibility of the material and the inflammatory response of the organ-
ism (49). After 15-day implantation, according to the hematoxylin and
eosin (H&E) staining results (Fig. 5, H and I), the R@NG/EGCG/
Tpl group presented milder inflammatory cell infiltration and thinner
fibrous capsules compared to the GLUT group. After 30 days, the in-
flammatory response was still intense in the GLUT group, while it was
reduced in the R@NG/EGCG/Tpl group. Furthermore, the TNF-a
expression level was higher in the GLUT group than in the R@NG/
EGCG/Tpl group on both days 15 and 30, while the IL-10 expression

7 of 15

£202 ‘6T |14dy uo Bio'a0us 10s" MMM/ SA1IY WoJ) papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A B Cc D
o
GLUT o
15} —— R@NGIEGCG/Tp! oo e — 30f
. g T FE
g Zeol ¢ s
Em 2 3%
2,0 =
: / 3
? 5 4 £ 2 10}
% 200 2
g
] i n o 1 n
% 0 15 20 25 GLUT R@NG/EGCG/Tpl GLUT R@NG/EGCG/Tpl
Strain (%)
E F GLUT __R@NG/EGCG/Tpl
G r3
B
e
2
R
5
£t - = e
£ | 200 <
= AT o |
GLUT R@NG/EGCG/Tpl 15 days 30 days
| J
T TNF-a/DAPI IL-10/DAPI TNF-o/DAPI IL-10/DAPI
E gél‘l“l.l;i/EGCG/Tpl
; 3 5
2 -
2100) o
| ¥ = X *
2 o 15dlays 30(;ays 3_ - -
K p ‘
O
%‘ GLUT 8
| ® R@NGEGCGTpI
§° 5 o *
: 3
S
Soozf . =
“ | @
801k
30.01 -} F . 15 days 30 days
£ c: Fl L M
I — GLUT R@NG/EGCGTpI M
%0'06' 5 gc‘élfvzrzecerrpl = s
5 g 2
2 b S0 —E—
Soo4t c $
g E
3
gn 02] = Ny E 100}
oy | 2 5 :
2 : < S =
o + 0 [ :
" 15 days 30 days GLUT R@NG/EGCG/Tp!
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staining and (M) ICP-OES. Scale bar, 200 um. *P < 0.05, **P < 0.01, and ****P < 0.0001 (t test, error bars are defined as SD).
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level of GLUT was lower than that in the R@NG/EGCG/Tpl group
(Fig. 5, J and K). Thus, R@NG/EGCG/Tpl, with the ability to scav-
enge free radicals and inhibit the inflammatory response of macro-
phages, substantially reduced the in vivo inflammatory response of
the GLUT cross-linked biological valve leaflets.

For GLUT cross-linked biological valves, one of the main causes
of dysfunction is calcification, which can be induced by several fac-
tors, mainly residual cytotoxic aldehyde groups and free carboxyl
groups that easily bond with calcium ions. In addition, calcification
can be further aggravated by coagulation and inflammation. (50, 51).
The calcification after subcutaneous implantation was determined
by alizarin red staining and inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) (52, 53). After 60 days of implantation,
numerous red calcified spots were observed in the GLUT cross-
linked valve tissue (Fig. 5L), while no notable calcified spots existed
in R@NG/EGCG/Tpl. The quantitative analysis of calcium content
by ICP-OES (Fig. 5M) further demonstrated the capacity of R@NG/
EGCG/Tpl to prevent calcification. Since the calcification of glutar-
aldehyde cross-linked biological valve leaflets was mainly associated
with the residual cytotoxic aldehyde groups, coagulation, and inflam-
mation, the R@NG/EGCG/Tpl coating uniformly covering the sur-
face of the original leaflet fibers shielded the residual aldehyde groups
and thus reduced the calcification extent. In addition, the high cyto-
compatibility, histocompatibility, and anti-inflammatory properties
of the coating also contributed to the protection from calcifica-
tion. In summary, R@NG/EGCG/Tpl, with antithrombotic and anti-
inflammatory abilities, could be a potential candidate for improving
the performance of GLUT cross-linked biological valve leaflets.

