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ARTICLE INFO ABSTRACT

Keywords: Polymeric small-diameter vascular grafts (SDVGs, inner diameter, < 6 mm) with characteristics, such as
SDVGs thrombo-protection and adequate short-term as well as long-term patency are still in the development and
EGCG-Cu exploration stage. In this study, based on the gas signaling molecule release strategy, SDVGs were prepared by
i\rifi]?thrombosis electrospinning using poly(L-lactide-co-¢-caprolactone) (PLCL) and gelatin (Gel). Bivalirudin (BVLD) and epi-
Electrospinning gallocatechin gallate-copper (EGCG-Cu) complex were loaded into SDVGs to improve hemocompatibility and

nitric oxide (NO) release, respectively. Vascular grafts manifested drug release for up to 40 days in vitro; BVLD
effectively inhibited thrombosis while the EGCG-Cu complex catalyzed the NO production from endogenous
donors (S-nitroso glutathione (GSNO) and glutathione (GSH)), thereby conferring vascular grafts with functions
similar to that of the natural vascular endothelium layer. Both in vitro and in vivo tests demonstrated that SDVGs
co-loaded with BVLD and EGCG-Cu (PG-EB) could effectively inhibit thrombosis, alleviate inflammation, and
suppress the proliferation of smooth muscle cells (SMCs) while promoting the proliferation of endothelial cells
(ECs), and finally regenerate vascular tissues. In vivo animal experiments demonstrated that vascular grafts could
promote endothelialization and vascular remodeling. In summary, our simultaneous utilization of BVLD and
EGCG-Cu may offer a promising avenue for the fabrication of in situ regenerable SDVGs.

1. Introduction

In recent years, the incidence of chronic diseases, such as cardio-
vascular disease (CVD) has been on the rise [1]. Occluded coronary and
peripheral arteries are generally treated by the transplantation of au-
tografts, allografts, or artificial synthetic polymer-based vascular grafts
[2]. Autologous blood vessels are the clinical gold standard for the
treatment of CVD albeit their limited use owing to the different types of

* Corresponding authors.

factors, such as less number of donors, additional surgical procedures,
and patient health status [3,4]. Poly(ethylene terephthalate) (PET) and
expanded polytetrafluoroethylene (ePTFE) have shown satisfactory
performance in replacing large-diameter blood vessels (I.D. > 6 mm)
albeit their limited success in the reconstruction of small-diameter blood
vessels (I.D. < 6 mm) [5]. Synthetic polymer-based vascular grafts have
only limited success as small-diameter vessel substitutes, possibly due to
the occlusion of the lumen, less blood flow velocity, and intimal
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hyperplasia (IH). Consequently, the transplanted vascular grafts show
poor short-term and long-term patency, thrombosis, and IH [6,7].
Therefore, it is imperative to design alternative biomaterial candidates
for the fabrication of small-diameter vascular grafts (SDVGs), which
may have salutatory functions alongside the healing potential and de
novo production of arteries in vivo.

Timely vascular endothelialization has an important role in the
maintenance of vascular homeostasis and the prevention of vascular
diseases. Different types of methods have been proposed to achieve
timely endothelialization of SDVGs, such as the incorporation of
bioactive molecules, which include vascular endothelial growth factor
(VEGF), cell-specific antibodies, and extracellular matrix (ECM) protein-
based cell-binding amino acid sequences [8,9]. Before the formation of
the endothelium layer, the proliferation and migration of smooth muscle
cells (SMCs) into the intima is the main reason for vascular restenosis
[10]. While the frequency of restenosis and thrombosis of vascular grafts
is greatly reduced after the introduction of anti-proliferative drugs, late
thrombosis still remains a persisting dilemma. Moreover, the release of
anti-proliferative drugs may inhibit the proliferation and migration of
SMCs and may also suppress the proliferation of endothelial cells (ECs),
thereby adversely influencing reendothelialization [11]. Recently,
different types of gas signaling molecules, such as hydrogen sulfide
(H5S), carbon monoxide (CO), and nitric oxide (NO) have attracted
significant attention from the research community in conferring multi-
functional characteristics to artificial synthetic vascular grafts including
rapid endothelialization, vascular remodeling, and enhanced short-term
and long-term patency[12-16]. In native cardiovascular tissues, NO
plays multifunctional roles, such as vascular homeostasis, vasocon-
striction, vasodilation, endothelium formation, and the proliferation
and cell fate regulation of SMCs [17,18]. In addition, NO may inhibit the
adhesion and activation of platelets as well as inflammation resolution
[19].

S-nitroso serum protein and S-nitroso glutathione are considerably
produced in the peripheral circulation [20]. Through catalyzing these
endogenous NO donors, a stable release of NO can be attained, thus
maintaining vascular homeostasis. Metal ions including copper ions
(Cu?") and ferrous ions (Fe*t) catalyze the production of NO from NO
donors. However, ferrous ions (Fe2+) have disadvantages of low cata-
lytic efficiency, unstable nature, and rapid oxidation. Therefore, the
current study mainly uses copper ions (Cu?") to catalyze the production
of NO from the donors [21]. Copper (Cu) is an important microelement
for the human body; Cu deficiency may cause different types of diseases,
such as anemia and CVD. Copper ions (Cu?®") induce VEGF production,
which in turn promotes angiogenesis by modulating the hypoxia-
inducible factor-1 alpha (HIF-1a) pathway, thereby facilitating
vascular tissue repair [22]. In addition, copper ions (Cu?") manifest
anti-bacterial properties, which may also have implications for anti-
inflammation, anti-infection, and tissue repair. Nonetheless, free cop-
per ions (Cu?*) may lead to its higher content in the blood and potential
biological toxicity, which necessitate alternative approaches to fully
harness the therapeutic potential of copper ions (Cu?*) while avoiding
its deleterious toxic effects [23].

EGCG is the most abundant tea polyphenol with a multitude of
functions, including anti-inflammatory, anti-bacterial, anti-oxidative, as
well as anti-atherosclerotic characteristics [24-26]. For cardiovascular
tissue regeneration, EGCG has been shown to protect free radical-
induced blood vessel damage as well as regulate the activity of ECs
and the phenotype of SMCs in a concentration-dependent manner
[25,27]. It has indeed been shown that the function of the tea poly-
phenols mainly relies on the neighboring phenolic structure to undergo
the autoxidation process, which does not excessively rely on the mo-
lecular size and conformation [28]. To ascertain the synergistic effect of
the EGCG with copper ions (Cu?*), we synthesized the EGCG-Cu com-
plex via coordination of the polyphenol with the copper ions (Cu®"),
which may have anti-oxidative, anti-inflammatory, and anti-bacterial
effects [29-31]. EGCG-Cu may furnish therapeutic copper ions (Cu2+);
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the latter may also play an important role in promoting angiogenesis
[32]. Li et al. introduced the EGCG-Cu complex into the drug-eluting
stents (DES) and reported its salutatory effect on the ECs potentially
by scavenging free radicals as well as suppressing overproliferation and
migration of SMCs [33].

Since implanted cardiovascular grafts often fail due to platelet
adhesion and activation and activation of the coagulation cascade
pathway, blood compatibility of vascular grafts also needs to be care-
fully considered to promote endothelium formation and suppress
platelet adhesion and activation [34]. Heparin (Hep) has been widely
incorporated into cardiovascular grafts through covalent conjugation or
electrostatic immobilization albeit its multiple risks, such as thrombo-
cytopenia, hemophilia, and bleeding. Bivaluridin (BVLD) is the modifi-
cation of hirudin, which is the direct thrombin inhibitor and can
effectively reduce platelet adhesion and activation by suppressing
thrombosis [35-37]. Since the binding of the BVLD to thrombin is
reversible, it has a much lower risk of bleeding than that of Hep and
hirudin [38]. Du et al. showed that the use of BVLD-modified decellu-
larized abdominal aorta was cytocompatible and hemocompatible, and
no thrombosis was observed after 3 months of transplantation of SDVGs
into the abdominal aorta of rats [39].

