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Native-like endothelium regeneration is a prerequisite for material-guided small-diameter vascular regeneration.
In this study, a novel strategy is proposed to achieve phase-adjusted endothelial healing by step-wise modifi-
cation of parallel-microgroove-patterned (i.e., micropatterned) nanofibers with polydopamine-copper ion (PDA-
Cu2+) complexes, polylysine (PLys) molecules, and Cys-Ala-Gly (CAG) peptides (CAG@PLys@PDA-CuH). Using
electrospun poly(z-lactide-co-caprolactone) random nanofibers as the demonstrating biomaterial, step-wise
modification of CAG@PLys@PDA-Cu®" significantly enhanced substrate wettability and protein adsorption,
exhibited an excellent antithrombotic surface and outstanding phase-adjusted capacity of endothelium regen-
eration involving cell adhesion, endothelial monolayer formation, and the regenerated endothelium maturation.
Upon in vivo implantation for segmental replacement of rabbit carotid arteries, CAG@PLys@PDA-Cu?" modified
grafts (2 mm inner diameter) with micropatterns on inner surface effectively accelerated native-like endothelium
regeneration within 1 week, with less platelet aggregates and inflammatory response compared to those on non-
modified grafts. Prolonged observations at 6- and 12-weeks post-implantation demonstrated a positive vascular
remodeling with almost fully covered endothelium and mature smooth muscle layer in the modified vascular
grafts, accompanied with well-organized extracellular matrix. By contrast, non-modified vascular grafts induced
a disorganized tissue formation with a high risk of thrombogenesis. In summary, step-wise modification of
CAG@PLys@PDA-Cu®* on micropatterned nanofibers can significantly promote endothelial healing without
inflicting thrombosis, thus confirming a novel strategy for developing functional vascular grafts or other blood-
contacting materials/devices.

1. Introduction

Endothelium plays a critical role in maintaining vascular homeo-
stasis [1]. Dysfunctional endothelium is implicated in various diseases
including thrombosis and intimal hyperplasia, which is the leading
cause of mortality worldwide [2]. Recently, biomimicking vascular graft
is considered as a promising alternative to the repair of diseased vessels,
especially for the small-diameter blood vessels (¢ < 4 mm) [3]. To
accelerate endothelialization, various functional modifications such as
native-like topographical, biochemical and mechanical cues have been
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applied to the preparation of related vascular grafts [4,5]. Nevertheless,
endothelium regeneration remains far from ideal, which ultimately re-
sults in dramatical occlusion of implanted grafts [6] due to the limited
biological functions of vascular grafts, as the current-used strategies are
only able to partially regulate EC behaviors. Actually, material-guided in
situ endothelial healing involves diverse biological events, including
recruitment and adhesion of host endothelial cells/endothelial progen-
itor cells (ECs/EPCs), cell spreading and compact endothelial monolayer
formation, and endothelial monolayer maturation [5,7,8], which
constitute a continuous and complicated remodeling process. Therefore,
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developing a novel strategy to achieve phase-adjusted endothelial
healing on vascular grafts is necessary. Unfortunately, such concept has
always been ignored.

Host cell recruitment is the first essential biological event in endo-
thelial healing [9]. To date, numerous studies have focused on the
immobilization of bioactive molecules (e.g., extracellular matrix (ECM)
proteins [5] and ECM polysaccharides [10,11]) onto vascular grafts to
facilitate EC recruitment, adhesion and ingrowth. But, most of the
molecules may also stimulate platelet adhesion and smooth muscle cell
(SMC) growth, which inflicts a high risk of thrombosis and intimal hy-
perplasia [5]. Since ECM components have been recognized to delineate
specific tissue locations with cell-selective ability, EC-selective peptides
such as Arg-Glu-Asp-Val (REDV) derived from fibronectin [12],
Tyr-Lle-Gly-Ser-Arg (YIGSR) from laminin [13], and Cys-Ala-Gly (CAG)
from collagen IV [14] have been developed and widely utilized to pro-
mote EC adhesion. Among them, CAG-peptides exhibit an outstanding
inhibitory effect on SMC adhesion [15] and incapability of interacting
with circulated blood cells and platelets [16,17]. Therefore, modifica-
tion with CAG peptides on vascular grafts may provide an effective
strategy to promote selective cell adhesion for the initial stage of
material-guided in situ endothelialization.

After EC recruitment and adhesion on graft surface, cell-substrate
interaction plays a critical role in the subsequent EC spreading and
endothelial monolayer formation [18]. Given that the effect of substrate
topography and stiffness is more potent than that of surface chemistry
on directing cell behavior [19,20], electrospun nanofibers are of great
interest in engineering vascular grafts, because of their biomimetic
nanofeature and sufficient softness that benefit cell-matrix interaction
[21], especially for the aligned nanofibers that promote native-like
endothelial formation with oriented morphology [22,23]. However,
the apparent shortcomings of fiber structural instability upon shear
flows, dense fiber accumulation, and inherent anisotropic mechanical
properties as well limit the potential of aligned nanofibers for their
clinical applications [24]. Recently, creating parallel microgrooves on
random nanofibrous substrates (micropatterned nanofibers) has been
demonstrated capable of effectively inducing orientated endothelium
regeneration with native-like morphology and enhancing endothelial
maturation via improving cell-matrix interaction [24]. This offers an
effective approach for the formation of compact native-like endothelial
monolayer in material-guided in situ endothelialization.

Complete EC monolayer formation is not synonymous with full
restoration of endothelial functions [4]. After rapid endothelialization
on graft surface, promoting EC functions become another prerequisite
for endothelium healing. Nitric oxide (NO), continuously released by
natural ECs, can regulate several crucial physiological processes in blood
vessels, including anti-SMC proliferation, anti-platelet activation/ag-
gregation, and anti-inflammation [25,26]. Thus, diversified
NO-releasing-based vascular grafts have been developed, including
NO-releasing approaches (immobilization of NO donor) and catalytic
NO-generating approaches (utilization of NO catalyst) [27]. Unlike
NO-releasing approaches with limited storage [28], catalytic
NO-generating approaches can continuously and steadily generate NO
in a local position from endogenous S-nitrosothiols (RSNOs) in blood,
and thus become an attracting approach [29,30]. Given that the gluta-
thione peroxidase (GPx)-like activity (catalyzing NO release from
RSNOs in situ) of copper ions (Cu?") linked to the polydopamine (PDA)
film can strongly adhere to almost any substrates [31,32], one-step
metal-catecholamine assembling strategy was recently put forward to
form PDA-Cu?" coordination complexes on vascular graft surface [33].
More interestingly, the yielded PDA-Cu®" coating not only exhibits
long-term NO-catalytic activity, but also allows the secondary grafting
of amide-contained bioactive molecules [34], which acts as a promising
platform for improving maturation of the regenerated endothelial
monolayer in material-guided in situ endothelialization.