Modification of vascular stents

Several factors contribute to the failure for vascular stents; chief
among them are late stent thrombosis and late stent restenosis. As a
typical blood-contacting cardiovascular implant, the vascular stent
is expected to exhibit antithrombotic and anti-inflammatory prop-
erties, promote endothelialization, and inhibit SMC dysplasia. Poly
(t-lactic acid) (PLA) stent is a promising class of absorbable vascu-
lar stents, and investigating new functional coated vascular stents or
drug-eluting vascular stents to improve the performance of PLA vas-
cular stents more comprehensively is one of the current directions
(54). Here, we assembled the R@NG/EGCG/Tpl coating on the PLA
vascular stents and investigated PLA sheets to investigate the poten-
tial of the multifunctional coating to improve the properties of vas-
cular stents.

The morphologies of PLA vascular stents modified with the R@NG/
EGCG/Tpl coating are shown in Fig. 6A, presenting multiple nanopar-
ticles. The adhesion and flexibility of the coating on a stent are con-
sidered important as the stent undergoes crimping and expansion
before implantation. The morphology of the modified stent dilated
by an angioplasty balloon was analyzed. As shown in Fig. 6B, the
R@NG/EGCG/Tpl coating remained intact without cracks and main-
tained the payload of nanogels after expansion. EGCG with abun-
dant phenolic hydroxyl groups enhanced the interaction forces and
the stability of the coating. In addition, the coating was assembled with
hydrophilic PEI-Tpl, EGCG, and Ox-HA nanogels, where both PEI-Tpl
and nanogels were of high molecular weight. Stent expansion was
performed in a moist environment as the stent needed to be soaked
in saline before implantation. Hydrophilic macromolecular inter-
penetrated substrate coatings and nanogels could swell under wet
conditions, which also contributed to the resistance of deformation

Wang et al., Sci. Adv. 8, eabm3378 (2022) 4 March 2022

and avoidance of cracking. Those results indicated that the coating
withstands the deformation and the nanogels would not be dis-
lodged by deformation.

The ex vivo arteriovenous shunt assay was conducted to evaluate
the antithrombogenic ability of R@NG/EGCG/Tpl-coated PLA vas-
cular stents, and the results are shown in Fig. 6 (C and D). The hemo-
compatibility of the stents with the R@NG/EGCG/Tpl coating was
significantly improved compared to bare PLA, and no severe throm-
bus was observed, suggesting that the self-regulating anticoagulant
R@NG/EGCG/Tpl had an inhibitory effect on thrombosis and showed
potential for application in improving the hemocompatibility of
PLA vascular stents.

The host response of vascular stents modified with R@NG/EGCG/
Tpl was detected by subcutaneous implantation of PLA sheets. As
shown in Fig. 6 (E and F), the fibrous capsule on R@NG/EGCG/Tpl
was much thinner than on the bare PLA sheet after 15 and 30 days.
We further investigated the expression of inflammation-related factors
TNF-o and IL-10 by immunofluorescence. Compared with PLA, the
proinflammatory TNF-a expression levels were reduced on R@NG/
EGCG/Tpl and anti-inflammatory IL-10 expression levels were in-
creased after 15 and 30 days (Fig. 6, G and H). Collectively, the R@NG/
EGCG/Tpl coating with anti-inflammatory PEI-Tpl and EGCG
substantially suppressed the host response of PLA and showed
potential to improve the histocompatibility of PLA vascular stents.

For further evaluation, the stents were implanted into the abdom-
inal aorta of rabbits and explanted after 1 and 3 months. The cell mor-
phology of the neointima on the inner surface was observed by SEM,
and the brighter areas were the boundaries of the cells in the high-
magnification SEM image, as shown in Fig. 7A. After 1 month, the
boundaries on the surface of PLA were disordered, which meant that
the cells covered on the bare PLA stents were not oriented. However,
R@NG/EGCG/Tpl was fully covered by endothelial cells oriented in
the direction of the blood flow. After 3 months, the cell layers in both
two groups became denser, but still most of the boundaries remained
random on the surface of PLA, suggesting that no obvious orientation
was observed on the cells of the bare PLA group. For R@NG/EGCG/
Tpl, almost all boundaries were horizontal, which oriented in the
direction of the blood flow.