Different types of synthetic polymers have been harnessed for the
fabrication of SDVGs such as poly(L-lactic acid) (PLLA), poly(e-capro-
lactone) (PCL), polyglycerol sebacate (PGS), and poly(ester urethane
urea) (PEUU) as well as their copolymers. Poly(L-lactide-co-e-capro-
lactone) (PLCL) is a mechano-elastic, biocompatible, and biodegradable
polymer, whose degradability and mechanical properties can be easily
tailored by varying the composition between the monomers, architec-
ture (linear, four-armed, star-shaped, etc.), and the degree of polymer-
ization  (DP) [40,41]. PLCL may additionally leverage
mechanotransduction to regulate the cell phenotype for endotheliali-
zation and vascular remodeling [42]. PLCL has been approved by the
FDA for clinical use due to its excellent mechanical properties and
compliance with natural blood vessels [43]. However, PLCL shows low
cytocompatibility due to its high hydrophobicity, which necessitates
modification to increase the hydrophilicity as well as the biocompati-
bility of vascular grafts [44]. Gelatin (Gel) is a water-soluble protein
with a relatively low molecular weight, which is easily degradable and
has a good affinity with cells as well as biological tissues [45]. Vascular
grafts were fabricated by mechano-elastic and biodegradable PLCL and
Gel, which are widely used to prepare vascular grafts and other scaffolds
for tissue engineering applications [46].

The objective of this research was to delineate the effect of the dual
loading of EGCG-Cu and BVLD into PLCL/Gel-based SDVGs. The incor-
poration of EGCG-Cu and BVLD into vascular grafts is expected to in-
crease the hydrophilicity and enhance biocompatibility via improved
cell adhesion (Fig. 1). Hematocompatibility assays and cell culture
evaluations indicated that the vascular grafts were able to effectively
inhibit the adhesion, activation, and aggregation of platelets, inhibit
overproliferation of SMCs while promoting the migration and prolifer-
ation of ECs. Taken together, the incorporation of bioactive cues into
SDVGs may offer an amenable platform to prevent restenosis while
promoting endothelium formation for potential implications for the
design of next-generation SDVGs for the treatment of coronary artery
disease.

2. Materials and methods
2.1. Materials

Poly(L-Lactide-co-e-caprolactone) (PLCL, LA: CL = 50:50, IV 2.9 dl/
g) was acquired from Jinan Daigang Biomaterial Co., Ltd. (Jinan,
China). Epigallocatechin gallate (EGCG) and copper chloride dihydrate
(CuCly-2H,0) were acquired from Macklin Biochemical Co., Ltd.
(Shanghai, China). Bivalirudin (BVLD) was acquired from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Gelatin (Gel, Type
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Fig.1. Schematic illustration of the function of the PG-EB vascular grafts. NO production synergistically inhibited platelet adhesion and macrophage activation and
promoted the proliferation of endothelial cells (ECs), while inhibiting the migration and proliferation of smooth muscle cells (SMCs) proliferation and migration. PG-
EB vascular grafts significantly improved hemocompatibility, modulated inflammatory responses, promoted endothelialization, and inhibited intimal hyperplasia.

B) was from the porcine and purchased from Sigma-Aldrich Corp. (St.
Louis, Missouri, USA). The 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP)
was obtained from Da-Rui Fine Chemical Co., Ltd. (Shanghai, China).
Cell counting kit-8 (CCK-8), 4, 6-diamidino-2-phenylindole (DAPI),
dimethyl sulfoxide (DMSO), Cell Trace™ Red CMTPX, and Cell Tracker
Green CMFDA were purchased from Yeasen Biotechnology Co., Ltd.
(Shanghai, China). S-nitroso glutathione (GSNO) and glutathione (GSH)
were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2. Sample preparation

2.2.1. Preparation of EGCG-Cu

Epigallocatechin gallate (EGCG) was dissolved in deionized (DI)
water and adjusted to the concentration of 0.5 mM (pH = 7.0). Copper
(II) chloride dihydrate (CuCly-2H20) was dissolved in DI water to obtain
a 1 mM solution and added to the EGCG solution. The mixture was
reacted at 30 °C for 1 h, filtered, and freeze-dried.

2.2.2. Preparation of spinning solution

EGCG-Cu (0.03 %, w/v) and BVLD (0.02 %, w/v) were dispersed in
HFIP. Thereafter, PLCL and Gel (4:1, w/w) were added into the HFIP to
obtain the final concentration of 10 % (w/v) and were designated as PG-
EB. The PLCL/Gel (PG), the PG + EGCG-Cu (PG-E), and the PG + BVLD
(PG-B) were also prepared and used as controls.

2.2.3. Fabrication of electrospun fibers and vascular grafts

The spinning solution was transferred into the 10 mL medical-grade
syringe. Fibrous mats were fabricated using the following electro-
spinning conditions: flow rate, 2 mL/h, spinning needle, 20G, the dis-
tance between the spinneret and collector, 15 cm, and the applied
voltage, 12 kV. Fibers were collected on the stainless steel collector at a
relatively slow rotating speed. The production method of vascular grafts

and membranes was similar, except that the collector for the fabrication
of vascular grafts was a stainless steel rod (®, 2 mm). Both the mem-
branes and vascular grafts were divided into four groups: i) PG, ii) PG-B
group, iii) PG-E group, and iv) PG-EB group. The prepared materials
were dried in the vacuum oven at room temperature (RT), and sterilized
by ultraviolet (UV) light before use.

2.3. Structural analysis

The structural analysis of EGCG-Cu as well as fibers was carried out
by the Fourier transform infrared spectroscopy (FTIR, Nicolet iS 10,
Thermo Fisher Scientific, USA). The absorption of the characteristic
peak of the EGCG-Cu as well as the release kinetics of EGCG-Cu and
BVLD were assessed by UV-visible spectrophotometry. The peak ab-
sorption and release kinetics of the materials were assessed by UV-vi-
sible spectrophotometry. The particle size of EGCG-Cu was measured by
Zetasizer Pro (Malvern Panalytical, UK).

The morphology of fibers was examined by scanning electron mi-
croscopy (SEM, Phenom, XL, Netherlands) at an accelerating voltage of
5 kV. Image J software was used to analyze the average fiber diameter
(n = 100). The distribution of elements (C, O, N, and Cu) in the grafts
was measured by Energy-dispersive X-ray spectroscopy (EDS, TM-1000,
Hitachi, Japan). The surface wettability of the samples was character-
ized by the water contact angle (WCA, Solon Tech., Shanghai, China). DI
water was dropped on samples and captured the images. For WCA,
images of water droplets were analyzed by Image J software (n = 3).
Detail of the degradation of the materials is described in supporting
information (SI. M1. In vitro degradation of the materials).

2.4. Mechanical properties

Vascular grafts were immersed in phosphate buffer saline (PBS, pH =
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7.4) for 24 h to ensure that the fibers were in a stable state. The length of
each tubular sample was fixed at 3 cm, while the inner, as well as outer
diameters of vascular grafts, were measured with a vernier caliper.
Grafts were positioned within the grips of a uniaxial tensile testing
machine (Instron 5567, Norwood, MA) equipped with a 50 N load cell
and were analyzed for up to the failure at a crosshead speed of 10 mm/
min (n = 3).

2.5. NO generation

Vascular grafts (ca. 50 mg, n = 3) were immersed in the S-nitroso
glutathione (GSNO) solution (50 pM). At pre-determined time points,
50 pL of the solution was collected and transferred into a 96-well plate
containing 100 pL of Griess reagent (Sigma-Aldrich Corp., St. Louis,
Missouri, USA). Absorbance was recorded at 540 nm by the microplate
reader (Multiskan MK3, Thermo, USA). The concentration of NO was
measured using the calibration curve prepared by varying concentra-
tions of the sodium nitrite (NaNO,) solution.