Furthermore, vascular injury will activate coagulation pathways to
motivate platelet adhesion/activation after graft implantation, which
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can also reduce the long-term effectiveness of vascular grafts. Hence, an
effective antithrombotic surface is required, especially at the stage of
endothelium development. Although heparin, a derivative of EC-
secreted heparan sulfate, has been widely used for improving sub-
strate antithrombogenicity, it presents the risk of bleeding and heparin-
induced thrombocytopenia in clinical use [35]. As another
pro-angiogenesis molecule [36], lysine (Lys) has been verified able to
lyse clots via selectively binding plasma plasminogen and avoiding
nonspecific protein adsorption [37,38], thereby exhibiting the excellent
capacity of inhibiting thrombus formation. Recently, Lysmodification
was confirmed to significantly improve graft antithrombogenicity in our
previous work [22]. This indicates that selecting Lys-contained bioac-
tive molecules like polylysine (PLys) to modify vascular grafts may
effectively compensate for the insufficient antithrombogenicity of the
scaffolds during material-guided in situ endothelialization. More inter-
estingly, the abundant amine groups of PLys molecules can provide a
robust anchor for CAG grafting.

Herein, poly(z-lactide-co-caprolactone) (PLCL) was applied as the
basic biomaterial to fabricate nanofibers, because it is a common
research biodegradable elastic polymer that has been widely used as a
vascular substitute for small-diameter vascular regeneration [6,39,40].
Then, a novel strategy of programmed endothelial regeneration was
developed by step-wise modification of the micropatterned nanofibers
with PDA-Cu?t complexes, PLys molecules, and CAG peptides (Fig. 1A).
The yielded vascular grafts were speculated to programmatically regu-
late host EC capture and adhesion, accelerate oriented endothelial
monolayer formation, promote regenerated endothelium maturation,
and thus concurrently suppress thrombosis formation (Fig. 1B). To
verify this proposed strategy, a thorough characterization was per-
formed to examine the surface properties of the modified substrates.
After that, the effects of the yielded coating layer on EC adhesion, EC
monolayer integrity, EC monolayer maturation, and antithromboge-
nicity were assessed. Lastly, micropatterned PLCL nanofibers with the
developed modification were used to construct small-diameter vascular
grafts (2 mm inner diameter) and then implanted in rabbit carotid artery
defect model for proof-of-concept evaluation.

2. Materials and methods

2.1. Preparation of scaffolds with the programmed regulation of EC
behaviors

2.1.1. Electrospinning of PLCL nanofibers

Electrospinning was employed to fabricate random PLCL nanofibers.
Briefly, polymeric solution (4%, w/v) was prepared through dissolving
PLCL (LA/CL 50:50, IV 2.9 dl/g, Daigang, China) into 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP, Chembee, China). After being stirring for 12 h,
polymeric solution was electrospun into nanofibers as the following
parameters: applied voltage 13 kV, flow rate 0.5 mL/h, needle tip to
drum-collector gap distance 18 cm, and ambient conditions (20-25 °C
and 25-30% humidity). Then, the produced PLCL nanofibers were
subjected to vacuum-drying. To fabricate the micropatterned nano-
fibers, the silicon wafer (Suzhou Cchip Scientific Instrument Co. Ltd.,
China) with 20 pm groove width and 20 pm groove depth was fabricated
using laser engraving. Then, the silicon wafer was used as the element
for collecting nanofibers during electrospinning (Fig. 1A). In this study,
20 pm size of parallel microgrooves was chosen because it can effec-
tively induce native-like endothelium with oriented morphology via
contact guidance [24,41].

2.1.2. CAG@PLys@PDA-Cu®>" modification of PLCL nanofibers
Dopamine/copper chloride solution was prepared by co-dissolving
dopamine (2 mg/mL, Sigma, USA) and copper chloride (0.5 mg/mL,
Sinopharm Chemical Reagent, China) in Tris-HCI buffer (10 mM, pH 8.5,
Shanghai Yuan Mu Biotechnology, China). PLCL nanofibers were then
immersed into the prepared solution (open to the air) under gentle
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Fig. 1. Schematic of step-wise modification on vascular grafts for programmed endothelial healing: (A) Step-wise modification of micropatterned nanofibers with
PDA-Cu®"* complexes, PLys molecules, and CAG peptides; (B) Functions of the yielded vascular grafts to phase-adjust endothelial regeneration: 1) Promoting host EC
capture and adhesion; 2) Guiding the adhered ECs to form an oriented endothelial monolayer; 3) Enhancing the maturation of the regenerated endothelium; 4)

Suppressing thrombogenesis.

shaking at 100 rpm for 12 h at room temperature. Afterwards, the
treated nanofibers were retrieved and rinsed thoroughly with deionized
water to obtain PDA-Cu?" modified PLCL nanofibers (name as
PLCL@PDA-Cu). Then, PLys solution (1 mg/mL, pH 8.5) was prepared
by dissolving PLys (MW ~5000, Macklin, China) in Tris-HCI buffer (10
mM, pH8.5), followed by the immersion of the PDA-Cu?" modified PLCL
nanofibers for 12 h under gentle shaking at 100 rpm. After being rinsed
thoroughly with deionized water, the PLys@PDA-Cu?" modified nano-
fibers were obtained and named as PLCL@PDA-Cu@PLys. Finally, CAG
peptides (ChinaPeptides, China) were dissolved into phosphate buffer
saline (PBS) solution to prepare CAG solution (1 mg/mL), and the so-
lution pH was adjusted to 5.5. After the addition of 1-ethyl-3-(-3-dime-
thylaminopropyl) carbodiimide hydrochloride (EDC, 5 mg/mL, TCI,
Japan) and N-hydroxysuccinimide (NHS, 3 mg/mlL, TCI, Japan) to
activate the -COOH groups of CAG molecules, the PLys@PDA-Cu?"
modified PLCL nanofibers were immersed into the CAG solution for 2 h
under gentle shaking at 100 rpm. Then, the treated nanofibers were
retrieved and rinsed thoroughly with deionized water to obtain
CAG@PLys@PDA-Cu2+ modified PLCL nanofibers (name as
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PLCL@PDA-Cu@PLys@CAG).

2.2. Characterization of the obtained scaffolds

2.2.1. Surface morphology

Surface morphology of the pristine PLCL nanofibers, PDA-Cu®*
modified, PLys@PDA-Cu?* modified, and CAG@PLys@PDA-Cu?*
modified nanofibers was observed by a scanning electron microscope
(SEM, Sigma 300, ZEISS) under an acceleration voltage of 0.02-30 kV.
Prior to imaging, all samples were sputter-coated with gold for 30 s to
increase substrate conductivity. To verify the successful modification,
the element mapping (e.g., C, Cu, N, and S) of CAG@PLys@PDA—CuzJr
functionalized nanofibers was further employed by Energy Dispersive X-
ray Spectrometry (EDS, Smartedx, ZEISS).

To visually observe the morphology variation of samples, the surface
topography and roughness of single fiber were analyzed using a NT-MDT
Prima Dimension FastScan atomic force microscope (AFM, Bruker,
Germany). AFM images with scanning area of 0.5 x 0.5 pm were
generated by scanning with ScanAsyst mode using a silicon nitride



B. Yietal

probe, and the average surface roughness of single fiber was measured
from the obtained AFM images via NanoScope Analysis software.

2.2.2. Surface chemistry

Surface elemental composition of pristine PLCL nanofibers, PDA-
Cu®" modified, PLys@PDA-Cu®* modified, and CAG@PLys@PDA-Cu?*
modified nanofibers was employed via X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha+, USA) with a monochromic Al Ka
excitation source at 100 eV. The C 1s and N 1s spectra of samples were
fitted with the Origin 9.0 software by Gaussian-Lorentzian function.