To assess the extent of endothelialization in more detail, we quan-
titatively analyzed immunofluorescent microphotographs (Fig. 7B).
The cell number was reflected by cell nucleus area ratio, and the re-
sults (Fig. 7C) were consistent with SEM images. The number and
orientation of cells on R@NG/EGCG/Tpl were substantially increased
compared to the bare PLA vascular stents. CD31 is present at the tight
junctions between endothelial cells, and high CD31 expression usually
indicates an intact and healthy endothelial layer (55, 56). The CD31
expression in the cell layers evaluated by immunofluorescence stain-
ing is shown in Fig. 7 (B and D). After 1 month of implantation, the
CD31 expression was significantly higher on R@NG/EGCG/Tpl than
on bare PLA. After 3 months, the cell density and CD31 expression of
PLA stents were higher. However, CD31-positive cells in oval shape
did not completely cover the stents. For the R@NG/EGCG/Tpl group,
the CD31 expression was increased and CD31-positive cells were
more closely aligned.

Endothelial NO synthase (eNOS) is an enzyme in healthy endo-
thelial cells, which is involved in NO production (49). The eNOS
expression in the neointima was investigated (Fig. 7, B and E)
and showed consistent trends with the CD31 expression. Several
factors were at play in the favorable pro-endothelialization function of

9of 15

£202 ‘6T |14dy uo Bio'a0us 10s" MMM/ SA1IY WoJ) papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

PLA R@NG/EGCG/Tpl
™
E \,
R \
o \ a
\ o
\, &
N (")
\
e N\
. K N\
N\ w
o
Q.
\ Q)
N <
(']
F g_""‘ PLA
H R@L\ﬁlEGCG/TpI
£300
£200 j-l}
. e .
PLA R@NG/EGCG/Tpl § 100} _I_
g & -
G R@NG/EGCG/Tpl : . 3
H % PLA
o £ 0.03| R@NG/EGCG/Tpl
< g :
2 5
<
3 0.0 {»
L -3
8
E 20.01 .
7
z —I_ F
0.0 L L
15 days 30 days
o
< 0.04] :gr\le/sccenm
Q ok
=
E 0.03]
1
=

15 days

30 days

o
9
]

14
2

IL-10 average optical density

o
>

15 days 30 days

Fig. 6. Characterization, hemocompatibility, anticoagulation, and endothelialization of vascular stents modified with the coating. (A) SEM images of PLA vascu-
lar stents before and after R@NG/EGCG/Tpl modification. Scale bar, 10 um. (B) SEM images of R@NG/EGCG/Tpl-modified vascular stent after dilation. Scale bars, 300 and
10 um. (C) SEM images and (D) thrombus weight of vascular stents after blood circulation in ex vivo arteriovenous shunt assay for 1 hour. Scale bar, 10 um. (E) Photographs
and (F) quantitative analysis of histomorphological evaluation of subcutaneously implanted vascular stents. Scale bar, 200 um. The fibrous encapsulation was marked by
the red lines. (G) Photographs and (H) quantitative data of immunofluorescence analysis of subcutaneously implanted vascular stents. Scale bar, 50 um. *P < 0.05,

**P < 0.01, and ***P < 0.001 (t test, error bars are defined as SD).

R@NG/EGCG/Tpl. Foremost, the thrombin-triggered closed-loop
anticoagulant coating counteracted the negative effects of thrombosis
on endothelialization. In addition, the antioxidant capacity of the
coating protected the endothelium from oxidative stress damage
and facilitated endothelial proliferation.

The neointimal stenosis, inflammation, endothelialization, and hyper-
plasia of the stent cross sections were identified by H&E and immuno-
histochemical staining (Fig. 7F and fig. S11). The mean neointimal
stenosis (Fig. 7G) of R@NG/EGCG/Tpl (22.30 * 3.41%) was lower
than that of bare PLA stents (37.17 + 2.22%) after 1 month. The dif-
ference in neointimal stenosis was even more pronounced after the
third month. The stenosis of bare PLA stents was ashighas 76.94 + 4.74%,
while the stenosis rate was significantly lower in R@NG/EGCG/Tpl
(26.98 + 1.91%). From the above results, R@NG/EGCG/Tpl remark-
ably reduced restenosis in vivo.

Inflammation after stent implantation is especially harmful, as
it causes or exacerbates restenosis and hyperproliferation of intima.

Wang et al., Sci. Adv. 8, eabm3378 (2022) 4 March 2022

According to the CD68 expression results (Fig. 7, F and H), the in-
flammatory response of the stents was remarkably suppressed after
R@NG/EGCG/Tpl modification during the implantation period
(57), which can be attributed to the excellent antioxidant and anti-
inflammatory activity of the coating. Furthermore, the extremely low
CD68 expression level at the third month also suggested the ideal
histocompatibility and host integration of R@NG/EGCG/Tpl.