2.6. Blood compatibility

2.6.1. Platelet adhesion assay

For in vitro blood compatibility assay of PG-EB, grafts were divided
into two groups: i) without NO donor (PG-EB (—) group) and ii) along
with NO donor solution (200 pM GSH and 50 pM GSNO, PG-EB (+)
group). The platelet adhesion process is described in SI. (M2. Platelet
adhesion). The expression level of cyclic guanosine monophosphate
(cGMP) in platelets after incubation with the grafts was determined by
the cGMP ELISA kit (Hefei Laier Biotechnology Co., Ltd. Hefei, China).

2.6.2. Blood clotting assay

Electrospun membranes (®, 15 mm, n = 3) were weighed and placed
into a 24-well plate. Recalcified rabbit blood was obtained by mixing 5
mL of fresh anticoagulant rabbit blood with 500 pL of calcium chloride
(CaCly) solution (0.025 pM), and then 500 pL of Rabbit recalcified whole
blood was added into each well. Thereafter, the materials were washed
with DI water for 10 min and the filter paper was dried and weighed. The
detailed methods of the blood clotting assay and hemolysis rate assay
are described in the SI. (M3. Clotting time assay and M4. Hemolysis rate
assay).

2.6.3. Anti-thrombogenicity ex vivo

Vascular grafts (®, 15 mm, n = 3) were connected to a catheter, and
the whole blood was pumped into vascular grafts by the microcircula-
tory pump (BT100-2 J, Baoding Longer Pump Co., Ltd., China) in vitro
for 2 h. Thereafter, vascular grafts were removed and washed with DI
water for 10 min. Thrombi were collected, photographed, and analyzed
in each sample.

2.7. Biocompatibility assay

2.7.1. Cell culture

The specific procedures for the culture of human umbilical vein
endothelial cells (HUVECs), human umbilical artery smooth muscle cells
(HUASMCs), and RAW 264.7 macrophages are described in SI. (M5. Cell
culture). For in vitro cell assays, the PG-EB group was divided into two
groups: i) without NO donor (PG-EB (—) group) and ii) with the donor
solution (200 pM GSH and 50 uM GSNO, PG-EB (+) group) in cell cul-
ture medium. The NO donor medium was changed every 24 h.

2.7.2. Cell compatibility assay

Electrospun membranes (®, 1 cm, n = 3) were placed into a 48-well
cell culture plate and incubated with 2 x 10* cells. CCK-8 assay and live/
dead staining assay were carried out at day 1, 4, and 7. Cell adhesion and
morphology were analyzed by SEM.
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2.7.3. Cell migration assay

For the Transwell migration assay, inserts along with a poly-
carbonate membrane (pore size, 8.0 pm, Coring, USA) were placed into
24-well plates and incubated with 1 mL of serum-free medium and 200
L of extraction solution (n = 3). 200 pL of cell suspension (2 x 10* cells/
mL) was added into the Transwell inserts. After 12 h, inserts were rinsed
with PBS, and cells were fixed with 500 pL of 4 % paraformaldehyde
(PFA).

Fixed cells were stained with 500 pL of crystal violet solution (Sigma-
Aldrich Corp., St. Louis, Missouri, USA) for 15 min before observing the
cells with the microscope (Eclipse TS100, Nikon, Japan). The detailed
procedure of the scratch assay is described in SI. (M6. Scratch assay).

2.7.4. Huvecs and HUASMCs co-culture and three-dimensional perfusion
culture

The co-culture assay was applied to analyze the effect of the mate-
rials on the competitive adhesion of HUVECs and HUASMCs; a detailed
procedure is described in SI. (M7. HUVECs and HUASMCs co-culture).
Moreover, the detailed method for three-dimensional (3D) perfusion
culture is described in SI. (M8. Three-dimensional perfusion culture).

2.7.5. Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from cells by the TRleasy™ Total RNA
Extraction Reagent (Yeasen Biotechnology Co., Ltd.). The isolated RNA
was reverse transcribed into complementary DNA (cDNA) utilizing the
NovoScript® Plus All-in-one 1st Strand c¢cDNA Synthesis SuperMix
(Novoprotein Scientific Inc., Suzhou, China). Quantitative RT-PCR was
carried out by the NovoStart®SYBR qPCR SuperMix Plus (Novoprotein
Scientific Inc.). The relative expression levels of the target genes were
calculated by the 2724 approach (n = 3). The target and sequences of
primers used for associated genes are shown in Table S1. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an internal reference
gene.

2.8. Anti-bacterial, anti-oxidative, and anti-inflammatory properties

The anti-bacterial activity of the samples was evaluated with gram-
positive bacteria (Staphylococcus aureus, S. aureus) and gram-negative
bacteria (Escherichia coli, E. coli). The bacteria were cultured in the
bacterial cell culture medium (LB Broth) for 24 h. Then 200 pL of bac-
terial inoculation fluid (108 CFU/mL) was added to each sample and
incubated for 24 h. The culture solution was taken and diluted, subse-
quently, 100 pL diluted solution was taken and coated on LB Agar for 12
h. Images were collected by the automated colony counter (Shineso
Science & Technology Co., Ltd, Hangzhou, China). Pure bacteria sus-
pension was served as the control group (n = 3).

RAW 264.7 macrophages were seeded in the 6-well plate (3 x 10°
cells/well). The macrophages were then induced with lipopolysaccha-
ride (LPS, Beijing Solarbio Science&Technology Co., Ltd. Beijing, China)
and 1 mL of extract was added after induction. After 24 h, cells were
collected for analysis. Cell pellets were resuspended in 100 pL PBS
containing 1.25 pg Anti-CD86 antibody and 0.25 pg Anti-CD206 anti-
body (Abcam, Shanghai, China). Expression of CD86 and CD206 was
analyzed using flow cytometry (FACS Calibur, Becton Dickinson,
Franklin Lakes, NJ, USA). Detailed methodology for the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay is provided in SI. (M9. DPPH assay). In
addition, intracellular reactive oxygen species (ROS) level was measured
by 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA).

2.9. Subcutaneous implantation

Allinvivo assays were approved by the Shandong Provincial Hospital
Affiliated with Shandong First Medical University, Shandong, China
(No. 2024080). Sprague-Dawley (SD) rats (female, seven-week-old)
were anesthetized with 3 % sodium pentobarbital at the ear margins
(dose, 30 mg/kg). Detailed methodology for subcutaneous implantation
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is described in SI. (M10. Subcutaneous implantation).

2.10. In vivo assessment

New Zealand white rabbits (weight, 2.5-3.3 kg and age, 5-8 months)
were anesthetized with 3 % sodium pentobarbital at the ear margins
(dose, 30 mg/kg). Vascular grafts were implanted into the abdominal
aorta of rabbits under sterile conditions, as detailed in SI. (M11. In vivo
assessment). The endothelial coverage of the inner surface of the sam-
ples was analyzed by SEM. A detailed process of immunohistochemistry
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analysis is described in SI. (M12. Immunohistochemistry analysis).
2.11. Statistical analysis

Data was recorded as mean + standard deviation (SD). GraphPad
Prism Software Version 8.0 (San Diego, CA, USA) was used for statistical
analysis. Statistical comparisons were made by one-way analysis of
variance (ANOVA) with Tukey’s post-hoc analysis. For all assays, the
significance level was set at *p < 0.05, **p < 0.01, ***p < 0.001.
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3. Results
3.1. Characterization of EGCG-Cu

The synthesis process of EGCG-Cu is shown in Fig. 2A. EGCG acted as
a ligand, while copper ions (Cu?") acted as a cross-linker. The gallic acyl
group of EGCG provides a chelating site for the complexation of the
copper ions (Cu?"), thereby promoting the coordination-driven assem-
bly of EGCG-Cu [32]. The color of EGCG changed significantly from
white to brown-black after the formation of coordination complexes
with the copper ions (Cu?t) (Fig. 2B). EGCG exhibited a characteristic
absorption peak at 275 nm; the characteristic absorption peak of EGCG-
Cu appeared at 325 nm (Fig. 2C). The peak shift is ascribed to the fact
that part of the phenolic hydroxyl group may form a coordination
complex with copper ions (Cu*), thereby resulting in the change of the
overall structure of EGCG [32]. These findings established successful
complexation between EGCG and copper ions (Cu?*) to give EGCG-Cu.