Fourier transform infrared (FTIR) spectroscopy of pristine PLCL
nanofibers, PDA-Cu?>" modified, PLys@PDA—Cu2+ modified, and
CAG@PLys@PDA-Cu?" modified nanofibers were evaluated by a FTIR
spectrometer (Thermo IS5, USA) over the wavenumber range of
4000-800 cm . Data collection was carried out by accumulation of 32
scans with a resolution of 4 cm ™",

2.2.3. Surface wettability, tensile property and zeta potential

Surface wettability of pristine PLCL nanofibers, PDA-Cu®* modified,
PLys@PDA-Cu?* modified, and CAG@PLys@PDA-Cu?>* modified
nanofibers was examined by measuring the water contact angle (WCA)
with an optical tensiometer (Dataphysics DCAT20, Germany). Briefly, 2
pL deionized water was used as the probe liquid to drop onto each
fibrous membrane, and then the droplet was photographed to get the
WCA images.

Tensile properties of pristine PLCL nanofibers, PDA-Cu®" modified,
PLys@PDA-Cu?* modified, and CAG@PLys@PDA-Cu?>* modified
nanofibers (3 cm x 2 cm) in wet state were detected on a tabletop tensile
tester (Instron, USA) at a stretching speed of 10 mm/min. Prior to
testing, all samples were immersed in deionized water for 24 h. Then,
tensile strength and Young’s modulus were derived from the generated
stress-strain curves.

Zeta potential of pristine PLCL nanofibers, PDA-Cu®*" modified,
PLys@PDA-Cu*" modified, and CAG@PLys@PDA-Cu?>* modified
nanofibers was determined using streaming potential at pH 4, 7 and 10
via a SurPASS 3 Electrokinetic Analyzer (Anton Paar GmbH, Austria), in
which potassium chloride solution (1 mM) was chosen as the back-
ground electrolyte solution for testing at room temperature.

2.2.4. Surface protein adsorption capacity

Surface protein adsorption capacity of pristine PLCL nanofibers,
PDA-Cu?* modified, PLys@PDA-Cu®" modified, and CAG@PLys@PDA-
Cu?®** modified nanofibers was evaluated using bicinchoninic acid (BCA)
protein assay kit (Solarbio, China). Briefly, circular-shaped fibrous
membranes (15 mm diameter) were placed in 24-well plates and then
incubated with 200 pL of bovine serum albumin (BSA, 50 pg/mL, San-
gon Biotech, China) solution for 2 h at room temperature. Afterwards,
the treated fibrous membranes were rinsed thoroughly with deionized
water 3 times and then incubated with 300 pL of BCA reagent for 30 min
at 37 °C. Lastly, to analyze the content of the adsorbed BSA, 100 pL of
the solution was transferred into a 96-well plate and the absorbance at
562 nm was measured with a microplate reader (Thermo, USA).

To visually observe the adsorbed BSA on samples, the circular fibrous
membranes were also placed in 24-well plates and then incubated with
200 pL of fluorescein isothiocyanate labeled BSA (FITC-BSA, 50 pg/mL,
Sangon Biotech, China) solution for 2 h in the dark. After being rinsed
thoroughly with deionized water, the treated samples were observed
under a laser-scanning confocal microscopy (Carl Zeiss, Germany).

2.3. Capacity verification of the developed CAG@PLys@PDA-Cu?*
coating for EC capture

2.3.1. Cell culture and seeding

Human umbilical vein endothelial cells (huvECs, ScienCell, USA)
were cultured in a complete medium, namely, human Endothelial Cell
Medium (hECM, ScienCell, USA) that contains 5% fetal bovine serum
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(FBS), 1% penicillin/streptomycin and 1% endothelial cell growth factor
supplements, with the culture medium changed every 2 days. For cell
seeding, the samples were sterilized by ultraviolet light irradiation for 6
h, followed by the treatment of 75% ethanol for 2 h. After being washed
3 times with PBS, the sterilized samples were placed in 24-well culture
plates and then pre-incubated with hECM overnight at 37 °C. Finally, the
cultured huvECs (3-8 passages) with 90% confluence were collected
using trypsin-EDTA, and then seeded onto the treated samples.

2.3.2. Cell adhesion and spreading

To indirectly assess the capacity of scaffolds for capturing ECs,
huvEC adhesion and their spreading were performed by seeding cells
onto the fibrous samples at a density of 3 x 10* cells/cm?. After culture
of the cell-scaffold constructs for 10 min and 2 h respectively, actin
cytoskeleton and cell nucleus of the adhered huvECs were stained with
phalloidin and 4’,6-diamidino-2-phenylindole (DAPI) to evaluate cell
adhesion and cell spreading. Briefly, the cell-seeded constructs were
fixed in 4% paraformaldehyde (Biosharp, China) for 30 min, followed by
the permeation with 0.2% Triton X-100 (Solarbio, China) for 5 min.
After being rinsed thoroughly with PBS, the actin cytoskeleton of
huvECs was stained with TRITC Phalloidin (1:200 dilution, Yeasen
Biotechnology, China) for 30 min and the cell nuclei was stained with
DAPI (1:1000 dilution, Yeasen Biotechnology, China) for 10 min at room
temperature in the dark. Then, observations of cell adhesion and
spreading were respectively conducted using the laser-scanning
confocal microscopy. Based on the obtained fluorescence images, the
adhered cell number in square millimeter and average cell area of cell
spreading were analyzed via ImageJ software.

2.3.3. Focal adhesion formation

Focal adhesion (FA) formation of huvECs was further observed to
analyze cell-matrix interaction using immunofluorescence staining of
integrin p1. huvECs were seeded onto the fibrous samples at a density of
3 x 10* cells/cm? in 24-well culture plates. After culture for 3 days, the
integrin B1 expression in single huvECs was analyzed using immuno-
fluorescent staining. Briefly, the cell-seeded constructs were fixed in 4%
paraformaldehyde for 30 min and permeabilized with 0.2% Triton X-
100 for 5 min. After being blocked by 10% goat serum (Solarbio, China)
for 30 min, the constructs were incubated with rabbit anti-human
integrin p1 polyclonal antibody (1:200 dilution, Proteintech, USA)
overnight at 4 °C, followed by the incubation of fluorescein (FITC)-
conjugated affinipure goat anti-rabbit IgG (H+L) antibody (1:50 dilu-
tion, Proteintech, USA) for 90 min at room temperature. Then, cell
nuclei of huvECs were counterstained with DAPI for 10 min, and the
integrin pl expression of single huvECs was observed under laser-
scanning confocal microscopy. For quantitative analysis of FA size dis-
tribution and FA number per cell, integrin p1 analysis of the obtained
images was performed by a Focal Adhesion Analysis Server [42,43].