In addition to inflammation, restenosis is also related to the pheno-
type of SMCs. Contractile SMCs with low proliferation and migra-
tion play a vital role in maintaining the elasticity and contraction of
blood vessels, which is the basis for the inhibition of SMC prolifer-
ation (58). As an indicator of contractile SMCs, a—smooth muscle actin
(0-SMA) expression level was evaluated by immunohistochemical
staining (Fig. 7, F and I). The 0-SMA expression level of R@NG/EGCG/
Tpl was significantly higher than that of bare stents. In addition, the
0-SMA expression on PLA stents decreased over time, while it increased
on R@NG/EGCG/Tpl. The R@NG/EGCG/Tpl coating promoted the
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Fig. 7. In vivo histocompatibility of the vascular stent modified with the coating. (A) Morphology of the luminal vascular stents after implantation in the abdominal
aorta of New Zealand rabbits observed by SEM. Scale bars, 200 and 25 um. The representative cells oriented in the direction of the blood flow were marked with orange
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conversion of SMCs to a contractile phenotype, which can be attributed
to its HA and EGCG components. EGCG is able to inhibit the ex-
cessive proliferation of SMCs (59). Meanwhile, HA induces the
migration of SMCs via CD44-mediated signaling and promotes the
conversion of SMCs to a contractile phenotype (38).

In conclusion, the R@NG/EGCG/Tpl coating promoted endo-
thelialization, decreased the inflammatory response, and increased
the SMC contractile phenotype, thereby reducing restenosis and fa-
cilitating long-term stent patency. Hence, R@NG/EGCG/Tpl presents
a potential and efficient vascular stent coating.

In summary, a thrombin-triggered self-regulating anticoagulant
coating strategy with anti-inflammatory capacity was designed and
synthesized by combining thrombin-sensitive nanogels loaded with
the FXa inhibitor RIVA, antioxidant Tpl, and EGCG. In vitro drug
release assay confirmed the feedback-controlled release of anticoagu-
lant RIVA, and the excellent antithrombotic ability of R@NG/EGCG/
Tpl was demonstrated by in vitro and ex vivo hemocompatibility eval-
uations. R@NG/EGCG/Tpl inhibited the activation of macrophages by
eliminating free radicals and regulating the expression of inflammation-
related proteins, which was attributed to the antioxidant Tpl and
EGCG. Meanwhile, R@NG/EGCG/Tpl promoted the growth of
endothelial cells and inhibited the excessive proliferation of SMCs.

The versatility of R@NG/EGCG/Tpl was demonstrated in two
models of cardiovascular blood-contacting materials. The anticoagu-
lant ability, tissue compatibility, and anticalcification capacity were
enhanced in the modified biological valves. The vascular stents modi-
fied with R@NG/EGCG/Tpl exhibited improved hemocompatibility,
host response, reendothelialization, and anti-hyperplastic activity, which
were confirmed by in vitro and in vivo studies.

In this work, the physiological condition was complicated as it in-
volved convective flow, unpredictable thrombin levels, viscous blood,
and various blood protein. Simulating this complex and variable phys-
iological conditions in vitro was a challenge and difficult to consider
comprehensively. Therefore, thrombin sensitivity of R@NG was in-
vestigated by a simplified thrombin-stimulated environment (drug
release and particle size variation of the nanogels and pulsatile drug
release of R@NG/EGCG/Tpl). Although it is difficult to simulate the
complex and changeable physiological environment in vitro, more
investigations are needed in the future.

All in all, this thrombin-triggered self-regulating anticoagulant
coating strategy with anti-inflammatory capacity inhibited various
adverse consequences due to coagulation and inflammatory reactions,
thus escorting the reendothelialization on the surface of cardiovas-
cular implantable devices. This coating optimized the performance of
cardiovascular blood-contacting materials and provided a new per-
spective for the design of endothelium-like functional coatings.

