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Mimicking the nitric oxide (NO)-release and glycocalyx functions of native vascular endothelium on cardio-
vascular stent surfaces has been demonstrated to reduce in-stent restenosis (ISR) effectively. However, the
practical performance of such an endothelium-mimicking surfaces is strictly limited by the durability of both NO
release and bioactivity of the glycocalyx component. Herein, we present a mussel-inspired amine-bearing ad-
hesive coating able to firmly tether the NO-generating species (e.g., Cu-DOTA coordination complex) and
glycocalyx-like component (e.g., heparin) to create a durable endothelium-mimicking surface. The stent surface
was firstly coated with polydopamine (pDA), followed by a surface chemical cross-link with polyamine (pAM) to
form a durable pAMDA coating. Using a stepwise grafting strategy, Cu-DOTA and heparin were covalently
grafted on the pAMDA-coated stent based on carbodiimide chemistry. Owing to both the high chemical stability
of the pAMDA coating and covalent immobilization manner of the molecules, this proposed strategy could
provide 62.4% bioactivity retention ratio of heparin, meanwhile persistently generate NO at physiological level
from 5.9 & 0.3 to 4.8 & 0.4 x 107'° mol cm™2 min"! in 1 month. As a result, the functionalized vascular stent
showed long-term endothelium-mimicking physiological effects on inhibition of thrombosis, inflammation, and
intimal hyperplasia, enhanced re-endothelialization, and hence efficiently reduced ISR.

1. Introduction stable coronary heart disease [1-3], which raised questions about the

necessity and effectiveness of coronary stent implantation. The reason

In 1987, Palmaz and Schatz developed the first balloon-expandable
coronary stent made from bare stainless steel. Thanks to the optimiza-
tion of dual antiplatelet therapy, vascular stent implantation has become
one of the most important ways to treat coronary artery diseases,
especially for patients with acute coronary syndrome. However, three
large-scale clinical trials successively confirmed that implantation of
both the bare mental stent (BMS) or drug eluting stent (DES) was not
superior to optimal medical therapy in the treatment of patients with
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may be that the increasingly serious complications after stent implan-
tation, such as in-stent restenosis (ISR) [1] and late stent thrombosis
(LST) [3], annihilate the improved coronary flow reserve. Based on the
comprehensive analysis of the mechanism, it is found that endothelial
dysfunction plays a key role in inducing these complications. The
occurrence of LST and very late stent thrombus (VLST) after implanta-
tion of the first-generation DES (G1-DES) was mainly attributed to the
absence or delayed endothelialization, which was caused by the loaded
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Fig. 1. The durable endothelium-mimicking coating for surface bioengineering of cardiovascular stents is achieved by covalent immobilization of NO producing
substance Cu-DOTA coordination complex and bioactive molecule heparin. The coating combines the functions of NO and heparin for improved inhibition of
thrombogenic responses (coagulation cascade and platelets) and inhibition of SMC proliferation, thereby reducing the risk of thrombosis and stenosis of the stent.

drug, such as rapamycin and paclitaxel [4]. Endothelialization of the
second-generation DES (G2-DES) has been significantly improved by
replacement with everolimus or zotarolimus, which have less toxicity to
endothelial cells (ECs) than rapamycin and paclitaxel. However, Otsuka
et al. demonstrated that there was no significant difference in the
occurrence of neo-atherosclerosis (neo-AS) between G1- and G2-DES
[5]. Endothelial dysplasia was assumed to be responsible for the accel-
erated neo-AS in DES-ISR, including the poor cell-to-cell junctions, the
reduced expression of anti-thrombotic molecules, and the decreased
nitric oxide (NO) production [6,7]. Therefore, building an
endothelium-mimicking interface on a vascular stent to endow the stent
with natural endothelial functions, may be an effective way to reduce
the complications of stent implantation.

Tethering bioactive molecules secreted by ECs on the stent surface is
frequently performed to mimic endothelium function. The most popu-
larly selected molecules include the heparin and NO-releasing systems
[8,9]. Heparin, one of the major glycoproteins in endothelial glycocalyx,
is originally recognized as an anticoagulant [10], which has also proven
to be able to inhibit migration [11] and proliferation [12] of smooth
muscle cells (SMCs), and to reduce inflammation [13]. However,
heparin-modified stents sometimes failed to inhibit intimal hyperplasia,
and may even promote it [14-16]. One possible speculation was that the
single molecule is not sufficient to deal with the complicated physio-
logical and pathological processes after stent implantation [17].
Meyerhoff et al. pointed out that there is no single natural molecule
which can block both the intrinsic and extrinsic coagulation pathways,
so they synthesized a heparin derivative with NO releasing property for
a better anticoagulant performance [18]. NO has been uncovered to
have multiple physiological functions, including anti-coagulation
[19-21], anti-inflammation [22] and inhibition of SMCs [23,24]. It is
worth pointing out that NO exhibits the antithrombotic and
anti-proliferative functions via different pathways from heparin. The
anticoagulant activity of heparin is achieved mainly by catalyzing the
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combination of antithrombin III (AT III) and thrombin [25-27], while
NO acts by inhibiting platelet activation and aggregation [28]; heparin
inhibits SMCs migration and proliferation mainly via extracellular
signal-regulated kinase (ERK) and/or protein kinase C (PKC) signaling
pathway [29], while NO acts via the cyclic guanosine monophosphate
(cGMP) pathway [30].

The synergistic system of NO and heparin that Meyerhoff et al.
constructed via synthesis of a heparin derivative with NO releasing
properties, had the common problem of NO releasing system, that is, a
burst in the early stage and rapid exhaustion [31]. In our previous study,
we have developed several systems based on NO catalytic release and
biomolecule co-immobilization, in which NO release was more stable
and lasted for a longer time. Firstly, heparin and the NO-generating
molecule selenocystamine (SeCA) were co-immobilized on a plasma
polymerized allylamine coating (PPAam) on a vascular stent for
improved endothelialization and inhibition of ISR [32]. Then, SeCA was
replaced with Cu-DOTA (1,4,7,10-Tetraazacyclododecane-N,N’,N”,
N’’’-tetraacetic acid) coordination complex to obtain a higher NO cat-
alytic bioactivity [33]. Moreover, we also constructed a widely appli-
cable metal-catechol-amine coating, in which Cu?>* were coordinated
with different numbers of phenolic hydroxyl groups (2, 4, or 6) to
generate NO, and amino groups for grafting of heparin [8]. However, the
coordination ability of Cu?>* with catechols was not strong enough, so
the Gu?* was inevitable to escape from the coating in the process of NO
catalysis. After soaking in NO donor solution for 15 d, only 50% of the
initial NO release rate was remained.