2.4. Capacity verification of the developed CAG@PLys@PDA-Cu**
coating for inducing compact endothelial monolayer formation

2.4.1. huvEC monolayer morphology and integrity

huvECs were seeded onto the fibrous samples at a high density of 3 x
10° cells/cm? in 24-well plates to allow the formation of confluent cell
monolayer. After culture for 3 days, huvEC monolayer morphology was
observed by fluorescence staining of actin cytoskeleton with phalloidin
and cell nucleus counterstaining with DAPIL. The detailed process was
conducted following the protocol in Section 2.3.2. Then, observation of
the regenerated huvEC monolayer was conducted using laser-scanning
confocal microscopy. For huvEC monolayer integrity, immunofluores-
cent staining of VE-cadherin (a cell-cell junction marker [23]) was
performed with rabbit anti-human VE-cadherin antibody (1:200 dilu-
tion, Bioss, China) as the primary antibody and FITC-conjugated affi-
nipure goat anti-rabbit IgG (H+L) (1:50 dilution) as the secondary
antibody. The detailed process was conducted following the protocol in
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Section 2.3.3. Afterwards, the constructs were observed under
laser-scanning confocal microscopy, and the average thickness of
cell-cell junction within endothelial monolayer was measured from the
obtained fluorescence images using ImageJ software.

2.4.2. huvEC monolayer maturity

Antithrombotic ability and cell quiescence state were analyzed to
detect the maturity of the generated huvEC monolayer on the fibrous
samples. huvECs were seeded onto the samples at a high density of 3 x
10° cells/cm? in 24-well plates to form a compact cell monolayer. To
evaluate the antithrombotic ability of the regenerated cell monolayer,
after culture for 3 days, 5 U/mL thrombin (Solarbio, China) was added to
incubate the cellularized constructs for 15 min. Then, actin cytoskeleton
and VE-cadherin expression of huvEC monolayer were stained following
the protocols in Section 2.3.2 and 2.4.1. Finally, the constructs were
observed under laser-scanning confocal microscopy, and the averaged
thickness of cell-cell junction was analyzed using ImageJ software.
Regarding quiescent state examination of huvECs within cell monolayer,
after culture for 1, 3, and 5 days, 300 pL of fresh hECM containing 5%
CCK-8 (Beyotime, China) was used to incubate the cellularized con-
structs for 4 h at 37 °C. Thereafter, 100 pL of the solution were trans-
ferred into 96-well plate for absorbance measurements at 450 nm using
a microplate reader.

To further verify the huvEC monolayer maturity, gene expression of
endothelial function markers including endothelial NO synthase (eNOS),
VE-cadherin, CD31, and biglycan were analyzed by a quantitative real-
time polymerase chain reaction (RT-qPCR) assay. Briefly, huvECs were
seeded onto the fibrous scaffolds at a high density of 3 x 10° cells/cm? in
24-well plates to form a confluent cell monolayer. After culture for 3
days, total RNA was extracted from the cell monolayer using the Biozol
reagent (Zrbiorise, Shanghai, China) according to the manufacturer’s
instruction. Thereafter, mRNA was reverse-transcribed into cDNA fol-
lowed by standard qPCR analysis using qPCR kit (EZ Bioscience, China)
according to the manufacturer’s instruction using an ABI Sequence
Detection System (Q6, Applied Biosystems, USA). All PCR results were
normalized to the expression level of housekeeping gene GAPDH prior to
further analysis. The primer sequences (Sangon Biotech, China) used for
the real-time reverse transcription-PCR are listed in Table S1.

2.5. Capacity verification of the developed CAG@PLys@PDA-Cu?*
coating for in situ catalyzing NO generation for endothelial monolayer
maturation

2.5.1. NO generation

Monitoring NO generation catalyzed by the fibrous scaffolds was
carried out using a Griess Assay Kit (Beyotime, China) according to the
manufacturer’s instruction. In brief, the circular fibrous membranes
were placed into 24-well plates, and then incubated for 100 min at 37 °C
with 500 pL test PBS solution containing 10 pM NO donor S-Nitro-
soglutathione (GSNO, Macklin, China) and 10 pM reducing agent
glutathione (GSH, Macklin, China). During the incubation process, the
real-time NO generation was monitored using Griess Assay Kit at 5-min
intervals.

2.5.2. Promoting effect of the generated NO on endothelial monolayer
integrity

huvECs at a high density of 3 x 10° cells/cm? were seeded onto the
fibrous samples and cultured with flesh hECM containing 10 pyM GSNO
and 10 pM GSH for 3 days. Then, the effect of material-catalyzed NO
release on huvEC monolayer integrity was examined by staining the
actin cytoskeleton and VE-cadherin expression following the protocol in
Section 2.3.2 and 2.4.1. Lastly, the constructs were observed under
laser-scanning confocal microscopy, and the averaged thickness of cell-
cell junction was measured using ImageJ software.
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2.5.3. Promoting effect of the generated NO on endothelial monolayer
functions

CD31 expression and cell endocytosis ability were detected to eval-
uate the promoting effect of the generated NO on endothelial monolayer
functions. To examine CD31 expression, huvECs were seeded onto the
fibrous samples at a high density of 3 x 10° cells/cm?, and then were
cultured in fresh hECM or fresh hECM containing 10 pM GSNO and 10
M GSH for 3 days. Thereafter, CD31 of the cell monolayer was stained
with rabbit anti-CD31 antibody (1:200 dilution, Bioss, China) as the
primary antibody and FITC-conjugated affinipure goat anti-rabbit IgG
(H+L) as the secondary antibody. The detailed process was conducted
following the protocol in Section 2.3.3. Afterwards, the constructs were
observed under laser-scanning confocal microscopy, and the fluores-
cence intensity per cell was measured from the immunofluorescence
images using ImageJ software (n > 10); To observe the cell endocytosis
ability, huvECs were seeded on the samples at a low density of 3 x 10*
cells/em?, and then were cultured in fresh hECM or fresh hECM con-
taining 10 pM GSNO and 10 pM GSH for 3 days. After that, the cellu-
larized constructs were incubated with 450 pL fresh hECM containing
30 pg/mL Dil-labeled human acetylated low-density lipoprotein (Ac-
LDL, Yeason, China) for 4 h at 37 °C. Finally, the Ac-LDL uptake into
huvEC cytoplasm was observed using laser-scanning confocal micro-
scopy at an excitation wavelength of 550 nm, and the fluorescence in-
tensity, normalized to single cells, was calculated using ImageJ software
(n = 8).

2.6. Capacity verification of the developed CAG@PLys@PDA-Cu?*
coating for anti-thrombogenesis

2.6.1. Hemocompatibility

To evaluate the anticoagulant activity of pristine PLCL nanofibers,
PDA-Cu* modified, PLys@PDA-Cuer modified, and CAG@PLys@PDA-
cu?®* modified nanofibers, fresh rabbit whole blood, in which clotting
reaction has been activated by CaCl, aqueous solution (0.1 M), was used
to immerse the fibrous samples (1 x 1 cm) for 10, 20, 30, 40, 50, and 60
min at 37 °C. At each time point, the samples (n = 3) were retrieved and
incubated with 2.5 mL distilled water for 5 min, which allowed the
hemolysis of the non-trapped red blood cells to release hemoglobin into
the water. Then, the hemoglobin concentration was determined by
measuring the absorbance at 545 nm with a microplate reader.