MATERIALS AND METHODS

Materials

Dopamine hydrochloride (Dopa), HA (M,, ~7000), branched PEI
(average M, ~10,000 by gel permeation chromatography), EGCG,
phorbol 12-myristate 13-acetate (PMA), CCK-8, and Triton X-100 were
purchased from Sigma-Aldrich (Shanghai, China). 4-Hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl (Tpl) and RIVA were purchased from
Adamas Reagent Co. Ltd. (Shanghai, China). Heparin sodium salt
(185 U/mg) was purchased from Shanghai Macklin Biochemical Co.
Ltd. (Shanghai, China). The peptide NH,-Gly-(D)CHA-Ala-Arg-Ser-
Trp-Gly-CONH,; was synthesized by GL Biochem Ltd. (Shanghai,

Wang et al., Sci. Adv. 8, eabm3378 (2022) 4 March 2022

China). Fresh porcine pericardium was provided by Venus MedTech
Inc. (Hangzhou, China) and decellularized according to the previ-
ous report (60). The biodegradable poly (1-lactic acid) stents (PLA)
were provided by Sichuan XingTai Pule Medical Equipment Co. Ltd.
(Chengdu, China).

Synthesis of Ox-HA and PEI-Tpl

Sodium periodate (NalOy) solution (99.2 mg/ml) was added dropwise
to a HA solution (25 mg/ml). After stirring for 24 hours in the dark,
ethylene glycol (0.6 ml) was added to quench the reaction. Ox-HA
was obtained by dialysis against DI water and freeze-drying.

Tpl (0.02 mol, 3.44 g) and triethylamine (0.03 mol, 4.35 ml) were
dissolved in tetrahydrofuran (THF). p-NPC (0.022 mol, 4.44 g) in
THF was added dropwise and stirred for 24 hours. Then, PEI (M,, =
25,000, 3.44 g) was dissolved in dimethyl sulfoxide (DMSO) and added
into the reaction system. After stirring at room temperature for another
24 hours, PEI-Tpl was obtained by dialysis against DI water and freeze-
drying, "H NMR spectra were used to characterize PEI-Tpl.

Coating preparation

Before modification, the substrates were pretreated with the classic
mussel-mimicking amino-amplified coating obtained by copoly-
merization of dopamine and PEI, which could be prepared on a wide
range of substrate materials. Considering the reliability of data col-
lection, silicon wafers (Si), gold-plated quartz crystal, PLA, and bio-
logical valve leaflets were pretreated with the same coating and then
modified with the anticoagulant coating system. Briefly, the sub-
strates were immersed in dopamine solution (0.2 mg/ml in 10 mM
tris buffer, pH 8.5) for 45 min. After that, PEI solution (40 mg/ml in
10 mM tris buffer, pH 8.5) of the same volume as the dopamine solu-
tion was added for another 30 min (named Dopa/PEI). The sub-
strates were rinsed with DI water for further modification.

The substrates were immersed in nanogel solution for 12 hours
(named R@NG). Then, they were sequentially immersed into the
PEI-Tpl (2 mg/ml), EGCG (0.5 mg/ml), and R@NG solution. The coat-
ing cycle was repeated four times; the obtained coating is referred to
as R@NG/EGCG/Tpl.

Silicon wafers were selected as substrates in the coating morphol-
ogy section, in vitro thrombin-sensitive RIVA release and stability
of coating section, in vitro anti-inflammatory assay section, in vitro
platelet adhesion assay section, and cell morphology and prolifera-
tion of HUVEC and HUASMC section.

PLA mats were selected as substrates in the section of UV -vis spectro-
photometer assay. Quartz plates were selected as substrates in the
section of coating surface zeta potential.

Cell culture

The human monocytic leukemia cell line (THP-1, National Science &
Technology Infrastructure) was cultured in RPMI 1640 medium con-
taining 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
at 37°C under a 5% CO, atmosphere. Primary HUVECs (West China
Hospital in Sichuan University, China) and primary HUASMCs (West
China Hospital in Sichuan University, China) were cultured in Dulbecco’s
modified Eagle’s medium containing 10% FBS and 1% penicillin-
streptomycin at 37°C in a 5% CO, atmosphere.

Preparation of thrombin-sensitive nanogels
Ox-HA (10 mg) and RIVA (2 mg) were dissolved in DMSO (5 ml), and
then cleavable peptide solution (5 mg/ml, 2 ml) was slowly dropped
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into the stirring solution at room temperature. After 7 hours, the
mixed solution was dialyzed in DI water (molecular weight cut off =
1000) for another 12 hours at room temperature.