To meet long-term functional requirements of cardiovascular stents,
a durable endothelium-mimicking surface is therefore necessary. Here-
in, we designed a robust mussel-inspired amine-bearing adhesive
coating (pAMDA) for tailoring endothelium-mimicking functionalities
(Fig. 1, Fig. 2A). The pAMDA coating was formed by pretreatment with
pDA, followed by surface chemical cross-link with pAM. The pAMDA
coating had a wuniversal and strong adhesive property, basic
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Fig. 2. (A) Cu-DOTA and heparin were stepwisely covalently immobilized on the amine-bearing pAMDA coating based on carbondiimine chemistry. (B) GATR-FTIR
spectra and (C) XPS wide-scan survey spectra of the coatings. (D) Real-time monitor of molecule grafting by QCM-D. Real-time release of NO induced by Cu-DOTA (E)
and Hep&Cu-DOTA before (F) and after (G) treatment with PBS (pH 7.4) containing NO donor for 30 d. (H, I) Anti-factor Xa and Ila activity of the Hep and Hep&Cu-
DOTA coatings and (J) anti-factor Xa activity after treatment with PBS (pH 7.4) for different time intervals. Data are presented as mean + SD (n = 4) and analyzed
using a one-way ANOVA. A p-value less than 0.05 is statistically significant. The symbol *** indicates p < 0.005.

characteristics of catechol-amine coatings, and also contained a large
number of amino groups, introduced by pAM, for covalent grafting of
stable Cu-DOTA coordination complex to catalyze the NO release at a
physiological rate (referred to as Cu-DOTA), or/and enough amount of
heparin to effectively inhibit blood coagulation and SMCs proliferation
(referred to as Hep and Hep&Cu-DOTA, respectively). The high chemi-
cal stability of both the pAMDA coating and Cu-DOTA complex imparted
the endothelium-mimicking stents with about 62.4% of heparin bioac-
tivity retention and up to 81.3% of catalytic activity of NO after appli-
cation for 1 month.

2. Materials and methods
2.1. Materials

316L stainless steel (SS) substrates were processed by Chengdu
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Derbo Steel Co., Ltd; dopamine hydrochloride, pAM solution, DOTA,
and copper (II) chloride hydrate (CuCly-2H30, 99%) were purchased
from Aladdin Reagents Co., Ltd.; ethanol, isoamyl acetate, hydrochloric
acid, acetone, sodium chloride and sodium hydroxide were purchased
from Chengdu Kelong Chemical Reagents Co., Ltd.; quartz sensor crys-
tals were purchased from Jiaxing Jingkong Electronic Co., Ltd.; N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS) and 2-(N-morpholino) ethanesulfonic acid
hydrate (MES) were purchased from Sigma-Aldrich Corp.; NHS-
Fluorescein isothiocyanate (NHS-FITC, 90%) was bought from Thermo
Fisher Technology Co., Ltd.; phosphate buffered saline solution (PBS),
Tris-buffered saline solution (TBS) and trypsin were purchased from
Hyclone Laboratories; Cell culture medium for ECs and SMCs were
purchased from Vasculife® by Lifeline Cell Technology Co., Ltd.;
Chromogenix Coamatic® Heparin test, used to measure the anticoagu-
lant activity of heparin, was purchased from Chromogenix Co., Ltd.;
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activated partial thromboplastin time (APTT) reagent was purchased
from Shanghai Sun Biotech Co., Ltd.; mouse anti-human fibrinogen/
HRP, goat anti-mouse IgG/HRP, and anti-fibrinogen gamma chain
antibody were purchased from Beijing Biosynthesis Biotechnology Co.,
Ltd.

2.2. Preparation of the amine-bearing coating

To obtain an aminated surface for supporting co-immobilization of
the Cu-DOTA coordination complex and heparin, the 316L SS substrate
was firstly pre-coated with pDA via the self-polymerization of dopamine
by a one-step dipping method [34]. In brief, the mirror polished 316L SS
substrates were immersed into dopamine solution in TBS (0.01 M, pH
8.5), and then incubated at 37 °C under aerobic conditions. After in-
cubation for 24 h, the pDA-coated substrates were ultrasonically cleaned
in ultrapure water to eliminate physically adsorbed species and dried
with nitrogen gas. Subsequently, pDA-coated substrate was further
treated by pAM solution for a robust aminated coating through the
catecholic-amine chemical crosslinking, and the coating is referred to as
PAMDA.

2.3. Co-immobilization of the Cu-DOTA coordination complex and
heparin

The Cu-DOTA coordination complex and heparin were sequentially
grafted on the pAMDA-modified substrates using carbodiimide chemis-
try. Briefly, DOTA (10 pg/mL) was firstly pre-dissolved in water-soluble
carbodiimide solution system (WSC, pH 5.6), with EDC (1 mg/mL) and
NHS (0.24 mg/mL) dissolved in MES buffer solution (pH 5.6), for 30
min. Then, CuCly-2H20 with 1:1 of molar ratio to DOTA was added to
form Cu-DOTA coordination complex. After that, the pAMDA-coated
substrates were immersed into the above solution for 12 h to immobi-
lize the Cu-DOTA complex. The subsequent grafting of heparin is similar
to that of the Cu-DOTA complex. The Cu-DOTA-modified substrates
were immersed into heparin sodium salt solution (1 mg/mL) dissolved in
WSC solution for 12 h to realize the tethering of heparin, which was
marked as Hep&Cu-DOTA. Substrate functionalized only by Cu-DOTA
coordination complex or heparin was denoted as Cu-DOTA and Hep,
respectively.

2.4. Characterization of the functional coatings

The chemical structures of the coatings were examined by grazing
angle attenuated total reflection Fourier transform infrared spectros-
copy (GATR-FTIR, NICOLET 5700).

X-ray photoelectron spectroscopy (XPS, AXIS Supra, Kratos Analyt-
ical Inc., JP) was employed to identify the chemical components of the
coatings. The selection of X-ray source and the setting of test parameters
refer to the study of Zhang et al. [35].

An ultraviolet spectrophotometer (TU-1901, Beijing Puxi General
Instrument Co, Ltd., China) was used to determine the coordination of
copper ions with DOTA.

The thickness of the coatings was measured using a spectroscopic
ellipsometer (W-VASE, J.A.Woollam, USA), and their y (+0.015°) and A
(+0.08°) values were calculated in a wavelength range from 240 to
1100 nm.

Scanning electron microscopy (SEM, JSM-7800F, JEOL Ltd., JP) was
used to analyze the morphology of the coatings on vascular stents before
and after stent dilation by an angioplasty balloon, with a stent diameter
change from 1.65 to 2.75 mm. SEM detection was operated at 2.7 kV x
15 mA under a pressure of 5 x 10~* Pa.

An acid Orange II (AO II) assay was used to quantify the total amount
of amino groups (including the primary, secondary, and tertiary amino)
of the coatings. Briefly, the samples were immersed into 500 pL of AO II
solution (1.75 mg/mL, pH 4.0), and then incubated for 8 h at 37 °C. Then
the samples were taken out and washed with HCI solution (pH 4.0) for 3
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times and dried. Subsequently, the dried samples were incubated with
170 pL of NaOH solution (0.4 mg/mL) for 30 min at room temperature to
elute the adsorbed AO II. Finally, the eluted solution was transferred to a
96-well plate and measured by a microplate spectrophotometer (Epoch,
Biotek, USA) at 485 nm. At the same time, AO II solutions with a series of
gradient concentrations were prepared and measured for a standard
curve.

Water contact angles (WCA) were determined by a Kriiss GmbH DSA
100 Mk 2 goniometer (Hamburg, Germany) for evaluating the wetta-
bility of the coatings.