To analyze the hemocompatibility of the fibrous samples, measure-
ment of activated partial thromboplastin time (APTT) and thrombin
time (TT) was performed. Briefly, platelet poor plasma (PPP) was ob-
tained by centrifuging fresh rabbit whole blood at 3000 rpm for 15 min.
Then, 500 pL PPP was added to the samples that have been placed in 24-
well culture plate for 30 min incubation at 37 °C. Afterwards, to examine
APTT, 100 pL of the incubated PPP and 100 pL APTT reagent (Sunbio,
China) were transferred to the test tube for 3 min incubation at 37 °C,
followed by the addition of 100 pL CaCly solution (0.025 M). The clot-
ting time was then measured using an automatic blood coagulation
analyzer (Rayto, USA). To examine TT, 100 pL of the incubated PPP and
100 pL TT reagent (Sunbio, China) were added to the test tube for 3 min
incubation at 37 °C, followed by the measurement with the automatic
blood coagulation analyzer.

2.6.2. Fibrinogen adsorption and conformational change
Immunochemistry was used to semi-quantitatively determine the
amounts of the adsorbed fibrinogen (FGN) and denatured FGN (i.e.,
fibrinogen y) on the fibrous samples. Briefly, 200 pL rabbit PPP was
added to the circular samples in 24-well culture plate for 15 min incu-
bation at 37 °C. To examine FGN adsorption, after being rinsed with PBS
for 3 times, the samples were incubated with 200 pL mouse monoclonal
anti-rabbit FGN antibody (1:100 dilution, Bioss, China) for 1 h at 37 °C,
followed by the incubation of 200 pL horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG antibody (1:200 dilution, Bioss, China)
for 30 min at 37 °C. After that, 100 pL of 3,3',5,5'-tetramethylbenzidine
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(TMB) agent was added for 10 min, and then 50 pL H2SO4 solution (1 M)
was used to stop the color reaction. Finally, 100 pL of the reaction so-
lution was transferred to 96-well plate for absorbance measurements at
340 nm using a microplate reader. Similarly, examination of FGN
conformational change was performed using mouse monoclonal anti-
rabbit fibrinogen y antibody (1:100 dilution, Bioss, China) following
the aforementioned protocol.

2.6.3. Platelet adhesion and activation

Platelet adhesion and activation on the fibrous samples were
observed using rabbit platelet-rich plasma (PRP) which was prepared by
centrifuging rabbit whole blood at 250 g for 15 min [22]. Briefly, 200 pL
PRP was added to the circular samples in 24-well culture plates for 1 h
incubation at 37 °C. To examine the amount of adhered platelet on
samples, 200 pL Triton X-100 (1%) was added to hemolyze platelets for
5 min, and then 20 pL lysate was transferred into a 96-well plate for
further preparation. Finally, the platelet amount was quantified using
lactate dehydrogenase (LDH) assay kit (Nanjing Jiancheng Bioengi-
neering Institute, China) following the manufacturer’s instructions, and
the absorbance measurement was performed at 440 nm using a micro-
plate reader; To detect platelet activation, the PRP-treated samples were
fixed with 4% paraformaldehyde for 30 min, followed by the incubation
of 10% goat serum for 1 h to block nonspecific adsorption. Thereafter,
the samples were incubated with mouse anti-rabbit p-selectin mono-
clonal antibody (Cloud-clone Corp., China) for 1 h followed by
FITC-conjugated goat anti-mouse IgG (Yeasen, China) for 30 min. Lastly,
the samples were observed under laser-scanning confocal microscopy.

2.7. In vivo animal test

2.7.1. In vivo implantation

To verify the phase-adjusted endothelial healing in vivo, CAG@-
PLys@PDA-Cu>" modified micropatterned nanofibers (~90 pm mem-
brane thickness) were constructed into small-diameter tubular grafts (2
mm inner diameter, 1 cm length, and 5 rolled layers) by rolling them up
in the direction perpendicular to the microgroove axis, followed by
seam-sealing with medical adhesive (name as M-PLCL). Meanwhile,
pristine micropatterned PLCL nanofibers were chosen to fabricate small-
diameter tubular grafts with similar size and used as control groups
(name as PLCL). After that, the constructed grafts were implanted in vivo
to repair a segmental defect of rabbit carotid arteries. Briefly, twenty-
four healthy male New Zealand white rabbits (1.2-1.8 kg, all male,
Shanghai Jiagan Biotechnology, China) were randomly divided into two
groups (i.e., PLCL and M-PLCL), and then anesthetized by intramuscular
injection of 0.8-1 mL anesthetic (Virbac Zoletil®50, France). After being
completely unconscious, the heavy hair around rabbit neck was
removed with depilatory cream, and the region of neck was disinfected
followed by a skin incision to expose the left internal carotid artery.
After transection of the exposed artery between two clamps, sterilized
tubular grafts were implanted to bridge the defect by microsurgical
suturing two ends with 9-0 monofilament nylon sutures. Then, the
clamps were removed to restore the blood flow, and the wound was
closed with 5-0 monofilament nylon sutures. Afterwards, the rabbits
were individually caged for 1, 6, and 12 weeks to observe endothelial
regeneration, vascular remodeling and anti-thrombogenesis in the
implanted grafts. The animals were allowed for free movement and
access of food and water. No anticoagulation and antiplatelet drugs were
administrated during the whole process. In this study, animal experi-
ment protocol was approved by the Animal Care and Experiment
Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine.

2.7.2. Doppler ultrasound and SEM analyses

Patency of the implanted tubular grafts was analyzed by 3D ultra-
sonography and examination of real-time blood flow velocity using
high-resolution ultrasound (Visualsonics, Canada) under anesthesia. To
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obtain SEM images of the graft inner surface, the rabbits were eutha-
nized by intramuscular injection of overdosed chloral hydrate. Then, the
implanted grafts were retrieved and dehydrated in a series of graded
ethanol. After being dried at the critical point, the samples were sputter-
coated with gold and observed by SEM.

2.7.3. Histological evaluation

To perform the histological analysis, the explanted grafts were har-
vested, fixed, dehydrated and embedded in paraffin for tissue section at
5 pm thickness. The tissue cross-sections were then stained with he-
matoxylin and eosin (H&E, Solarbio, China), Verhoeff-Van Gieson
(Solarbio, China) for elastin, Masson’s trichrome (Solarbio, China) for
collagen, and Safranin O (Solarbio, China) for glycosaminoglycans
(GAGs) according to product instructions. Lastly, histological images
were digitally recorded under an inverted microscope (Nikon DS-Ri2,
Japan), and luminal area was measured from the cross-sections
stained with H&E.