Characterization of the nanogels

The particle size of the nanogels was characterized by dynamic light
scattering. The in vitro drug release behavior of the nanogels was
investigated in different concentrations of thrombin solution (0, 5,
10, and 20 U/ml in PBS) at 37°C. Two milliliters of nanogel suspension
(1 mg/ml) was added into a dialysis bag and incubated in thrombin
solution under stirring. At predetermined time, 2 ml of the sample
was taken out and 2 ml of fresh thrombin solution was added. The
released RIVA was characterized by UV measurement.

Coating characterization

The micromorphology of the coating was observed by SEM (FEI
Nova NanoSEM 450). The roughness of the coating was investigated
by AFM (Bruker) using tapping mode with a ScanAsyst-Air (Trian-
gular) cantilever.

The real-time construction process of the coating was monitored
by QCM-D (QSense Analyzer, Biolin, Sweden), and data analysis
was conducted with Dfind Smartfit modeling in QSense Dfind soft-
ware. The coating was assembled on the 5-MHz gold-plated quartz
crystal at a flow rate of 50 pul/min, and the concentration of the
solution in QCM-D was consistent with the experimental concen-
tration. Surface zeta potential changes during coating assembly
were measured with a SurPASS 3 (Anton Paar, Austria) instrument.
The existence of EGCG was determined with a UV-vis spectropho-
tometer (PerkinElmer LAMBDA 850, USA) in the range of 200
to 600 nm.

In vitro release of RIVA from the coating
R@NG/EGCG/TpI (0.8 cm x 0.8 cm) was soaked into PBS contain-
ing thrombin (0 and 10 U/ml), periodically for 2 hours each. The
amount of released RIVA was calculated using UV measurement.
R@NG/EGCG/Tpl (0.8 cm x 0.8 cm) was immersed in 3 ml of PBS
at 37°C under shaking for 7, 14, 21, and 28 days. Every 2 days, 3 ml of
PBS was withdrawn and 3 ml of fresh PBS was added. The released
RIVA was determined by UV measurement. The coated sample was
removed after 7 and 14 days of immersion, and surface morphology
was investigated by SEM.

DPPH assay and in vitro anti-inflammation evaluation

The ability of the coatings for free radical elimination was investigated
by DPPH assay. DPPH was dissolved in ethanol solution (95%, v/v)
at 0.1 mM and incubated with the coatings at 37°C in the dark. After
30 min, the liquid was pipetted out and analyzed in a microplate
reader (Synergy H1, BioTek Instruments Inc.) at 517 nm.

To evaluate the effect of the coating on monocytes, the substrates
were placed into 24-well plates to coculture with monocytes. One
milliliter of THP-1 cell suspension (5 x 10* cells) containing 160 nM
PMA was seeded on the substrates. After 48-hour coculture, some ad-
herent cells were fixed and stained with rhodamine-conjugated phal-
loidin and 4’,6-diamidino-2-phenylindole (DAPI) dyes and some
with DCFH-DA (10 pM). The morphology and ROS generation of
cells were observed with a confocal laser scanning microscope (CLSM)
(Leica SP5, Germany). Enzyme-linked immunosorbent assay (ELISA)
(Jingmei Biotechnology) was used to detect the TNF-o and IL-10 lev-
els of the collected supernatants.
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In vitro hemocompatibility evaluation

All animal experimental procedures were approved by the medical
ethics committee of Sichuan Provincial Committee for Experimen-
tal Animal Management and performed in accordance with the
guidelines for the care and use of laboratory animals of Sichuan Uni-
versity (no. KS2020394). Sprague-Dawley rats and New Zealand
white rabbits used for studies were supplied by the West China Ex-
perimental Animal Center of Sichuan University (China). The coatings
were incubated in 500 pl of rabbit platelet-rich plasma at 37°C. Af-
ter 45 min, the coatings were taken out and rinsed three times with
saline. Platelet adhesion and activation on samples were observed
by SEM (FEI Nova NanoSEM 450).

Cell proliferation and morphology

One milliliter of HUVEC or HUASMC cell suspension containing
around 2 x 10* cells was seeded on samples. After 1- and 3-day culture,
the proliferation of cells on samples was characterized by a CCK-8
assay. The cells adherent to the samples were stained by calcein and
observed with a fluorescence microscope.