2.5. Catalytic release rate of NO

With the help of a NO analyzer (NOA, Seivers 280i, Boulder, CO), a
chemiluminescence method was adopted to real-time monitor the
release of NO. 316L SS foils (0.5 cm x 1 mm) coated with Cu-DOTA and
Hep&Cu-DOTA were used to probe the NO release rate. NO donor so-
lution was prepared by dissolving 1-glutathione (GSH, an endogenous
reductant, 10 pM) and NO donor S-nitroso-N-acetyl-pL-penicillamine
(GSNO, a nitrosothiol derivative, 10 pM) in PBS (pH 7.4). After 8 min of
baseline equilibration, the Cu-DOTA- or Hep&Cu-DOTA-coated 316L SS
foil was dipped in the NO donor solution, and the release of NO was
recorded in real-time each quarter of a second. After reaction for about
40 min, the samples were removed from the NO donor solution. When
the base line remained stable for about 10 min, the sample was
immersed into the reaction solution again to study its catalytic stability.
All the processes were carried out at 37 °C in the absence of light.

2.6. Quartz crystal microbalance with dissipation (QCM-D) measurement

QCM-D (Bioolin Technology Co, Ltd, Sweden) was used to quanti-
tatively test the amount of DOTA-Cu and heparin molecules grafted on
the pAMDA surface in real-time. Firstly, the quartz wafer (@ 1 cm, 5
MHz) was precoated with pAMDA coating and installed correctly in the
QCM-D chamber. Then, MES buffer solution (pH 5.6) was pumped into
the chamber at a flow rate of 50 pL/min, and the frequency change of the
quartz crystals was recorded. After a plateau was reached, 10 pg/mL of
DOTA activated by WSC solution was pumped into the chamber until the
frequency was stable, then PBS solution (pH 7.4) was pumped to remove
the physically adsorbed DOTA. Subsequently, CuCly-2H0 with 1:1 of
molar ratio to DOTA dissolved by PBS (pH 7.4) and 1 mg/mL of heparin
sodium salt activated by WSC were respectively pumped into the
chamber for realizing their tethering onto the pAMDA-coated surface.
Finally, the Sauerbrey equation was adopted to convert the frequency
change into mass change using the Q-Tools software [36].

2.7. Anti-Factor Xa and Ila activity by heparin

Anti-Factor Xa and Ila activities of the immobilized heparin in the
Hep and Hep&Cu-DOTA-functionalized surfaces were evaluated by
using Chromogenix Factor Xa and Factor IIa Kits (COAMATIC® heparin,
Milano, Italy), respectively. Firstly, 10 pL of platelet-poor plasma (PPP)
diluted by 40 pL of PBS was spread onto the sample surface and incu-
bated at 37 °C for 30 min to form the heparin-AT III complex. Then, 50
pL of chromogenic substrate S-2732 plus 50 pL of Factor Xa, or S-2238
plus Factor IIa was supplemented, respectively, and incubated at 37 °C
for 2 min. After that, 100 pL of the above incubated solution from each
sample was collected in a 96-well plate, and 50 pL of citric acid (2%) was
then added to stop the reaction. The absorbance at 405 nm was detected
by a microplate spectrophotometer. The absorbance value was inversely
proportional to the heparin activity on the samples. To evaluate the
long-term activity of the grafted heparin, the samples were incubated in
5 mL PBS (pH 7.4) and shaked on an oscillator at 37 °C for 1, 3, 7, 15,
and 30 d. The PBS solution was replaced every 12 h. Then, the anti-
Factor Xa and Ila activities of the heparin bound to the samples
treated by PBS were determined.
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2.8. Cell culture

All cells were subcultured in a cell culture incubator, with 5% CO- at
37 °C. Human umbilical vein endothelial cells (HUVECs), human um-
bilical artery smooth muscle cells (HUASMCs) and Raw 264.7 macro-
phages were purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd. HUVECs and HUASMCs were cultured in ECs
culture medium (ECM) and SMCs culture medium (SMCM, PromoCell
GmbH, Heidelberg, Germany). Macrophages were incubated in Dul-
becco’s Modified Eagle Medium (DMEM, high glucose type, Bioind, Beit-
Haemek, Israel) supplemented with i-glutamine, 10% fetal bovine
serum (FBS) and 1% Penicillin-Streptomycin (PS, Sigma-Aldrich, USA).
When the cells reached about 80% confluence, subculture was carried
out, and cells from passage 3 to 8 were used in this study.

2.9. Cell adhesion and proliferation

The cells (HUVECs, HUVSMCs or macrophages) were seeded on the
samples in 24-well cell culture plates at a density of 2.0 x 10 cells/mL,
respectively, and incubated in their corresponding culture medium
supplemented with NO donors (10 pM GSNO and 10 pM GSH). After
incubating for 2, 24, and 72 h, the samples were rinsed with PBS, and
fixed with 4% paraformaldehyde (Bioind). After that, the cells grown on
the sample surfaces were stained with Rhodamine 123 and observed by
a fluorescence microscope (CKX53, OLYMPUS, Japan). For 24 and 72 h
of incubation, the cell viability was detected by Cell Counting Kit-8
(CCK-8 Kit) according to the manufacturer’s instruction.

2.10. Cell migration

316L SS foil slices (1 cm x 2 cm) were used for cell migration assays.
Each slice was folded in half from the middle of the long axis to form a
vertical angle; one of the folded sides had the functional coating, while
the other was uncoated. The samples were placed in a 24-well cell cul-
ture plate with the non-modified side at the bottom of the well, and then
cells were seeded at a density of 5 x 10° cells/mL. After 6 h of culture, a
confluent cell layer was formed, the culture medium was removed, and
the samples were rinsed with PBS to remove the non-adherent cells.
Then, the samples were turned over to place the modified side at the
bottom of the well, and fresh cell culture medium supplemented with
NO donor was added to facilitate the cells migration from the non-
modified side to the modified side. After 24 h, all the samples were
collected, washed with PBS, fixed with 4% paraformaldehyde, stained
with rhodamine 123, and finally observed with a fluorescence
microscope.

2.11. Co-culture of HUVECs and HUVSMCs

HUVECs and HUVSMCs were pre-labeled with green chloromethyl
fluorescein diacetate (CMFDA) and orange chloromethyl trimethyl
rhodamine (CMTMR), respectively, following the manufacturer’s in-
struction. Then, the pre-labeled HUVECs and HUVSMCs were trypsi-
nized to prepare cell suspensions with the same density (5 x 10* cells/
mL); 0.5 mL of HUVECs and 0.5 mL of HUVSMCs cell suspension were
subsequently mixed and added to each sample in a 24-well plate. After 2
and 24 h of incubation, the samples were observed and photographed
with a fluorescence microscope for counting the ratio of both kinds of
cells. No less than 12 micrographs of each sample were taken for sta-
tistical analysis.

2.12. Expression of pro-inflammatory and anti-inflammatory factors in
macrophages

When the macrophages were cultured on the bare and coated 316L
SS samples for 24 h, the supernatant was collected and centrifuged at
3000 rpm for 5 min to remove the cells and debris. Then, the pro-
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inflammatory (IL-1p, IL-6, and TNF-a) and anti-inflammatory factors
(IL-10, TGF-p, and IL-23) in the supernatant were simultaneously
detected by using BioLegend’s LEGENDplex™ bead-based immunoas-
says. The experiments were performed according to the manual. The
immunofluorescence (IF) signals of 5000 LEGENDplex™ beads were
recorded for each sample, and the number of positive beads of different
inflammatory factors was counted and transferred into percentage of
positive beads, thus indirectly reflecting the expression of this factor.