FTIR spectra further showed successful complexation between the
phenolic hydroxyl group of EGCG and copper ions (Cu?"), which can be
described as follows: i) During complexation between the phenolic hy-
droxyl (-OH) groups and copper ions (Cu2+); the latter replaces the
hydrogen in the phenolic hydroxyl (-OH) groups to afford O-Cu bond.
Moreover, due to the higher polarity of Cu, the electrons of the O atoms
on the phenolic hydroxyl (-OH) group become further away, thereby
resulting in a reduction in the density of the electron cloud of the whole
phenolic hydroxyl (-OH) group. The characteristic absorption peaks of
the phenolic hydroxyl (-OH) group appeared in the range of 3,472 cm ™ *
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to 3,352 cm™ !, which were shifted towards lower wave number (e.g.,
3,212 em™1), i) The absorption peak of the C = C bond of the benzene
ring in EGCG was shifted from 1,614 cm ™" to 1,486 cm ™! plausibly due
to the participation of the phenolic hydroxyl (-OH) group in complex-
ation with the copper ions (Cu2+), and iii) EGCG manifested an ab-
sorption peak at 1,690 cm !, which was ascribed to the carbonyl (C = 0)
bond (located in the gallic acyl group), which was shifted to 1,486 cm ™!
upon complexation with copper ions (Cu®"), thereby further indicating
the complexation of the gallic acyl group in EGCG with the copper ions
(cu®h. (Fig. 2D). The average particle size of EGCG-Cu was 461.98 +
19.38 nm (Fig. 2E). The above results indicated that EGCG-Cu was
successfully synthesized.

3.2. Characterization of vascular grafts

The process of fabrication of SDVGs is shown in Fig. 2A. SDVGs were
fabricated by electrospinning (Fig. 3). Vascular grafts manifested a
smooth surface and a uniform fiber morphology (Fig. 3B). The average
fiber diameter was detected to be 808.96 + 248.01 nm, 814.97 +
214.39 nm, 852.52 + 233.86 nm, and 941.40 + 330.69 nm for PG, PG-
B, PG-E, and PG-EB groups, respectively (Fig. 3C). While the incorpo-
ration of the BVLD and EGCG-Cu increased the fiber diameter, they did
not influence the morphology of the randomly oriented fibers (Fig. 3B).
All vascular grafts had comparable wall thicknesses without significant
differences (Fig. 3D). As shown in Fig. 3E and Fig S1, carbon (C), oxygen
(0), nitrogen (N), and copper (Cu) were uniformly distributed into the
fibers, which manifested an efficient loading of BVLD and EGCG-Cu into
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fibers.

Mechanical properties are a pivotal index for the successful appli-
cation of vascular grafts; the difference in mechanical properties be-
tween the grafts and native vascular tissues may cause a compliance
mismatch and potentially intimal hyperplasia (IH) [47]. Therefore, we
carried out uniaxial tensile testing to delineate the mechanical proper-
ties of vascular grafts under wet conditions. The stress-strain curves of
vascular grafts are shown in Fig. 3G. Ultimate tensile strength (UTS) was
8.17 £+ 0.3 MPa, 7.90 + 0.21 MPa, 6.41 + 0.12 MPa, and 6.23 + 0.11
MPa for PG, PG-B, PG-E, and PG-EB grafts, respectively (Fig. 3H).
Furthermore, the strain at failure values of PG, PG-B, PG-E, and PG-EB
grafts were 493.25 + 7.39 %, 393.51 % =+ 30.58, 521.31 + 21.38 %,
and 477.99 + 14.37 %, respectively (Fig. 3I). Notably, vascular grafts
had higher UTS and strain at failure than that of porcine coronary ar-
teries (UTS: 2.6 MPa and strains at failure: 100 %).[48].

The hydrophilicity/hydrophobicity of vascular grafts was examined
by the WCA. The values for the WCA were found to be 95.30 + 1.10°,
90.27 + 1.05°, 81.63 + 1.07°, and 77.47 + 0.95° for PG, PG-B, PG-E,
and PG-EB groups, respectively. Vascular grafts loaded with the BVLD
and EGCG-Cu (PG-EB) not only manifested higher strain at failure but
also displayed higher hydrophilicity than that of the other groups
(Fig. 3J). In addition, in vitro NO release assay revealed that both PG-E
and PG-EB groups could efficiently catalyze the release of NO from
NO donors. Notably, the catalytic rates of PG-E and PG-EB groups did
not significantly differ plausibly due to the similar content of EGCG-Cu
(Fig. 3K). The stable release rate of NO during vascular implantation
contributes to the regeneration of ECs [49].

We next evaluated the cumulative release of BVLD and EGCG-Cu
from vascular grafts for up to 40 days in vitro. PG-B group showed
rapid release of the BVLD at day 1 (released amount, 39.4 + 0.6 %). The
drug release was continued for up to 25 days. At day 25, the cumulative
release of BVLD was found to be 87.6 + 1.2 %, while at day 40, the drug
release was found to be 90.3 £ 1.2 %. There was a slight variation in the
release of BVLD from day 25 to day 40, indicating that most of the BVLD
was released from the SDVGs during the first 25 days. In contrast, the
PG-EB group exhibited less drug release than that of the PG-B at day 1
(released amount, 39.4 & 0.6 % vs. 25.8 & 0.7 % for PG-B and PG-EB,
respectively). The cumulative released amount of the BVLD was found
to be 83.8 + 1.7 % at day 40 (Fig. 3L). The EGCG-Cu also showed release
kinetics similar to the BVLD, the PG-EB group could achieve a more
sustained release both for the BVLD and EGCG-Cu (Fig. 3M).

One of the key factors in vascular regeneration is the rate of degra-
dation of the implanted materials [46]. During the initial stage of
vascular graft implantation, the graft should allow smooth blood flow
without a leakage or a rupture. On the other hand, the vascular graft
should manifest an appropriate degradation profile commensurate with
the neo-tissue regeneration. In vitro degradation assay manifested an
insignificant morphological change in the fibers by day 30 (Fig. S2). By
day 60, the degradation rate of vascular grafts loaded with BVLD and
EGCG-Cu was significantly higher in comparison with the PG group
(Fig. S2). By day 120, the fibers in all four groups of vascular grafts
manifested degradation into smaller fragments (Fig. 3F and Fig. S2). The
remained mass of the PG, PG-B, PG-E, and PG-EB grafts was 27.2 + 4.2
%, 26.7 + 2.4 %, 20.9 £+ 2.1 %, and 18.6 + 4.1 %, respectively, at day
120 (Fig. 3N). Overall, the degradation rate of PG-E and PG-EB grafts
was significantly higher than that of the other groups.