2.7.4. Immunofluorescent staining

To perform immunofluorescent staining, the cross-sections of the
explanted grafts were permeated by 0.2% Triton X-100 for 5 min and
then blocked by 10% goat serum for 30 min at room temperature. After
that, the cross-sections were incubated with the primary antibodies
overnight at 4 °C, followed by the incubation of the secondary antibody
for 2 h and DAPI for 10 min at room temperature. Concretely, to observe
endothelial regeneration, ECs were stained with rabbit anti-CD31 anti-
body (1:200 dilution, Bioss, China); To detect the regeneration and
maturity of smooth muscle cell (SMC) layer, SMCs were stained with
rabbit anti-alpha smooth muscle actin (anti-a-SMA) antibody (1:200
dilution, Proteintech, USA) and mouse anti-smooth muscle myosin
heavy chain (anti-SM-MHC) antibody (1:100 dilution, Arigo, China); To
observe the graft-mediated inflammatory response, pro-inflammatory
macrophages were stained with rabbit anti-inducible nitric oxide syn-
thase (anti-iNOS) antibody (1:200 dilution, Bioss, China). After that,
Alexa Fluor 594 goat anti-rabbit IgG (1:200, Invitrogen, USA) and Alexa
Fluor 488 goat anti-mouse IgG (1:200, Invitrogen, USA) were used as the
secondary antibodies, respectively. Lastly, the stained sections were
observed under laser-scanning confocal microscopy. For quantitative
analysis, the coverage rate of regenerated endothelium was calculated
from the cross-sections stained with anti-CD31 antibody by summing the
length of CD31-positive monolayer and dividing it by the total length of
the cross-sections [22]; Regenerated SMC layer thickness was quantified
from the cross-sections stained with anti-a-SMA antibody by ImageJ
software; The positive areal ratio of SM-MHC/a-SMA was quantitatively
measured from the cross-sections stained with anti-a-SMA and
anti-SM-MHC.

2.8. Statistical analysis

All quantification data are presented as means + standard deviation.
The significant difference among multiple groups was detected with
one-way ANOVA and then with Tukey’s post hoc test for pair-wise
comparisons using the Origin 9.0 software. A value of *p < 0.05 or
**p < 0.01 was considered statistically significant.

3. Results

3.1. Surface chemistry of the CAG@PLys@PDA-Cu?>" modified PLCL
nanofibers

Firstly, to verify the role of the CAG@PLys@PDA-Cu®" coating in
phase-adjusted endothelial healing, random PLCL nanofibers were used
for the step-wise modification by PDA-Cu®*, PLys, and CAG. Although
pH 5.5 may slightly impair the PDA-Cu®" coating during CAG grafting
(Fig. S1A), SEM images confirmed the successful grafting of PDA-Cu®*
complexes, PLys molecules, and CAG peptides on the PLCL nanofiber
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surface (Fig. 2A), with the average fiber diameter increased from 0.62 +
0.10 pm (PLCL) to 0.86 + 0.11 pm (PLCL@PDA-Cu@PLys@CAG)
(Fig. S1B). The noted C, Cu, N, and S elements on the substrate surface of
PLCL@PDA-Cu@PLys@CAG further evidenced the successful
modification.

XPS and FTIR were performed to observe the changes in the chemical
structure and composition of the substrates (Fig. S1C-D). The presence of
new peaks of Cu2p element and S2p element revealed the successful
modification of PDA-Cu®" coatings and CAG molecules (Fig. 2B).
Regarding the C/N atomic ratio of dopamine molecules (8:1) and PLys
molecules (3:1), a significant decrease of C/N atomic ratio was noted in
the spectrum of PLCL@PDA-Cu@PLys compared to that of PLCL@PDA-
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Cu. Additionally, the nitrogen atomic percentage also increased from
2.64 to 6.43% (Fig. S1E). These findings indicated the successful graft-
ing of PLys molecules. Moreover, Cls core-level spectrum could be
curve-fitted with four peaks at 288.8 eV (C=0), 286.5 eV (C-0), 285.5
eV (C-N), and 284.2 eV (C-C), and the N1s core-level spectrum could be
curve-fitted with three peaks at 401.0 eV (—NH>), 399.1 eV (-NH-),
and 397.5 eV (—N =) (Fig. 2C) [44,45]. The -N = percentage signifi-
cantly increased from 4.07% (PLCL@PDA-Cu) to 13.65%
(PLCL@PDA-Cu@PLys) along with -NH— content decreasing from
84.81% to 67.76%, affirming that PLys was likely to be grafted to
PDA-Cu®" coating via more Schiff base reaction (generating -N =
groups) than Michael addition reaction (forming -NH- groups)
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Table 1

Surface functional group composition of different nanofibers.
Samples Functional group composition(%)

C-C C-N C=0 c-0 -N = -NH- -NHy

PLCL 57.02 - 24.11 18.86 - - -
PLCL@PDA-Cu 65.43 4.70 15.69 14.18 4.07 84.81 11.12
PLCL@PDA-Cu@PLys 63.20 9.49 16.98 10.33 13.65 67.76 18.59
PLCL@PDA-Cu@PLys@CAG 61.31 9.49 20.84 8.35 3.67 79.26 17.07

(Table 1). Compared to PLCL@PDA-Cu@PLys, after CAG grafting, both increased characteristic absorption peaks of -OH, N-H, -COOH, and
C—=O0 and -NH- contents were increased while the C-O amount was -NH, reconfirmed the successful modification of
decreased in the spectrum of PLCL@PDA-Cu@PLys@CAG, verifying the CAG@PLys@PDA-Cu?* on PLCL nanofibers (Fig. 2D).
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3.2. Physicochemical properties of the CAG@PLys@PDA-Ct>" modified
PLCL nanofibers

Surface topography of single nanofiber was significantly affected by
the step-wise modifications of PDA-Cu?", PLys, and CAG. As shown in
Fig. 3A, pristine PLCL nanofibers presented a smooth surface with low
fiber surface roughness of 2.16 nm. After PDA-Cu* coating, a distinct
rugged surface (fiber surface roughness: 3.14 nm) was observed because
of the accumulation of PDA nanoaggregates via non-covalent cross-
linking (e.g., n-n stacking and hydrogen bonds) [22,46]. Such fiber
surface heterogeneity was further increased with the fiber surface
roughness increased to 4.30 nm (PLCL@PDA-Cu@PLys) as well as an
ulterior increase in roughness to 6.44 nm (PLCL@PDA-Cu@PLy-
S@CAG), likely attributing to the abundant grafting of linear molecules
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of PLys and CAG. Additionally, CAG@PLys@PDA-Cu®" also appeared to
affect the surface wettability of the nanofibers due to the introduction of
plentiful hydrophilic groups, as the WCA value sharply reduced from
124.05° (PLCL) to 14.95° (PLCL@PDA-Cu@PLys@CAG) (Fig. 3B). For
wet tensile property, all samples exhibited ~400% of strain at break
(Fig. 3C), indicating their superior resilience. No significances in tensile
strength and Young’s modulus were observed, indicating that either
PDA-Cu coating, PLys grafting, or CAG grafting had not influence on the
wet tensile property of the PLCL nanofibers (Fig. 3D-E). For zeta po-
tential analysis, the noted negative surface charge of pristine PLCL
nanofibers could effectively facilitate the deposition of PDA-Cu®" com-
plexes that contain rich positive -NH; groups (Fig. 3F). Upon PLys and
CAG grafting, the introduction of abundant positive-charged groups of
-NH; and negative-charged groups of -COOH gave rise to the higher
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zeta potential of the nanofibers. Besides, PDA-Cu?" coating also signif-
icantly enhanced the protein adsorption capacity of the nanofibers when
compared to pristine PLCL nanofibers (Fig. 3G). Interestingly, grafting of
PLys was able to further improve the protein adsorption capacity, but
the promoting effect was reduced by CAG grafting, indicating the higher
protein adsorption capacity of PLys than CAG. Such a tendency was
directly verified and reconfirmed by visual observation of the
FITC-labeled BSA adsorption (Fig. 3H).