2.13. Blood collection

Fresh human whole blood was collected from healthy volunteers,
who were requested to fast from midnight before drawing blood. All
blood samples were anticoagulated with trisodium citrate (3.5% wt) at
an anticoagulant/blood ratio of 1:9. Platelet-rich plasma (PRP) was
prepared by centrifugation of the whole blood at 1500 rpm for 15 min,
for subsequent platelet adhesion experiments. Platelet-poor plasma
(PPP) was obtained by centrifuging whole blood at 3000 rpm for 15 min,
for subsequent fibrinogen (Fg) adsorption and activation experiments.
The experiments were performed in compliance with ethical norms and
relevant laws.

2.14. Platelet adhesion and activation

PRP was pre-incubated at 37 °C for 10 min. Then, 200 pL of PRP
supplemented with NO donor was added on each sample in a 24-well
plate, and incubated at 37 °C for 30 min. After that, the samples were
rinsed 3 times with PBS to remove non-adherent platelets. Part of the
samples were fixed with 2.5 wt% glutaraldehyde solution for 12 h for
SEM inspection. In brief, the samples were thoroughly washed, dehy-
drated with gradient concentrations of ethanol, and dealcoholized with
increasing concentrations of isoamyl acetate. After drying in vacuum,
the samples were sputtered with gold and examined by SEM. For cGMP
expresssion test of the platelets, the platelets adhered on the samples
were ultrasonically crushed with each 100 pL of Triton X-100 solution
(10%), and then the platelet lysate was centrifuged at 2500 rpm for 15
min. Finally, the obtained supernatant was collected for cGMP detection
using a cGMP ELISA kit, refering to the Kit instruction.

2.15. Fibrinogen adsorption and activation

For the test of adsorption of fibrinogen (Fg), 100 pL of PPP was
spread on each sample surface. After incubation at 37 °C for 2 h, the
samples were washed 3 times with PBS and blocked with 250 pL of 5%
BSA (bovine serum albumin) solution for 30 min. Then, 50 pL of mouse
anti-human Fg/HRP antibody (1:1000) was dropped on each sample and
incubated at 37 °C for 1 h. Afterward, 100 pL of chromogenic substrate
3,3',5,5'-Tetramethylbenzidine (TMB, composed of A and B solutions
with the ratio of 1:1) was added to each sample. After reaction for 10
min, 50 pL of HySO4 solution (1 M) was added to quench the reaction.
The absorbance was read at 450 nm by a microplate spectrophotometer.

Activation of Fg adsorbed on the sample surface was indirectly
evaluated by determing the amount of Fg gamma chain. Fg was pre-
adsorbed on the sample for 2 h and then blocked with BSA as
described above. Subsequently, 50 pL of anti-fibrinogen gamma chain
antibody (1:3000) was added on each sample surface and incubated at
37 °Cfor 1 h. Next, the sample was incubated with 50 pL of the goat anti-
mouse IgG/HRP at 37 °C for 1 h. After that, the subsequent chromogenic
steps and absorbance detection were the same as those of Fg adsorption.

2.16. Hemolysis test

A hemolysis test is required for the evaluation of a foreign blood-
contacting material. In detail, 10 mL of whole blood was first
collected and mixed with 8 mL of 0.9% saline solution. Then, the sample
was incubated with 10 mL of saline solution at 37 °C for 30 min. After
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that, 0.2 mL of diluted whole blood was added and incubated at 37 °C for
1 h. Saline solution of equal volume was selected as a negative control
while deionized water was regarded as a positive control in this test for
calculation of hemolysis degree. The incubated solution was collected
and centrifuged at 3000 rpm for 5 min, and the absorbance of the
released hemoglobin from red blood cells was detected using a micro-
plate reader at 540 nm. The hemolysis degree was calculated according
to the following formula:

[(Aa — Ac)/(Ab — Ac)]

% Hemolysis x 100 (€8}

where Aa refers to the absorbance value of samples, Ab and Ac are the
absorbance values of the positive group and negative group,
respectively.

2.17. Ex-vivo and in vivo evaluation of anti-thrombogenicity

To better simulate the real flowing condition of blood, ex-vivo cir-
culation experiments using New Zealand white rabbits were carried out
in this study, as described in detail elsewhere [8,33]. All the animal
experiments comply with the Chinese National Guidelines for the Care
and Use of Laboratory Animals. Six rabbits (2.5-3.5 kg) and four parallel
samples of each group were used in this test. The uncoated-, and
PAMDA-, Cu-DOTA-, Hep- and Hep&Cu-DOTA-coated 316L SS foils (8
mm x 12 mm) were coiled and installed in the inner wall of an
arterial-venous extracorporeal circuit (ECC). The ECC was constructed
by connecting the left carotid artery and the right jugular vein with a
commercial surgical catheter. All the rabbits were pre-injected with NO
donor at a dose of 1 mL/kg. The blood flow in the catheter was moni-
tored for as long as 2 h. Then, the catheters installed with samples were
collected and photographed. The foils were taken out, weighed, photo-
graphed, washed and fixed with 2.5% glutaraldehyde solution for 12 h
for SEM inspection.

Two hours of in vivo stent implantation was further performed to
evaluate the thromboprotective effect of the Hep&Cu-DOTA coatings.
First of all, uncoated- and Hep&Cu-DOTA-coated 316L SS vascular
stents (@ 2.75 mm, length 1.65 mm, n = 4) were installed onto balloons.
Four New Zealand white rabbits (2.5-3.5 kg) were anesthetized and
used for the in vivo stent implantation. The uncoated- and Hep&Cu-
DOTA-coated 316L SS vascular stents were implanted in the opposite
sides of the iliac arteries, respectively. After 2 h of implantation, the
arteries with implanted stents were collected, washed, fixed with 2.5%
glutaraldehyde, and finally cut along the long axis for SEM analysis.

2.18. In vivo stent implantation for the evaluations of re-
endothelialization and restenosis

Eight New Zealand white rabbits were used for the evaluations of re-
endothelialization and restenosis. All the rabbits were randomly and
evenly divided into two groups, for 1 month and 3 months implantation.
After stent implantation, the rabbits were intravenously injected with
benzylpenicillin (0.3 mega IU/kg/day) for 5 d. The iliac arteries con-
taining the vasular stents were collected for re-endothelialization and
restenosis evaluation after 1 and 3 months implantation.

In detail, the harvested samples were thoroughly washed with hep-
arinized saline and saline solution, and then cut transversely into two
halves from the middle of the stent. One half was fixed with 10%
formaldehyde for resin embedding to study intimal hyperplasia. The
other half was further cut longitudinally into two halves, one of which
was fixed with 2.5% glutaraldehyde for SEM evaluation of re-
endothelialization, and the other half was fixed with 4% para-
formaldehyde for CD31 immunofluorescence staining to further identify
the cells grown on the stents. For the CD31 staining, the fixed artery
tissue containing stent was washed with PBS, treated with Triton X-100
solution (0.5% in PBS) for 10 min, blocked with BSA solution (1% in
PBS) for 30 min, and incubated with 2 pg/mL mouse anti-rabbit CD31/
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PECAM-1 antibody overnight at 4 °C. After that, the stent containing
tissue was carefully washed and stained with the Absin™ 488-conju-
gated anti-mouse IgG secondary antibody (abs200013, 2 pg/mL) for 2
h and counterstained with 4’,6-diamidino-2-phenylindole dihydro-
chloride (DAPI) for 10 min. The tissue was finally stained with phal-
loidin YF555 (5 pg/mL, Everbright Inc., US) at 37 °C for 1 h, thoroughly
washed, and observed with a laser confocal microscope (LSCM, A1RY,
Nikon, Japan), and a software of NIS Viewer (v.4.5, Nikon Instruments
Inc. Japan) was employed to analyze and process the data.