3.3. Blood compatibility

Platelets and coagulation are closely related. When a blood vessel is
damaged, platelets rapidly aggregate and attach to the damaged area to
form platelet aggregates, thereby suppressing further bleeding [50].
Platelets usually manifest three forms: i) circulating platelets exhibiting
two sides of slightly concave, oval, or disk-shaped morphology. ii) spiny
platelets: upon stimulation, platelets extend multiple pseudopods and
become dendritic fusing with each other, and iii) if the external stimulus
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is eliminated in time, spiny platelets can be restored, but dendritic
platelets cannot be restored [22]. In the platelet adhesion assay, the
anticoagulant properties of the materials were evaluated by assessing
the number as well as the morphology of platelets adhering to the ma-
terials. The number of platelets adhered to the PG, PG-E, PG-B, PG-EB
(-), and PG-EB (+) groups were found to be 33.0 + 1.0, 9.3 + 1.5,
17.0 £+ 2.0, 6.0 + 1.0, and 2.3 + 0.6 per HPF, respectively (Fig. 4D). The
PG group exhibited the highest number of adhered platelets with spiny
shape and an activated state. The grafts co-loaded with the BVLD and
EGCG-Cu exhibited significantly less number of adhered platelets, which
were in an inactivated state (Fig. 4A and 4D).

The concentration of cGMP was significantly increased in the PG-EB
(+) group as assessed by ELISA (32.7 + 2.6 pg/mL, Fig. 4E). The trend
for the thrombus weighing assay was found to be similar to that of the
platelet adhesion assay. The PG group exhibited significantly higher
weight of thrombus (125.7 + 22.0 mg) than that of the other groups. The
BVLD and EGCG-Cu co-loaded grafts did not induce blood clot formation
and the thrombus weight was found to be 8.9 + 1.3 mg (Fig. 4B and 4F).
These results suggested that the synergistic effect of BVLD and EGCG-Cu
effectively inhibited platelet adhesion alongside reducing thrombus
formation.

The coagulation time of the grafts was further analyzed. Since
unclotted blood may increase the absorbance of the ultrapure water, less
reduction in the absorbance with time change may indicate better
fluidity of the blood. The coagulation assay manifested a gradual
reduction in the absorbance value of the PG group over time, which is
indicative of blood coagulation. Compared to the PG-E group, the
absorbance value of the PG-B group decreased slowly. In contrast, the
absorbance values of the PG-EB (—) and PG-EB (+) groups did not vary
significantly over time, which is suggestive of their good blood
compatibility (Fig. 4G).

The anticoagulant properties of the grafts were further revealed by
using the APTT assay [22]. APTT values were found to be 31.6 + 1.5 s,
46.0 + 3.6 5,110.0 + 10.1 s, and 122.3 + 2.4 s for PG, PG-B, PG-E, and
PG-EB groups, respectively (Fig. 4H). The PG-B and PG-EB groups
significantly prolonged the clotting time than that of the other groups.
The PT results had a similar trend (Fig. 4H). EGCG-Cu may not be
directly involved in the coagulation cascade or influence clotting time.
Unlike EGCG-Cu, BVLD prolongs clotting time by inhibiting the activa-
tion of the endogenous coagulation system [51]. The hemolysis assay
revealed an insignificant difference among the groups in terms of he-
molysis rate, which was less than 2 % in all groups and was in agreement
with the international standard (Fig. 4C and 4I) [52]. These findings
revealed that the loading of BVLD and EGCG-Cu effectively improved
the blood compatibility of the vascular grafts.

3.4. Ex vivo anti-thrombogenicity assay

The anticoagulation effect of the materials was further evaluated by
an in vitro whole blood circulation model (Fig. 5A-B). The PG and PG-E
groups showed blood vessel occlusion during circulation, and visible
thrombi were found within the incised grafts. There was no blockage in
the PG-B group and only small blood clots were formed. The PG-EB (—)
and PG-EB (+) groups had smooth blood flow and no visible thrombi
were formed (Fig. 5C-D). The weight of thrombi was found to be 87.2 +
9.0 mg, 65.6 + 7.5 mg, 36.3 + 3.9 mg, 13.3 £ 1.7 mg, and 8.3 + 1.1 mg
for PG, PG-E, PG-B, PG-EB (—), and PG-EB (+) groups, respectively
(Fig. S3). The lumen surface of SDVGs was further analyzed by SEM. The
PG group exhibited luminal coverage with the platelets and blood cells,
most of which were in an activated state. On the other hand, the PG-B
group exhibited significantly less platelet adhesion and activation,
erythrocyte aggregation, and fibrin network formation than that of the
PG and PG-E vascular grafts. While only a few number of platelets were
attached to the PG-EB (—) group, the PG-EB (+) group had the lowest
number of adherent blood cells and platelets, which were in an inacti-
vated state (Fig. 5E). These data suggested that PG-EB vascular grafts
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could suppress thrombus production as well as mimic the function of
natural blood vessels.

3.5. Cytocompatibility assay

One of the important factors in achieving good early as well as long-
term patency in SDVGs is the formation of the healthy endothelium layer
[53]. To delineate the potential for endothelialization of the materials,

HUVECs were cultured on the materials for 1 day, 4 days, and 7 days. As
shown in Fig. 6A and S4, at day 1, there was significant adhesion of
HUVEGs in the PG-EB (+) group. By day 7, the number of HUVECs was
gradually increased in each group alongside only a few number of dead
cells; the fluorescence intensity of the PG-EB (+) group was significantly
higher compared to the other groups (Fig. 6A). CCK-8 assay and SEM
micrographs were consistent with the live/dead staining assay (Fig. 6A,
6D, and S4-5). The above results indicated that the PG-EB (+) group
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Scale bar, 20 pm and 10 pm.

significantly promoted the adhesion and proliferation of HUVECs.

For vascular remodeling process, SMCs should slowly proliferate
during the initial phase to form SMCs layer and stop proliferating and
migrating thereafter. An overproliferation of SMCs may lead to intimal
thickening in the injured vasculature, which may further induce
thrombosis and restenosis [54,55]. We therefore screened different
groups of vascular grafts for the proliferation of HUASMCs. As shown in
Fig. 6B and S6, there was no significant difference among various groups
in terms of the adhesion of HUASMCs at day 1. The incorporation of
EGCG-Cu inhibited the adhesion as well as the proliferation of
HUASMCG s, which was further strengthened with the NO production at
day 7. The CCK-8 assay as well as SEM micrographs further confirmed
the result of live/dead staining of HUASMCs (Fig. 6B, 6E, and S6-7).

We further assessed the selectivity of the materials for cell adhesion
by co-culturing HUVECs and HUASMCs. At 4 h, the number of HUVECs

and HUASMCs was almost similar in each group (Fig. S8). At 24 h, the
ratio of HUVECs and HUASMC s in PG, PG-E, PG-B, PG-EB (), and PG-
EB (+) groups was 0.86 + 0.05, 0.96 + 0.05, 1.10 + 0.10, 1.23 + 0.05,
and 1.50 + 0.10, respectively (Fig. 6C and 6F). The ratio of HUVECs and
HUASMCs was significantly higher in the PG-EB (+) group compared
with the other groups, which is indicative of the synergistic effect of
EGCG-Cu and NO to selectively enhance the proliferation of HUVECs
over HUASMCs, thereby contributing to the formation of the intact
single-layer endothelium.

During vascular remodeling, the cell migration rate also directly
affects endothelialization [36]. Therefore, we delineated the influence
of the different types of material combinations on cell migration using
the Transwell migration assay. The number of migrated HUVECs was
found to be 703.3 + 92.9, 822.7 + 48.6, 917.0 + 76.2, 1367.0 + 152.8,
and 2067.0 + 208.2 per HPF for PG, PG-E, PG-B, PG-EB (-), and PG-EB
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(+) groups, respectively (Fig. 7A and 7E). The PG-EB (+) group was able
to significantly promote the migration of HUVECs. Besides, the migra-
tion rate of HUVECs was further characterized by Image J software and
found to be 71.7 + 5.1 %, 76.9 + 3.3 %, 78.3 + 1.9 %, 84.8 + 2.8 %, and
93.6 &+ 2.1 % for PG, PG-B, PG-E, PG-EB (—), and PG-EB (+) groups,
respectively at 24 h (Fig. 7F). The migration rate of HUVECs was
significantly higher in both PG-EB (—) and PG-EB (+) groups as
compared to the other groups (Fig. 7B and S9). These data indicated that
the loading of BVLD and EGCG-Cu could significantly promote the
migration of HUVEGCs; the release of NO could further facilitate the
migration of HUVECs.