A 3 PLCL@PDA-Cu

No treatment

F-actin/DAPI

+Thrombin

VE-Cadherin/DAPI
No treatment

+Thrombin

=1

1.8+ VE-cadherin
*%k

1.44 {‘
1.24

1.0

0.8

0.6

Relative mRNA expression
|
Relative mRNA expression

PLCL@PDA-Cu@PLys

0.0 - 0.4

Bioactive Materials 25 (2023) 657-676

3.3. CAG@PLys@PDA-Cu>" modification effectively promoted EC
adhesion and spreading

As the EC-affinity peptides that were screened from collagen type IV
[15], CAGs were grafted to PLys molecules via amido bonds for EC fa-
voring niche modification (Fig. 4A). To verify the ability of
CAG-modified nanofibers to capture ECs, the stimulating effect of
CAG@PLys@PDA-Cu?" modification on cell adhesion and spreading
was observed (Fig. 4B). Compared to the pristine PLCL control, an
inclination of ascending cell adhesion was found on the substrates after
step-wise modification of PDA-Cu?* complexes, PLys molecules and
CAG peptides. Quantification of cell adhesion number indicated the
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tendency of huvECs to adhere in a quickest way on CAG-grafted nano-
fibers (Fig. 4C). After 2 h culture, both PDA-Cu®" complexes and PLys
molecules showed a predisposition of promoting more huvEC spreading
in comparison to that of the pristine PLCL, which was further enhanced
by CAG grafting (Fig. 4D). Overall, CAG@PLys@PDA-Cu?* modification
effectively promoted EC adhesion and spreading.

Focal adhesions (FAs), as the large protein complexes that tether cell
cytoskeleton (e.g., integrins) to substrates (e.g., ligands) [18], play a
critical role in guiding cell-matrix interaction. Given the excellent
improvement for cell adhesion, CAG@PLys@PDA-Cu?>" coating was
speculated to enhance cell-matrix interaction via triggering the FA site
dynamics of huvECs. To verify this, integrin p1 expression of huvECs was
determined (Fig. 4E). The results revealed that large-sized punctate FAs
were mainly located at the peripheral region of cell body when huvECs
were cultured on the pristine PLCL. After modification of PDA-Cu?*,
PLys, and CAG, more newly formed large-sized punctate FAs appeared
around the central region of the cell bodies. In term of quantified dis-
tributions of punctate FAs, less small-sized punctate FAs were identified
on PDA-Cu?t, PLys, and CAG modified nanofibrous substrates than the
FAs on pristine PLCL (Fig. 4F), but step-wise modifications of PDA-Cu®*
complexes, PLys molecules, and CAG peptides were inclined to increase
FA number (Fig. 4G). All these evidences indicate that
CAG@PLys@PDA-Cu®" coating significantly improved FA site dynamics
of huvECs.

3.4. CAG@PLys@PDA-Cu>" modification markedly promoted the
compact endothelial monolayer formation

The effect of CAG@PLys@PDA-Cu2+ modification on endothelial
monolayer morphology was analyzed through fluorescence microscopy
of phalloidin colocalized F-actin stress fibers. As shown in Fig. 5A, sur-
face chemistry had an impact on cytoskeleton organization within the
huvEC monolayer. Unlike the indistinguishable morphology of huvECs
on pristine PLCL, confluent huvEC monolayer with strong peripheral
cortical arcs around cell-cell contacts (yellow arrow) was formed on the
PDA-Cu?* modified substrates, suggesting the excellent cell-cell inter-
action in the huvEC monolayer [47]. A further scrutinization delineated
an intensified organization of cortical arcs within huvEC monolayer
after the grafting of PLys and CAG, demonstrating that
CAG@PLys@PDA—Cu2+ modification markedly promoted the formation
of a confluent and compact endothelial monolayer.

Expression of the junction protein VE-cadherin was further examined
to confirm the integrity of the regenerated cell monolayer. As shown in
Fig. 5B, huvEC monolayers on all fibrous scaffolds were visually inte-
grated well with the neighboring cells, but a further close look into the
cell-cell junctions (desaturated images) revealed that after step-wise
modification of PDA-Cu®" and PLys, cell-cell junctions in honeycomb-
like structure became thicker and formed more stable reticular
morphology, while no further improvement was observed after CAG
grafting (Fig. 5C), indicating that the promoting effect of CAG@-
PLys@PDA-Cu®" coating on cell-cell interaction for huvEC monolayer
integrity was mainly attributed to PDA-Cu®>' complexes and PLys
molecules.

The antithrombotic ability of the regenerated cell monolayer was
also examined by observing the thrombin-mediated integrity of huvEC
monolayer. It was found that F-actin amount in the huvECs was mark-
edly reduced on all samples after thrombin treatment, but the regener-
ated huvEC monolayer on PLCL@PDA-Cu@PLys and PLCL@PDA-
Cu@PLys@CAG still showed strong cortical arcs around cell-cell junc-
tions, exhibiting an excellent antithrombotic ability (Fig. 5A). To
quantify the cell-cell junction variation, VE-cadherin expression was
further examined by immunofluorescent staining. The results showed
that after thrombin treatment, cell-cell junctions became thinner on all
samples (Fig. 5B-C). However, given the loss of cell-cell junction be-
tween the adjacent cells on PLCL and PLCL@PDA-Cu groups, the
retained reticular morphology of endothelial monolayer on PLCL@PDA-
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Cu@PLys@CAG indicated that CAG@PLys@PDA-CuZJr coating mark-
edly enhanced the antithrombotic ability of huvEC monolayer.

High integrity of endothelial monolayer is always accompanied with
significant endothelium quiescence of ECs to inhibit unwarranted cell
expansion [48]. To confirm it, huvEC proliferation of endothelial
monolayer was examined by CCK-8. As shown in Fig. 5D, the cell density
was demonstrated to increase by 45.15% on PLCL, 39.96% on
PLCL@PDA-Cu, 38.98% on PLCL@PDA-Cu@PLys, and 19.29% on
PLCL@PDA-Cu@PLys@CAG after 3 days of culture, and respectively
increased by 70.52%, 71.74%, 68.21%, and 35.25% after 5 days of
culture. These results implicated that after the endothelial monolayer
formation, CAG@PLys@PDA-Cu>*" coating could effectively modulate
the phenotype of confluent huvECs towards a quiescence state, although
it was noted to exhibit a promoting effect on huvEC proliferation before
endothelial monolayer formation (Fig. S2). Moreover, the gene expres-
sion related to endothelial functions (eNOS, VE-cadherin, CD31) and
ECM secretion (biglycan) were also examined to verify the effect of
CAG@PLys@PDA-Cu2+ modification on endothelial functions.
Compared to the pristine PLCL control, several folds of increases in the
concerned gene expression analysis were noted on the
CAG@PLys@PDA—Cu2+ modified samples (Fig. 5E), including eNOS
(1.90 £+ 0.12 vs 1.00 £ 0.06), VE-cadherin (1.37 4+ 0.20 vs 0.99 + 0.03),
CD31 (1.14 £ 0.04 vs 1.00 £ 0.04), and biglycan (1.91 + 0.24 vs 1.01 +
0.12). All the data testified the capacity of CAG@PLyS@PDA—Cu2+
modification for promoting the formation of compact endothelial
monolayer as well as endothelial functions.