The vascular tissue with the stent for restenosis evaluation were first
washed with heparinized saline and saline solution. Then, they were
dehydrated with gradient concentrations of ethanol, and dealcoholized
with xylene. After that, they were infiltrated in a mixed solution of
methyl methacrylate and dibutyl phthalate, and finally solidificated in
this polymer solution supplemented with benzoyl peroxide as initiator.
The obtained resin embedding tissues were subsequently cut into thin
slices with a thickness of about 100 pm by using a hard tissue slicer
(Xi’an Lanming Medical Technology Co., Ltd, China) and stained with
Van Gieson stain. Histological micrographs were taken to measure and
analyze neointimal thickness, and the results are presented as mean +
standard deviation (SD, n = 4).

2.19. Statistical analysis

All the experimental data are presented as mean + SD (n = 4). Sig-
nificant levels among groups were compared using a one-way analysis of
variance (ANOVA) by IBM statistical software (v.20, SPSS, Chicago, IL,
USA). In vitro studies were performed in three independent experiments
with at least four technical replicates. A p-value of <0.05 was considered
to be statistically significant between groups.

3. Results and discussion
3.1. Characterization of the endothelium-mimicking coating

The endothelium-mimicking coating was fabricated via a two-step
procedure: 1) construct a durable pAMDA adhesive coating rich in
amino groups on the 316L SS surfaces (Fig. S1); 2) stepwise synergistic
grafting of NO-generating species (Cu-DOTA coordination complex) and
glycocalyx-like component (heparin) by using carbodiimide chemistry
(Fig. 2A). The pDA-like dark-brown color of the modified vascular stent
confirmed the successful deposition of the pAMDA coating (Fig. S1B,
left). To test the reactivity of surface amino groups, NHS-FITC was used
to functionalize the pAMDA coating. The visible green fluorescence on
the stent profile detected at 491 nm demonstrated the secondary reac-
tion of surface amino groups for grafting molecule (Fig. S1B, right).
Next, Cu-DOTA coordination complex (Fig. S2A) and heparin were used
for tailoring surface endothelium-mimicking functionalities. After
grafting Cu-DOTA or/and heparin to pAMDA, the peak between 3100
and 3600 cm ™! in the GATR-FTIR spectra was significantly broadened,
which may be due to the introduction of -OH stretching vibration peaks
by both molecules with a large amount of carboxyl groups. Moreover,
the band intensity of C=O0 stretching vibration (1640 cm ) and C-N
deformation vibration (1220 cm’l) was remarkably reinforced, indi-
cating the successful amidation reaction between -COOH of Cu-DOTA or
heparin and -NHjy of pAMDA coating (Fig. 2B). Additionally, the emer-
gence of two characteristic peaks of heparin, namely bending vibration
of -OH (1400 cm 1) and stretching vibration of 0—=S—0 (1320 cm V) in
the Hep and Hep&Cu-DOTA coatings also confirmed the successful
immobilization of heparin in the pAMDA coating. To further confirm the
successful immobilization of Cu-DOTA and heparin, surface character-
ization of the pAMDA coating before and after grafting of Cu-DOTA or/
and heparin was carried out by XPS. Clearly, the copper and sulfur
specific to the Cu-DOTA and heparin were respectively detected at
933.6 eV in both the Cu-DOTA and Hep&Cu-DOTA coatings, and 168.3
eV in both the Hep and Hep&Cu-DOTA coatings (Fig. 2C), which verified
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Fig. 3. Adhesion, proliferation and migration of HUVECs on the non-modified and pAMDA-, Cu-DOTA-, Hep-, and Hep&Cu-DOTA-modified 316L SS. (A) Fluo-
rescence micrographs of HUVECs grown on these surfaces; cell viability after 24 (B) and 72 h (C) of incubation was determined using a CCK-8 kit; (D) Fluorescence
micrographs of HUVECs migrated on the above surfaces for 24 h; migration distance (E) and migration density (F) calculated from the fluorescence micrographs. Data
are presented as mean + SD (n = 4) and analyzed using a one-way ANOVA (* compared with pAMDA, # with Cu-DOTA and * with Hep; one symbol indicates p <

0.05, two symbols indicate p <0.01 and three symbols indicate p <0.005).

the effective immobilization of Cu-DOTA or/and heparin on the pAMDA
coating. Moreover, the obvious changes in the densities of surface amino
groups (Fig. S1C) and the contents of oxygen (Table S1) of the Cu-DOTA,
Hep and Hep&Cu-DOTA also confirmed the immobilization of Cu-DOTA
and heparin on the pAMDA coating. Real-time monitor of the molecules
bound to the pAMDA-coated surface by QCM-D revealed that the DOTA
molecule was effectively tethered on the pAMDA coating at ~623 ng/
cm? after 8 h, and then approximately 162 ng/cm? of Cu®" ions was
chelated to the DOTA (Fig. 2D). The residual primary amino groups on
the pAMDA supported the further conjugation of about 801 ng/cm? of
heparin. The significant changes in surface wettability also further
confirmed the effective grafting of Cu-DOTA and heparin on pAMDA
coating (Fig. S3 A, B). As a coating used for surface engineering of a
vascular stent, it showed excellent adhesion strength and flexibility to
follow the deformation of the stent (Fig. S4), implying the potential
application of such an endothelium-mimicking coating in vascular
stents.

To examine the in vitro NO catalytic behavior of both Cu-DOTA- and
Hep&Cu-DOTA-coated 316L SS substrates, a chemiluminescence assay
was carried out. Firstly, real-time monitoring of NO release of 316L SS
substrates grafted with Cu-DOTA coordination complex prepared by 10
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pg/mL of DOTA and CuCly-2H>0 with different feed concentrations from
0.01 to 5 pg/mL to optimize the release rate of NO that is suitable for
vascular stents. (Fig. S2). In our previous work, we demonstrated that
the NO release rate ranging from 6 to 8 x 1 mol cm~2 min~! was
suitable for tailoring an ideal vascular stents with multiple physiological
functions [24]. Finally, an ideal NO release rate of 6.8 + 0.4 x 10710
mol cm™2 min~! was optimized by feeding 5 pg/mL CuCly-2H,0 for
preparing the Cu-DOTA-functionalized surface (Fig. S2 B). The further
immobilization of heparin led to a slight decrease in NO release rate
from 6.8 + 0.4 t0 5.9 + 0.3 x 107 1% mol cm 2 min~!. The decreased NO
catalytic generation might be ascribed to the loss of unstably chelated
Cu?* to the DOTA bound to the pAMDA coating or shielding effect
induced by immobilized heparin (Fig. 2E and F). It was noteworthy to
mention that the continuous treatment of the Hep&Cu-DOTA substrate
with NO donor solution for 30 d only resulted in a loss of 18.7% of NO
release rate (Fig. 2G), which is significant lower than the previously
reported values [8,32,33], implying the durable NO catalytic activity
and potential long-term physiological functional performance in vivo.
To further test the durability in bioactivity of heparin bound to the
PAMDA coating, the assays of anti-factor Xa and Ila activity by heparin
were carried out. Heparin is revealed to bind to antithrombin III (ATIII)
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Fig. 4. Adhesion, proliferation and migration of HUASMCs on the non-modified and pAMDA-, Cu-DOTA-, Hep-, and Hep&Cu-DOTA-modified 316L SS. (A) Fluo-
rescence micrographs of HUASMCs grown on the substrates; cell viability after 24 (B) and 72 h (C) of incubation was determined using a CCK-8 kit. (D) fluorescence
micrographs of HUASMCs migrated on these surfaces for 24 h. Migration distance (E) and migration density (F) calculated from the fluorescence micrographs. Data
are presented as mean + SD (n = 4) and analyzed using a one-way ANOVA (* compared with pAMDA, # with Cu-DOTA and * with Hep; one symbol indicates p <