The total numbers of migrated HUASMCs were found to be 539.0 +
5.2, 524.3 + 23.8, 491.7 + 10.4, 360.0 + 36.0, and 180.0 + 26.4 per

10

HPF, for PG, PG-E, PG-B, PG-EB (—), and PG-EB (+) groups respectively
(Fig. 7C and 7G). The PG-EB (+) group significantly inhibited the
migration of HUASMCs as compared to the other groups. The scratch
wound healing assay also showed a similar trend to the transwell
migration assay of HUASMCs (Fig. 7D, 7H, and S10). These results
indicated a synergistic effect between BVLD and EGCG-Cu to suppress
the migration of HUASMCs. The cGMP expression level was significantly
higher than that of the other groups, with an expression of 30.67 + 1.40
pg/mL (Fig. 7I).

Cell adhesion and proliferation are often associated with the
expression level of specific proteins [56]. VEGF promotes the prolifer-
ation and migration of ECs [57], thereby accelerating endothelializa-
tion; endothelial nitric oxide synthases (eNOS) produce NO and play
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(K), «-SMA (L), and MMP-2 (M).

pivotal roles such as the proliferation of ECs, maintenance of vascular
tone, and regulation of vascular homeostasis. RT-PCR results indicated
that the PG-EB (+4) group significantly increased the intracellular
expression of VEGF and eNOS than that of the other groups (Fig. 7J and
7 K). In addition, the proliferation and migration of SMCs are associated
with their phenotype and the changes from contractile-to-synthetic
phenotype has been shown to be associated with endothelial

restenosis [58]. Therefore, we employed RT-PCR to detect the expres-
sion levels of the contractile phenotype marker, a-SMA, as well as the
synthetic phenotype marker, matrix metalloproteinase-2 (MMP-2) in
HUASMCs [51,59]. The PG-EB (+) group significantly was able to pro-
mote the expression of a-SMA while downregulating the expression of
MMP-2 (Fig. 7L-M). The above results indicated that the synergistic ef-
fect of BVLD, EGCG-Cu, and NO significantly promoted the proliferation
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and migration of HUVECs and maintained the contractile phenotype of
HUASMCs.

3.6. Three-dimensional perfusion culture

Adhesion and proliferation of vascular grafts to HUVECs in vivo were
further simulated by the three-dimensional (3D) perfusion culture sys-
tem (Fig. 8A). Unlike the static culture of HUVECsS to the different types
of vascular grafts, only a small number of HUVECs adhered to the
various groups of vascular grafts under dynamic culture conditions as
evaluated for up to 6 h (Fig. 8B-C, 8E-F), which is ascribed to the shear
flow. The numbers of adhered HUVECs were significantly higher in the
PG-EB (-) and PG-EB (+) groups compared to the other groups (Fig. 8B-
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C, 8E-F), which may be attributed to the incorporation of the hydro-
philic drugs; the latter may improve the hydrophilicity of the SDVGs and
facilitate cell adhesion. After 5 days of culture, the degree of endothe-
lialization was significantly higher in the PG-EB(+) group than in the
other groups (degree of endothelialization: PG, 2.10 + 0.20 %, PG-B,
51.1 + 1.3 %, PG-E, 54.5 + 2.6 %, PG-EB (-), 68.0 + 6.6 %, PG-EB
(+), 91.0 + 4.3 %, Fig. 8D and 8G), which may be attributed to the
release of NO could promote the proliferation of HUVECs. These results
manifested that PG-EB vascular grafts could form an intact ECs layer
under blood flow shear.
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Fig.8. Three-dimensional perfusion culture of HUVECs with the different types of vascular grafts. (A) Schematic illustration of the 3D perfusion culture system.
HUVECs adhesion under statistic state (B) and shear stress (C). Scale bar, 200 pm. (D) SEM micrographs of the vascular grafts after three-dimensional perfusion at day
5. Scale bar, 40 pm. Number of adhered HUVECs per field under statistic state (E) and shear stress (F). (G) Quantification of the degree of endothelialization.
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3.7. Anti-bacterial, anti-oxidative, and anti-inflammatory properties

Most vascular graft infections are caused by bacterial infections,
which do not occur at a very high incidence while producing a very high

Fig.9. In vitro anti-bacterial, anti-oxidative, and anti-inflammatory assay. (A) Macroscopic images showing the colonies of the E. coli (upper row), and S. aureus
(lower row) grown on broth agar plates after treatment with the electrospun membranes. The survival ratio of E. coli and S. aureus (B) treated with the different types
of membranes. (C) Fluorescence images of RAW 264.7 macrophages stained with DCFH-DA and DAPI after treatment with the conditioned medium at 24 h to detect
intracellular ROS-scavenging. Scale bar, 200 pm. (D) Flow cytometric analysis of M1 macrophage (CD86) and M2 macrophage (CD206) phenotypes. (E) Anti-
oxidative properties of vascular grafts were evaluated by using the DPPH assay. (F) The ROS-scavenging ratio of RAW 264.7 macrophages in vitro. (G) Macro-
phage polarization was studied using the M2/M1 model, and M2/M1 values were determined from flow cytometry results. Quantitative RT-PCR assays showed
significant differences between the four groups in the mRNA expression levels of IL-1p, TNF-a (H), IL-4, and IL-10 (I). Blank, cells without any treatment. Control,
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level of harm [60]. Therefore, we evaluated the anti-bacterial efficacy of
the grafts against E. coli and S. aureus. The PG-E and PG-EB groups
significantly inhibited the proliferation of E. coli (survival rate of E. coli:
PG, 82.3 + 3.0 %, PG-B, 49.3 + 3.8 %, PG-E, 0.50 + 0.26 %, PG-EB, 0.11
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+ 0.02 %, vs. control, 99.4 + 0.6 %, Fig. 9A-B). In addition, the survival
rate of S. aureus in control, PG, PG-E, PG-B, and PG-EB groups were 99.4
+ 0.8 %, 83.5+ 6.9 %, 54.7 + 5.4 %, 0.17 £+ 0.06 %, and 0.30 + 0.16 %,
respectively (Fig. 9A-B). These data indicated that the incorporation of
the EGCG-Cu may confer anti-bacterial characteristics to the vascular
grafts, thereby effectively preventing vascular graft infections.

For vascular remodeling, ROS generated by the inflammatory
response not only suppresses the proliferation and migration of ECs, but
also inhibits the production of NO, and even causes cell apoptosis
[33,61,62]. The anti-oxidative capacity of vascular grafts was assayed
by the DPPH test and the DCFH-DA staining. At 30 min, radical scav-
enging rate (RSR) values were 2.86 + 0.07 %, 3.80 + 0.01 %, 19.8 +
0.7 %, 21.5 + 1.2 %, and 36.6 + 0.30 % for PG, PG-B, PG-E, PG-EB, and
VC groups, respectively. The anti-oxidative capacity of the grafts was
further improved over time, probably owing to the gradual release of
BVLD and EGCG-Cu. The RSR value of the PG-EB group became almost
similar to that of the VC group as earlier as 2 h, thereby indicating its
strong anti-oxidative capacity (Fig. 9E). In addition, we assessed intra-
cellular ROS levels by DCFH-DA. Macrophages were stimulated with the
LPS to mimic oxidative microenvironment, fluorescent signals were
quantified using flow cytometry and fluorescence microscopy. The
fluorescence intensity of the PG-B group was weaker as compared to the
PG group; the fluorescence intensity was significantly weaker in the PG-
E and PG-EB groups (Fig. 9C). Quantitative analysis revealed that the
proportion of the FITC-positive channel was significantly lower in the
PG-EB group (25.2 + 0.6), which further confirmed the results of DCFH-
DA staining (Fig. 9F). These results indicated significantly higher anti-
oxidative capacity of the EGCG-Cu-loaded grafts than that of their
counterparts containing BVLD; in the co-loaded vascular grafts, both the
EGCG-Cu and BVLD acted synergistically and exhibited significantly
higher anti-oxidative properties.