Modification and characterization of biological valve leaflets
SEM was conducted to observe the micromorphology of biological
valve leaflets before and after modification. The mechanical proper-
ties, thermal shrinkage temperature, and collagenase degradation
tests were conducted to assess the effect of the coating on the me-
chanical properties and stability of the biological valve leaflets. The
biological valve leaflets in a rectangular shape (n = 4) were subjected
to mechanical property tests on the Instron 5967 Testing Machine
(Instron, USA) at a constant velocity of 12.5 mm/min. The thermal
shrinkage temperature of the biological valve leaflets was investigated
with a DSC 2920 instrument (TA Instruments, Newcastle, DE) un-
der a N; atmosphere. A collagenase degradation test was conducted
on the biological leaflets. The dried biological leaflets were weighed
(W) and then incubated with collagenase II (125 U/ml) in tris buf-
fer (0.1 M tris, 50 mM CaCly, pH 7.4) at 37°C. After 24 hours, the
biological valve leaflets were rinsed with DI water and weighed (W)
after freeze-drying. The weight loss percentage was calculated by
the following equation: AW % = (W, — W)/ Wy x 100.

The ex vivo arteriovenous shunt assay was conducted according
to the previous reports (36). In short, the biological valve leaflets
were stuck on the inner wall of PVC tubes tightly, which were ster-
ilized with ethyl alcohol and treated with heparin. After being anes-
thetized by pentobarbital, the left carotid artery and right jugular
vein of male New Zealand white adult rabbits (weight, 2.5 to 3.0 kg)
were isolated. The assembled tube was connected with the carotid
artery and jugular vein to form a circuit. The blood circulation con-
tinued for 1 hour. Then, the test was terminated, and the leaflets were
rinsed and fixed with paraformaldehyde. The clots on the surface of
samples were collected and weighed. The samples were fixed and de-
hydrated before observation with SEM.

The dorsal skin of pentobarbital-anesthetized male juvenile Sprague-
Dawley rats (n = 6, 3 weeks old, weighing 50 g) was surgically incised,
and the biological valve leaflets were implanted into the subcutaneous
pockets (two pockets on the back of each rat). The leaflets without
neointima attached were explanted and fixed with paraformalde-
hyde after 60 days for the mineral analyses and histopathological
examination. The amount of calcium was investigated by ICP-OES
(VISTA-MPX, Varian Inc.), and the calcium deposition of leaflets
was observed after alizarin red staining (60).
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The inflammatory response was investigated by implanting the
biological valve leaflets into male Sprague-Dawley rats (weighing
300 g) subcutaneously. After 15 and 30 days, the biological valve leaf-
lets covered with the surrounding neointima were explanted and fixed
with paraformaldehyde. The fixed tissues were stained with H&E
for further investigation. The TNF-a and IL-10 expression was an-
alyzed by immunofluorescence with DAPI counterstaining.

Modification and characterization of vascular stents

The surface of the vascular stent before and after dilatation with a
2.75-mm-diameter balloon under 8 atm pressure for 30 s was ob-
served by SEM. The ex vivo arteriovenous shunt assay was conducted,
and the experimental procedures were similar to that of the biolog-
ical valve leaflets.

The PLA sheets modified with R@NG/EGCG/Tpl were implanted
into male Sprague-Dawley rats (weighing 300 g) to investigate the
inflammatory response after vascular stent implantation. After 15 and
30 days, the neointima around PLA sheet was explanted and fixed
with paraformaldehyde. The experimental procedures and sample
analysis were the same as for the subcutaneous biological valve leaflet
implantation experiment.

The PLA vascular stents before and after modification were
implanted into the abdominal aortic vessels of the healthy male
New Zealand white adult rabbits (n = 6, weighing 2.5 to 3 kg) after
anesthesia. After 1 and 3 months, the stents with surrounding vascular
tissue were explanted and fixed with paraformaldehyde for 1 week.
The inner wall of the stent was observed with SEM after dehydration.
For immunofluorescent analysis, the inner wall of the tissue block
was observed with CLSM after staining with anti-CD31, anti-eNOS,
and DAPI. The neointimal stenosis of the vascular stent was calculated
according to the H&E staining slices. The CD68 and a-SMA expres-
sion levels were investigated according to immunohistochemistry.

Statistical analysis

All experiments were repeated at least three times, and the results were
expressed as means = SD. One-way analysis of variance (ANOVA;
t test) was used to determine statistical significances between differ-
ent samples undergoing the same treatment. *P < 0.05, **P < 0.01,
*¥**¥P < 0.001, and ****P < 0.0001. Histomorphometric, immunobhis-
tochemical, and immunofluorescent staining results were analyzed
by Image-Pro Plus software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3378
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