0.05, two symbols indicate p <0.01 and three symbols indicate p < 0.005).

by sulfurized pentosaccharide sequences and then activate it. Thus, the
inhibitory effect of activated ATIII on coagulation factors (especially
factor Xa and Ila) is increased by thousands of times and prevents
thrombus formation [37]. The results revealed that the anti-FXa activity
of the Hep and Hep&Cu-DOTA coating was 179 + 1.3 and 176 + 1.1
IU/mg, and the anti-FIla activity was 160 + 0.8 and 156 + 0.5 IU/mg,
respectively (Fig. 2H and I). Because of the short half-life of heparin, the
long-term anticoagulant properties of the Hep&Cu-DOTA coating must
be evaluated [38]. Hep&Cu-DOTA samples were immersed in PBS so-
lution for as long as 30 d, and their anti-FXa activity was measured at the
same time interval as the NO stability test. After treatment with PBS for
30 d, the anti-Xa activity of the Hep&Cu-DOTA still remained a high
value of 98.4 + 7.1 IU/mg, with ~62.4% of its initial state (Fig. 2J),
indicating an excellent retention of heparin activity, and demonstrating
that the Hep&Cu-DOTA coating can effectively perform long-term
anticoagulant function. Taken together, it was concluded that by using
a stepwise synergistic grafting method, a durable
endothelium-mimicking coating was successfully created in this work.
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3.2. Invitro cytocompatibility

For a vascular stent, the ability to support the growth of ECs thus
accelerating endothelialization is considered to be a crucial property,
because an intact and healthy endothelium is the guarantee of pre-
venting ISR [6]. The major clinical complications that perplex DES are
LST and VLST, which have been ascribed to the delayed or incomplete
endothelialization by a series of autopsy reports [39]. We found that the
modification of 316L SS with pAMDA coating promoted the adhesion
(Fig. S5), proliferation (Fig. 3A-C) and migration (Fig. 3D-F) of ECs.
This may be attributed to the introduction of positively charged amino
groups (Fig. S1 C), which have been widely demonstrated to have
excellent cellular affinity based on both the electrostatic attraction and
improvement of surface wettability [15]. Considering that the effects of
both NO and heparin on EC growth are strongly based on their doses
[15,40], in this study, the NO or heparin decorated on the stent surface
was strictly controlled at an appropriate concentration (Fig. 2D, F). As
expected, the Hep-functionalized surface (Hep) with 800 ng/cm? of
heparin-grafted density and the NO-functionalized surface (Cu-DOTA)
with 5.9 + 0.3 x 1071% mol cm™2 min~! of NO release rate further
improved the growth and migration of ECs. The important role of NO in
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Fig. 5. Competitive growth of HUVECs and HUASMCs on the non-modified and pAMDA-, Cu-DOTA-, Hep-, and Hep&Cu-DOTA-modified 316L SS. (A) Fluorescence
micrographs of HUVECs and HUASMCs seeded on these surfaces at equal density and co-cultured for 2 and 24 h, the corresponding quantitative results include the
number of adherent cells (B, C), and the ratio of HUVECs to HUASMCs (D, E). Data are presented as mean + SD (n = 4) and analyzed using a one-way ANOVA (*

compared with pAMDA, #

regulating EC migration was described in detail in the experiment that
VEGF induced angiogenesis [41]. In that experiment, inhibition of NO
production blocked the chemotactic actions of VEGF on bovine lung
microvascular ECs, while the increase of NO led to an increase of EC
migration. As reported, the effect of heparin on the growth and migra-
tion of ECs was affected by several factors, including the molecular
weight [42] and concentration of heparin, the addition of growth factors
and so on [43,44]. In the case of the Hep&Cu-DOTA, it showed sub-
stantial promotion in the adhesion, proliferation and migration of ECs,
demonstrating the effective synergistic effects via the intergration of NO
and heparin in ideal surface decorated doses.

In terms of reducing the complications of stent implantation, surface
modification strategies with the only aim of promoting endothelializa-
tion usually failed to achieve promising results. For instance, although
the Genous™ endothelial progenitor cell (EPC) capturing stent has been
reported to be quickly covered with EPCs in vivo, it failed to inhibit ISR
in clinical trials, which was attributed to the abnormally rapid prolif-
eration of SMC, differentiating from the captured EPCs [45]. In this
study, two bioactive molecules were used to functionalize the vascular

with Cu-DOTA and  with Hep; one symbol indicates p < 0.05, two symbols indicate p < 0.01 and three symbols indicate p < 0.005).

stents, namely NO and heparin. Both have been reported to inhibit SMC
with completely different mechanism. Heparin inhibits SMC by inhib-
iting cell metabolism [46] and suppressing expression of
matrix-degrading enzymes [47], etc; NO inhibits SMC via activating 3/,
5’-cyclic monophosphate (cAMP) signaling pathway [42]. However,
some in vivo experiments showed that stents modified with single hep-
arin failed to inhibit ISR [8], which may be due to the low amount
or/and low activity of the grafted heparin. Actually, one single modifi-
cation strategy may be insufficient to target the whole complex physi-
ological environment in vivo. So another SMC inhibitor, NO, was
selected in this study to assist heparin in inhibiting the proliferation of
SMC.

The results in Fig. 4 and Fig. S6 showed the adhesion, proliferation
and migration of SMCs under the action of single NO, single heparin, and
the coordination of both molecules. Fig. S6 showed a significant
improvement in SMC adhesion on the pAMDA coating, including in-
crease in cell number and cell area coverage, which may be caused by
the large number of amino groups [48]. The covalent grafting of either
NO-generating complex or heparin on pAMDA significantly inhibited
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Fig. 6. Adhesion, proliferation, and cytokine expression of macrophages on the non-modified and pAMDA-, Cu-DOTA-, Hep-, and Hep&Cu-DOTA-modified 316L SS.
(A) Fluorescence micrographs of macrophaghs on these surfaces. Cell viability after 24 (B) and 72 h (C) of incubation that was determined using a CCK-8 kit. (D-I)
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Heat map of the expression of inflammation-related factors by macrophages grew on these surfaces. Data presented as mean + SD (n = 4) and analyzed using a one-
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<0.005).