Macrophages are capable of coordinating all phases of blood vessel
development: in the early stages of tissue injury and repair, macro-
phages exhibit a highly pro-inflammatory phenotype (M1). At the latter
stages of the tissue injury, the macrophage phenotype changes to an
anti-inflammatory or activated macrophage (M2), which promotes
vascular tissue repair [63]. Angiogenesis mediated by M2 macrophages
has been proven to have a critical role in inflammation resolution and
blood vessel regeneration.[64,65] LPS-treated macrophages were found
to be activated, which manifested an M2/M1 macrophage ratio of 0.28
+ 0.02 as revealed by flow cytometry. The M2/M1 macrophage ratio
was found to be 0.62 + 0.01, 0.77 + 0.04, 0.91 + 0.01, and 1.45 + 0.04
for PG, PG-B, PG-E, and PG-EB (-) groups, respectively. These results
manifested that the synergistic effect of EGCG-Cu and BVLD promoted
the polarization of macrophages from the M1 to M2 phenotype.
Importantly, the PG-EB (+) group had the highest percentage of M2
macrophages than that of the other groups (Fig. 9D and 9G), suggesting
NO release could further promote the breakdown of inflammation.

To further investigate the influence of vascular grafts on macrophage
modulation and inflammation resolution, we discerned the gene
expression of interleukin 1-beta (IL-1f), interleukin-4 (IL-4),
interleukin-10 (IL-10), and tumor necrosis factor-alpha (TNF-a) by RT-
PCR. Pro-inflammatory genes such as (IL-1p and TNF-a) were found to
be significantly increased in LPS-activated macrophages as compared to
the other groups. The incorporation of BVLD and EGCG-Cu as well as the
production of NO suppressed the production of pro-inflammatory genes
(Fig. 9H). Moreover, anti-inflammatory genes including (IL-4 and IL-10)
were found to be considerably higher in the EGCG-Cu and BVLD dual-
drug loaded groups than in the other groups, suggesting a synergistic
anti-inflammatory effect of EGCG-Cu, BVLD, and NO. (Fig. 9I).

3.8. Subcutaneous implantation of vascular grafts in a rat model

To preliminary evaluate the biocompatibility of vascular grafts, we
subcutaneously implanted materials in rats (Fig. S11A). Both the
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number of infiltrated cells and the degree of collagen deposition were
gradually increased in each group with an increase in the implantation
time. At 4 weeks postoperatively, the number of infiltrated cells was
significantly higher in the PG-EB group than that of the other groups,
which may be attributed to the incorporation of BVLD and EGCG-Cu as
well as an increase in the hydrophilicity of the materials (Fig. S11B).
Moreover, PG-EB grafts exhibited distinct biodegradation, which may
further encourage host cell/tissue infiltration. Masson’s trichrome (MT)
staining also showed the significant production of collagen in the PG-EB
group than that of the other groups (Fig. S11C). The above results sug-
gested that the PG-EB group could enhance cell infiltration, biode-
gradability, and collagen regeneration.

3.9. Implantation of vascular grafts in a rabbit abdominal aorta model

SDVGs were further implanted as abdominal aorta substitutes in a
rabbit model for up to 1 month; the native rabbit blood vessels were used
as the control. The PG groups showed occlusion and thrombosis for-
mation. The PG-B group exhibited smooth blood flow with no thrombi
deposition, minimal cell adhesion on the luminal side, and infiltration of
only a few number of cells from the abluminal side. The lumen of the PG-
E group was covered with a layer of cells alongside considerable cellular
infiltration from the abluminal side. The PG-EB group was covered with
more number of cells on the luminal side as well as abundant cellular
infiltration from the abluminal side (Fig. 10A). SEM micrographs further
revealed the thrombi deposition in the lumen of the PG group than that
of the other groups. While the lumen of the PG-E and PG-EB vascular
grafts was mostly covered by the ECs with significant endothelialization,
the PG-B group showed less endothelialization (Fig. 512).

The regeneration of vascular grafts was further analyzed by CD31
and a-SMA immunofluorescence (IF) staining. Unlike the PG and PG-B
groups, which lacked the regeneration of ECs in the endothelium
layer, both the PG-E and PG-EB groups displayed significant regenera-
tion of ECs on the luminal side (Fig. 10B). The PG-EB group exhibited
significant regeneration of SMCs as compared to the other groups
(Fig. 10C). The above results manifested that PG-EB vascular grafts
achieved vascular regeneration. PG-EB grafts also showed less expres-
sion of CD68" macrophages plausibly due to the incorporation of BVLD
and EGCG-Cu, which may effectively resolve the inflammatory response
and polarize macrophages from the M1 to M2 phenotype as observed in
our in vitro studies (Fig. 10D).

4. Discussion

The natural mature blood vessel consists of three layers, namely the
intima, the media, as well as the adventitia [66]. The endothelium layer
is in direct contact with the blood environment. ECs attach to the
basement membrane along with connective tissues to form the endo-
thelium layer; the latter inhibits platelet adhesion and activation as well
as thrombosis, thus maintaining smooth blood flow over time. The
medial layer is mainly composed of SMCs and collagen, which confers
sufficient mechanical properties to the blood vessels. The adventitia is
composed of fibroblasts and loosely structured connective tissue, which
can play a key role in the regeneration of injured blood vessels [66,67].
The ideal SDVGs should exhibit sufficient mechanical properties, cyto-
compatibility, and hemocompatibility [68,69]. Electrospun fibers are
morphologically similar to the natural ECM, which can afford a
conducive environment for cell adhesion, proliferation, as well as ECM
production. Electrospinning has been broadly applied in the preparation
of vascular grafts [70-73]. We employed the combination of natural and
synthetic copolymers to fabricate SDVGs; PLCL and Gel were used as the
components of vascular grafts alongside EGCG-Cu and BVLD to confer
multifunctional characteristics to the grafts, including hemocompati-
bility, anti-oxidative ability, and NO production. A battery of tests
manifested that SDVGs co-loaded with EGCG-Cu complex and BVLD
(PG-EB) grafts inhibited thrombogenesis and significantly promoted
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Fig.10. Transplantation of vascular grafts in an abdominal aorta model in rabbits for up to 1 month. (A) H&E staining. Scale bar, 400 pm and 100 pm. Immuno-
fluorescence staining of the vascular grafts for (B) CD31 (red) and DAPI (blue), and (C) a-SMA (green), and DAPI (blue). (D) Immunohistochemical staining of the
vascular grafts for CD68. Scale bar, 100 pm. Image annotations (*) indicate the lumen position. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

vascular remodeling.

EGCG-Cu complex is formed by the coordination of the polyphenol
EGCG with Cu®" [51], which can effectively load and gradually release
BVLD thanks to its porous morphology. BVLD was released in a sus-
tained fashion in the presence of the EGCG-Cu(Fig. 3L). EGCG-Cu and
BVLD may also further interact by different types of interactions (e.g.,
hydrogen bonding, electrostatic interactions, etc.) [32]. The combined
loading of the EGCG-Cu and BVLD into vascular grafts afforded the
sustained release of the drugs, which may also have implications to
improve hemocompatibility as well as induce vascular regeneration.
More importantly, drug loading can significantly increase the hydro-
philicity of the material (Fig. 3J), which is attributed to i) BVLD, which
is comprised of many hydrophilic groups, including the carboxylic
(-COOH) group [37], ii) EGCG-Cu is comprised of hydrophilic groups,
including the phenolic hydroxyl (-OH) group, which may further in-
crease the hydrophilicity of vascular grafts. Biomaterials with good
hydrophilicity can adsorb molecules in the biological environment, such
as water molecules and ions, thereby reducing surface tension,
increasing wettability, and suppressing irritation to human tissues,
which may render them more compatible and close to biological tissues
alongside promoting cell adhesion and migration for the subsequent
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endothelialization and vascular remodeling [74].