SMC adhesion in the presence of NO donor, and co-grafting of both
molecules resulted in the smallest number and area coverage of the
adhered SMCs. Fluorescence images in Fig. 4A and quantitative results
of CCK-8 assay in Fig. 4C and D show that both NO and heparin
significantly inhibited the proliferation of SMCs, and the inhibitory ef-
fect of NO on SMC was stronger than that of heparin. It is worth
mentioning that the proliferation of SMCs was significantly lower on the
Hep&Cu-DOTA coatings than that on the Cu-DOTA or Hep coating,
indicating a synergistic effect between NO and Hep on SMC inhibition.
The effect of the aforementioned coatings on the migration of SMCs was
consistent with that on the proliferation. The released NO and grafted
heparin together induced the strongest inhibition on SMC migration
(Fig. 4D), which was reflected in significant decrease in SMC migration
distance (Fig. 4E) and migration density (Fig. 4F).
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Although NO and heparin have been proved to effectively and syn-
ergistically promote EC growth but inhibit SMC growth in a single-cell
culture model, it is still necessary to study the growth behavior of
both types of cells in a co-culture model, which may be more approxi-
mate to the in vivo environment for a vascular stent, where the ECs and
SMCs interact with each other [49]. In the co-culture experiment, ECs
and SMCs were pre-stained with green and red fluorescence, respec-
tively, and seeded on the above coatings at equal density. As was shown
in Fig. 5A, both the ECs and SMCs adhered onto the above surfaces can
be clearly distinguished via the pre-stained fluorescence, making it
feasible to count the cell number. The number of cells adhered in 2 h
showed that both NO and heparin significantly improved the adhesion
of ECs, and the maximum EC number was achieved under the synergistic
action of NO and heparin (Fig. 5B), in consistence with the result of
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single-cell model in Fig. S5. For SMC adhesion in the co-culture model,
either NO or heparin significantly inhibited SMC adhesion (Fig. 5B),
thus resulted in obvious adhesion advantage of ECs over SMCs (Fig. 5D).
Although the synergistic inhibition between NO and heparin on the
initial adhesion of SMCs was not shown in the co-culture model, ECs
adhered on the Hep&Cu-DOTA coating still showed the greatest
competitive advantage over SMCs, due to the strongest promotion of EC
adhesion. The result of competitive adhesion of ECs and SMCs for 24 h
was quite similar to that for 2 h, except that the synergistic inhibition of
SMCs by NO and heparin was significant in 24 h adhesion on the
Hep&Cu-DOTA (Fig. 5E). In total, ECs showed strong competitive
advantage over SMCs on the Cu-DOTA, Hep, and Hep&Cu-DOTA coat-
ings after adhesion for 2 and 24 h, and the greatest competitive
advantage was obtained on the Hep&Cu-DOTA coating, inferring the
superiority of the dual-functional endothelium-mimicking surface in
inhibiting intimal hyperplasia, which was usually caused by competitive
growth of SMCs over ECs.

The response of inflammatory cells, such as macrophages, to the
surface of a deployed stent significantly affects the healing of the stented
artery. The incidence of ISR increased gradually with the implantation
time in both BMS and DES, which was generally associated with the
occurrence of neo-AS [50]. Acute damage to vascular tissue during stent
implantation, increased expression of pro-inflammatory factors by ECs
induced by blood turbulence behind the stent, and long-term chronic
inflammatory response triggered by the stent itself, recruit monocytes.
They transform into macrophages, associated with the uptake of
oxidized low density lipoprotein, expression of pro-inflammatory factors
and necrosis, ultimately leading to the occurrence and progress of
neo-AS [51]. Both heparin and NO has been proved to have
anti-inflammatory properties [52]. In this study, macrophages were
seeded on the above samples, and their proliferation and secretion of
pro- and anti-inflammatory factors were determined. The results in
Fig. S7 and Fig. 6A, B, and C revealed that amino-rich pAMDA coating
promoted the adhesion and proliferation of macrophages compared with

4796

the bare 316L SS. In contrast, Cui-DOTA and Hep coating showed sig-
nificant inhibitory effects on the proliferation of macrophages. Owing to
the synergistic effect of NO and heparin, the Hep&Cu-DOTA-function-
alized surface resulted in further inhibitory effects on the adhesion and
proliferation of macrophages. Moreover, macrophages grown on the
Cu-DOTA, Hep and Hep&Cu-DOTA coatings expressed significantly
lower amount of pro-inflammatory factors including IL-1f and TNF-a,
and higher amount of anti-inflammatory factors including IL-10 and
IL-23 than both the bare 316L SS and the pAMDA coating. Among them,
the lowest amount of pro-inflammatory factors and the highest amount
of anti-inflammatory were realized on the Hep&Cu-DOTA coating.

Although the combined anticoagulant-antiplatelet therapy was
continuously optimized in clinic, thrombogenicity is still regarded as
one of the major causes of stent failure, including the LST and VLST
involved in DES [1]. Tailoring a surface with excellent anti-thrombotic
property, therefore, is a frequently applied strategy for vascular stents.

Platelet adhesion and activation, and fibrinogen absorption and
conformational change are both the key events during thrombus for-
mation. As shown in Fig. 7A, the deposition of pAMDA coating on the
316L SS induced a significant increase in fibrinogen absorption and
activation. In the groups of Cu-DOTA, the production of NO did not
resulted in visible changes on both absorption and activation of fibrin-
ogen. In contrast, the grafting of heparin substantially reduced the ab-
sorption and activation of fibrinogen. Moreover, we also noted that
there was no significant difference in the absorption and activation of
fibrinogen between the Hep and Hep&Cu-DOTA groups. Taken together,
this may imply there was no directly physiological effect of NO on
fibrinogen.

In the case of adhesion and activation of platelets, there was a large
number of platelets with protruding pseudopods adhered onto the bare
316L SS. Amine-bearing pAMDA coating aggravated the adhesion and
activation of platelets. For the Cu-DOTA coatings, the chelated Cu?* can
be reduced into Cu * ions by GSH in the NO donor solution, which then
catalyzed GSNO to release NO [33]. NO inhibits platelet aggregation by
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Fig. 8. Ex vivo and in vivo hemocompatibility evaluation for the bare and modified 316L SS foils (A-G) and vascular stents (H, I). The bare and modified 316L SS foils
were installed in arteriovenous shunts of a New Zealand white rabbit (A); optical photographs of the thrombi formed in the PVC tubings installed with the above-
mentioned samples (cross-sectional view, B) and those on the flattened samples (C), which were further analyzed by SEM (D); some quantitative results such as
thrombus weight (E) on the samples, occlusion rate (F) and blood flow rate (G) of the sample-installed PVC tubings. In vivo hemocompatibility evaluation for the bare
and Hep&Cu-DOTA modified 316L SS vascular stents in rabbit iliac arteries (H), the samples were inspected by SEM (I). Data are presented as mean =+ SD (n = 4) and
analyzed using a one-way ANOVA (*compared with 316L SS, *with Cu-DOTA and *with Hep coating; one symbol indicates p < 0.05, two symbols indicate p < 0.01,

and three symbols indicate p <0.005).

damping the thromboxane A receptor via phosphorylation of
c¢GMP-dependent protein kinase [53]. As expected, the generated NO
induced by Cu-DOTA significantly up-regulated the expression of cGMP
(Fig. 7B), resulting in significant inhibition in platelet adhesion and
activation (Fig. 7C). Similarly, grafting of heparin on the pAMDA
coating also resulted in an inhibition of platelet adhesion and activation.
Heparin is one of the most essential clinical anticoagulant, which ac-
celerates and amplifies the inhibition of thrombin by antithrombin [8].
Heparin is also widely used for the surface modification of blood con-
tacting materials to reduce platelet adhesion and activation, thus
reducing the risk of thrombosis [54,55]. However, heparin treatment
can cause thrombocytopenia, which is associated with platelet activa-
tion and aggregation [53]. Gao et al. discovered one possible mecha-
nism, that is, heparin bound to integrin aIlbp3 on the surface of platelets,
thus induced phosphorylation of some pivotal cytosolic signaling mol-
ecules, such as Akt, and resulted in platelet cell spreading [56]. This
challenges the strategy of anticoagulant modification by grafting hepa-
rin alone. On the Hep&Cu-DOTA, the released NO and grafted heparin
adopt different anticoagulant strategy, thus effectively avoid thrombosis
caused by the possible platelet activation by heparin. From the
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quantification results in Fig. 7D, both numbers of the adhered and
activated platelets were significantly lower on the Hep&Cu-DOTA
coating than on the Cu-DOTA and Hep coatings, demonstrating that
there was a synergistic effect of NO and heparin in the inhibition of
platelet adhesion and activation. We also demonstrated that as a newly
synthesized material, the pAMDA exhibited a safe hemolysis rate within
1% (Fig. S8).

3.3. Ex vivo and in vivo anti-thrombogenicity

To further test the anti-thrombogenicity of the Cu-DOTA-, Hep-, and
Hep&Cu-DOTA-functionalized surfaces in blood, ex vivo circulation was
performed (Fig. 8A). After 2 h of circulation, the PVC tubes with the bare
316L SS foils were almost blocked, but those with Cu-DOTA- or Hep-
modified foils were only covered with thin strip of thrombi, and those
with Hep&Cu-DOTA coating were almost free of thrombus (Fig. 8 B, C).
Analysis by SEM (Fig. 8D) revealed that typical thrombi with platelets
and red blood cells (RBCs) wrapped in fibrin networks were formed on
the bare 316L SS foils. Thin fibrin networks dotted with some platelets
and RBCs were found on the Cu-DOTA- and Hep- modified surfaces. Of
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Fig. 9. The bare and modified 316L SS vascular stents with Hep&Cu-DOTA coatings were implanted in rabbit iliac arteries for 1 and 3 months. SEM images of the
surfaces of stents implanted for 1 and 3 months indicated the endothelialization degree (A), which was further identified via CD31 immunofluorescence staining of
the neointima on vascular stents implanted for 1 month (B) and quantified via fluorescence intensity, (C) for 316L SS and (D) for Hep&Cu-DOTA. Van Gieson staining
for hard-tissue-slices of the arteries implanted with vascular stents for 1 and 3 months was carried out to demonstrate the intimal hyperplasia degree (E), then mean
neointimal area (F) and neointimal stenosis rate (G) were calculated via Image J. Data are presented as mean + SD (n = 4) and analyzed using a one-way ANOVA

(***p < 0.001 compared with 316L SS stent).

special noteworthiness is that there was little tangible substance, such as
platelets and RBCs on the Hep&Cu-DOTA-modified foils (Fig. 8 D). The
weights of the thrombi were further determined (Fig. 8E). Thrombus
weight was significantly decreased on Cu-DOTA or Hep coating,
compared with the bare 316L SS, and the least weight was obtained on
the Hep&Cu-DOTA foils. Obviously, the thrombus weight on the foil
correlated with the occlusion rate (Fig. 8F) and correlated inversely with
the blood flow rate of the shunt (Fig. 8G). All the results indicated that
the Hep&Cu-DOTA group had the best ex vivo antithrombotic properties.

Furthermore, in vivo stent implantation was carried out to evaluate
the stent blood compatibility, because intimal injury, which has been
popularly regarded as one of the most important initiating factors for in-
stent coagulation [50] was neglected in the ex vivo experiment. Bare and
Hep&Cu-DOTA-coated 316L SS stents were symmetrically implanted in
both iliac arteries of a rabbit for 2 h (Fig. 8H). SEM results revealed that
the bare 316L SS stent was covered with a thick layer of thrombus
composed of a mesh of cross-linked fibrin, aggregated platelets and
RBCs, whereas there was no detectable thrombosis on the
Hep&Cu-DOTA stents. (Fig. 8 I). Taken together, these results indicate
that the synergistic action of NO and heparin endows the stent with the
almost perfect EC-like thromboresistant properties.

3.4. In vivo implantation of the Hep&Cu-DOTA-functionalized vascular
stents

To test whether our developed durable Hep&Cu-DOTA endothelium-
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mimicking coating can effectively address the issues of vascular stents
associated with the incomplete endothelialization and intimal hyper-
plasia, the long-term stent implantation in rabbit was conducted.

After the stents were implanted in the iliac arteries for 1 month, the
bare and Hep&Cu-DOTA-modified 316L SS stents were covered with a
layer of neotissue. SEM images showed that some of the uncoated 316L
SS stent struts were covered with fibrous-like tissues, whereas the
Hep&Cu-DOTA-modified stent struts were fully covered with a layer of
regularly arranged cells (Fig. 9 A). To identify the type of the cells grown
on the vascular stents, immunofluorescence staining for CD31 was
performed (Fig. 9 B, Fig. S9 and Vidio S1, S2). Laser confocal microscope
analysis revealed that the uncoated stent structs were not completely
covered with ECs, consistent with the SEM results. In contrast, a compact
endothelial cell layer was formed on the Hep&Cu-DOTA-coated stent
structs, which resulted in higher CD31 expression (green line in Fig. 9C)
than on the bare stent (green line in Fig. 9D).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.05.009

Cross sections of the arteries implanted with stents for 1 and 3
months, were stained with Van Gieson’s to determine the in-stent
restenosis. Optical micrographs (OMs) in Fig. 9E showed that the neo-
intima formed on the modified stent was obviously thinner than on the
bare one. Quantification of the neointimal area and in-stent stenosis rate
were calculated from the OMs by Image J software and analyzed using
one-way ANOVA. Hep&Cu-DOTA coating led to significant decreases in
both the neointimal area and in-stent stenosis compared to the uncoated
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stents (Fig. 9F and G).

Complications of stent implantation, including ISR and LST, are
usually ascribed to coagulation, long-term inflammation, migration and
proliferation of SMCs, and their excessive extracellular matrix deposi-
tion. In the Hep&Cu-DOTA-coating, the covalently grafted heparin
enhanced the inactivation of thrombin by ATIII thus inhibited coagu-
lation [8], enhanced growth of ECs while inhibited proliferation of
SMCs; the chelated Cu®* ions catalyzed the NO donor in the circulation
to continuously generate NO in a range of physiological dose, to promote
growth of ECs, and to inhibit coagulation, inflammation, and prolifer-
ation of SMCs. Under the synergistic and complementary actions of
heparin and NO, the Hep&Cu-DOTA-coated stents led to rapid endo-
thelialization and less in-stent restenosis.

4. Conclusion

In summary, a durable endothelium-mimicking coating has been
developed in this study to tailor the required long-term physiological
functions of cardiovascular stents. The endothelium-mimicking surface
is realized by stepwise covalent grafting of NO-generating species of Cu-
DOTA and glycocalyx component of heparin on a durable amine-bearing
adhesive pAMDA coating, with high degree of surface chemical cross-
linking structure. Our results demonstrated that the combination with
durable surface coating and covalent immobilization manner of mole-
cules endowed the endothelium-mimicking surface with about 62.4% of
heparin bioactivity retention and up to 81.3% of catalytic activity of NO
after application for 1 month. Both the in vitro and in vivo results indicate
that the functionalized vascular stent substantially improved antith-
rombogenicity, anti-inflammation, anti-restenosis and enhanced re-
endothelialization. We envision that such a durable endothelium-
mimicking coating could be a promising platform to address the major
clinical complications frequently appear at blood-contacting devices.
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