The loading of EGCG-Cu and BVLD not only improved the hydro-
philicity of the materials (Fig. 3J) but also accelerated the degradation of
the materials and promoted cellular infiltration and collagen deposition
(Fig. 3N and S11B-C), which facilitated the remodeling of the ECM and
further reduces the risk of calcification formation [75]. The incorpora-
tion of EGCG-Cu and BVLD did not influence the mechanical properties
of SDVGs and manifested mechanical properties similar to native blood
vessels.

Blood-contacting biomaterials are prone to various risks, including
thrombosis and hemolysis once they contact the blood [76,77]. The
incorporation of EGCG-Cu and BVLD significantly reduced platelet
adhesion and activation (Fig. 4C and 4F). It has indeed been previously
reported that the EGCG can reduce the concentrations of intracellular
calcium by inhibiting the activities of at least two types of enzymes,
including spleen tyrosine kinase (Syk) and tyrosine-protein kinase (Lyn).
These enzymes prevent the activity of thromboplastin to inhibit platelet
aggregation [78]. On the other hand, BVLD inhibits thrombin activity by
binding to the catalytically active sites of thrombin, thereby further
inhibiting platelet adhesion and activation [37]. Importantly, the EGCG-
Cu-loaded material could catalyze the NO production from endogenous



G. Cai et al.

or exogenous NO donors, such as GSNO, thereby affording continuous
yet sustained release of NO (Fig. 3K). NO can activate soluble guanylate
cyclase to cyclize intracellular guanosine triphosphate (GTP) to cGMP,
which activates cGMP-dependent proteases to dephosphorylate myosin
light chains, thereby inhibiting platelet adhesion and activation
[55,79,80]. Thus, after incorporation of the NO donor solution, the
c¢GMP expression level was significantly increased in the PG-EB group,
which could effectively reduce platelet adhesion and thus inhibit
thrombosis (Fig. 4A-B, 4E, and 5C-E).

ECs play a key role in regulating thrombosis, the proliferation of
SMCs, as well as modulation of inflammatory response [22,81]. Thus,
endothelialization is essential both for the short-term and long-term
patency of vascular grafts. EGCG-Cu may act as an anti-oxidative
agent and can scavenge free radicals and potentially the as well as by
additional pathways (Fig. 9C, and 9E-F), thereby protecting oxidative
stress-mediated damage of ECs. It has been previously shown that the
EGCG can inhibit ROS-induced apoptosis in ECs, promote the expression
of B-cell lymphoma-2 (Bcl-2) protein, suppress the expression of BCL2-
Associated X (Bax) protein, as well as reduce the cleavage and activation
of Caspase-3 [82]. Thus, the incorporation of EGCG-Cu into vascular
grafts was able to promote the proliferation of HUVECs. Moreover, NO
produced in the PG-EB (+) group could further promote the prolifera-
tion of HUVECs. Consequently, the PG-EB (+) group showed higher cell
viability, cell proliferation, and cell migration than that of the other
groups as assessed by using HUVECs (Fig. 6D, and S4-5).

Intimal hyperplasia (IH) is caused by the abnormal proliferation of
SMCs, which ultimately leads to vascular restenosis [51]. Zhang et al.
introduced EGCG-Cu as an anti-proliferative drug into the drug-eluting
stents (DES), which significantly inhibited the proliferation and migra-
tion of SMCs [32]. EGCG-Cu was able to inhibit the proliferation and
migration of HUASMCs (Fig. 6E, and S6-7). The inhibitory effect of the
PG-EB (+) group on the proliferation of HUASMCs was further
strengthened because the PG-EB (+) group released NO, which may
regulate vasodilation and contraction through the cGMP pathway and
suppress the migration and proliferation of SMCs [20]. While EGCG-Cu
could suppress the proliferation of SMCs, only PG-EB vascular grafts
showed the expression of CD31 and a-SMA, and all other groups lacked
the expression of a-SMA at 1 month (Fig. 10B-C), which is suggestive of
the ability of PG-EB vascular grafts to achieve regeneration of SMCs and
vascular remodeling and may further regulate endothelialization [83].

The inflammatory response may also cause restenosis [84]. The
occurrence and progression of inflammation are closely linked to the
pro-inflammatory (M1) and anti-inflammatory (M2) macrophages. M1
macrophages mainly stimulate and maintain inflammation and produce
pro-inflammatory cytokines (e.g., IL-13 and TNF-a); conversely, M2
macrophages participate in the regulation as well as resolution of
inflammation, generate anti-inflammatory cytokines, such as IL-4 and
IL-10, facilitate tissue repair as well as maintain immune homeostasis
[85,86]. The loading of BVLD and EGCG-Cu not only promoted the
polarization of macrophages from M1 to M2 phenotypes but also
significantly inhibited the generation of inflammatory cytokines
(Fig. 9D, and 9G-H). The release of NO also conferred anti-inflammatory
characteristics to the vascular grafts (Fig. 9D). Moreover, PG-EB
vascular grafts reduced the expression of CD68 as well as effectively
attenuated the persistent inflammatory response; the mild cellular
inflammation and tissue response instead facilitated the healing of
injured blood vessels and tissues [87].

This study also has several limitations: i) Vascular grafts have shorter
graft lengths, which were only implanted for up to 1 month. This short-
term implantation of vascular grafts may not be sufficient to clearly
delineate the endothelialization mechanisms relevant to humans. ii) In
this study, we used animals that were healthy and young, and the ability
to regenerate tissues may vary between age groups. Different stages of
animal development significantly affect the ability to regenerate tissue,
and studies have shown that the success of clinical trials of vascular
grafts is more pronounced in pediatric patients than in adult patients
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[88]. Therefore, further studies will focus on the length and diameter of
vascular grafts for potential transplantation in a large animal model
alongside implantation for a longer time period and an in-depth evalu-
ation of endothelialization and vascular remodeling. Nevertheless, these
polyphenol-based SDVGs mimicked the function of native endothelium.
In vitro and in vivo animal experiments demonstrated that the incorpo-
ration of EGCG-Cu and BVLD significantly improved the hemocompat-
ibility, reendothelialization, and vascular remodeling alongside
conferring additional anti-oxidative, anti-inflammatory, and anti-
bacterial characteristics to the vascular grafts. Taken together, our
approach of simultaneously harnessing BVLD and EGCG-Cu to improve
the performance of artificial synthetic vascular grafts may be worthy for
future research investigations and may also have broad implications for
the scaffold materials used for other bio-related applications.

5. Conclusions

Our study utilized electrospinning to fabricate the PG-EB vascular
grafts, which could mimic the release of NO from natural ECs to suppress
platelet activation and adhesion, thus inhibiting thrombosis and early
restenosis. The sustained release of NO also effectively promoted the
proliferation of ECs as well as inhibited the overproliferation of SMCs,
which promoted the regeneration of vascular tissue at an early stage and
prevented the development of restenosis at a later stage. At the same
time, the polyphenol EGCG-Cu effectively scavenged oxidants, thus
preventing oxidative stress damage. It also inhibited inflammatory cell
activation and expression of inflammatory genes (IL-1$ and TNF-a).
Moreover, the anti-bacterial properties of SDVGs were effective in
reducing the likelihood of infection during the procedure.

In vivo vascular implantation further confirmed that the combination
of hydrophilic EGCG-Cu and NO could effectively inhibit restenosis of
vascular grafts while promoting rapid endothelialization. The above
result indicated that normal reconstruction of blood vessels could be
achieved by mimicking the release of gas signaling molecules, which
provided a new approach to designing SDVGs.
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