3.5. CAG@PLys@PDA-Cu?* modification effectively catalyzed NO
generation to accelerate endothelial maturity

Give the capacity of Cu?" to generate NO via decomposing GSNOs
(an endogenous RSNO species) according to the reaction 2GSNO — 2NO
+ GSSG (Fig. 6A) [49], we speculated that CAG@PLys@PDA-Cu?"
modification could effectively catalyze NO generation. To verify this,
samples were immersed in PBS with donor supplements for 100 min
(Fig. 6B). Compared to pristine PLCL, the interposition of PDA-Cu®*
significantly increased NO release and the NO releasing amount rose
linearly within 20 min, demonstrating the robust NO catalytic activity.
However, after continuous immersion in PBS solution for 100 min, the
NO releasing amount was noted to increase slightly, indicating the
decrease of NO production rate that was attributed to the consumption
of the NO donor in the reaction chamber. Moreover, after PLys grafting,
no significant change in the NO catalytic capacity disclosed the retained
NO catalytic activity, but the subsequent CAG grafting apparently
reduced the catalytic capacity, perhaps because of the blocking of partial
catalytic sites by CAG peptides. Nevertheless, CAG@PLys@PDA-Cu*
coating still exhibited an excellent NO catalytic activity.

To examine the effect of the generated NO on endothelial monolayer
integrity and maturity, huvECs were cultured in hECM with the presence
of NO-donor supplements. As shown in Fig. 6C, cell morphology of the
huvEC monolayer formed on pristine PLCL surface showed no obvious
differences from that of the huvECs cultured in hECM without NO-
donating supplements (see Fig. 5A) after 3 days of culture. Differently,
more clarity of honeycomb-like structure was observed in the regener-
ated huvEC monolayer on the PDA-Cu?* modified nanofibers after the
addition of NO-donor supplements. Meanwhile, more newly and thicker
stress fibers also appeared in the central region of huvEC body on the
PLys@PDA-Cu’" modified and CAG@PLys@PDA-Cu?* modified nano-
fibers. These findings indicated that the NO generation strongly
improved endothelial integrity. Endothelial monolayer maturity was
further examined by analyzing the state of cell-cell junctions (Fig. 6C).
After the addition of NO-donor supplements, huvEC monolayer was
visually integrated well with the neighboring cells on all samples, but
thicker cell-cell junctions were identified in the huvEC monolayer on all
Cu?* contained nanofibers (Fig. 6C-D vs Fig. 5A). In contrast, no sig-
nificant difference was observed on pristine PLCL groups (Fig. 6D),
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Fig. 6. Capability of CAG@PLys@PDA-Cu®>" modified PLCL nanofibers to in situ catalyze NO generation for endothelial maturation: (A) Schematic diagram of NO
generation; (B) Monitoring NO generation by Griess assay (n = 3); (C) Cell morphology and VE-cadherin expression of huvECs with the presence of NO-donor
supplements for 3 days. F-actin (red), VE-cadherin (green), and nuclear (blue); (D) Quantified thickness of cell-cell junctions from image C (n = 10); (E&F)
Immunofluorescence and quantified fluorescence intensity of CD31 with and without NO-donor supplements for 3 days (n = 6); (G&H) Immunofluorescence and
quantified fluorescence intensity of Ac-LDL uptake with and without NO-donor supplements for 3 days (n = 6). **p < 0.01; NS > 0.05.

indicating that CAG@PLys@PDA-Cu®" modification could effectively
catalyze NO generation to promote cell-cell interaction for endothelial
monolayer integrity and maturity.

Additionally, CD31 (an antithrombotic molecule) and Ac-LDL uptake
(a critical indicator related to cell endocytosis ability) were further
examined to investigate the impact of the generated NO on endothelial
function. CD31 expression was found to be numerically higher on all

Cu* contained nanofibers after the addition of NO-donor supplements
than that without NO-donor supplements, although the difference was
not statistically significant (Fig. 6E-F, p > 0.05). Nevertheless, after the
addition of NO donors, distinct increases of Ac-LDL uptake were iden-
tified in the huvEC monolayer on all Cu?>* contained nanofibers rather
than pristine PLCL (Fig. 6G-H), reaffirming the ability of CAG@-
PLys@PDA-Cu®* modification to offer an effective NO catalytic activity
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for in situ NO generation, thus accelerating the endothelial maturation.

3.6. CAG@PLys@PDA-Cu?* modification significantly enhanced
substrate antithrombogenicity

PLys can be grafted to PDA-incorporated coating via Schiff base and
Michael addition reactions, and the resultant functionalized coating was
speculated to enhance substrate antithrombogenicity through selec-
tively binding plasminogen (Fig. 7A). Given that thrombogenesis is
usually associated with blood component destruction, plasma protein
adsorption, and platelet adhesion/activation [50], a series of hemo-
compatibility related biological assays were performed to obtain insight
into the effect of CAG@PLys@PDA—Cu2+ modification on substrate
anti-thrombogenic properties, including erythrocytes-concerned hemo-
compatibility, FGN adsorption and conformation change, as well as
blood platelet adhesion and activation. For kinetic clotting time, higher
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indicates less clotting [22]. The apparent improvement of absorbance
revealed that PLys grafting tended to induce less clot formation than
pristine PLCL and PDA-Cu?* modified nanofibers, although CAG graft-
ing slightly weakened its inhibitory effect on clot formation (Fig. 7B).
Such tendency was further verified by APTT and TT results (Fig. 7C-D),
in which APTT and TT correspond to the activity of blood to coagulate
via coagulation pathways and the capacity of thrombin-mediated fibrin
polymerization [51]. These findings indicated that PLys grafting could
significantly enhance the antithrombogenicity of the substrates, which
grant CAG@PLys@PDA-Cu?* modification with excellent anti-
coagulation capability.

Material-stimulated thrombogenesis includes the activation of a se-
ries of inter-connected processes, such as protein adsorption, platelet
adhesion and activation, platelet aggregation, and FGN polymerization
[50]. As one of the representative plasma proteins that mediate platelet
adhesion and thrombus [52], FGN adsorption and conformation change
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CAG@PLys@PDA-Cu2+ modification. Compared to PLCL control, both
PDA-Cu®*" complexes and PLys molecules effectively inhibited FGN
adsorption without influence on relative FGN conformation change
(Fig. 7E-F). Although higher capacity for FGN adsorption was observed
after CAG grafting, the CAG@PLys@PDA-Cu?" coating supplied the
excellent capacity for conformational preservation (i.e., less denatur-
ation) in FGN. Previously, FGN adsorption and denaturation have been
shown to promote platelet adhesion and activation via selectively
blocking the GPIIb/IIIa receptors of platelets [53,54]. This explained the
descending tendency of adhered platelet number on the substrates after
step-wise modifications of PDA-Cu?*, PLys, and CAG (Fig. 7G). Much
less extent of platelet activation on these substrates were also demon-
strated by the immunostaining of p-selectin images (Fig. 7H).

A PLCL M PLCL

- [

Bioactive Materials 25 (2023) 657-676

3.7. CAG@PLys@PDA-Cu?* modified micropatterned nanofibers
effectively achieved rapid endothelialization and inhibited acute
thrombosis within 1 week in vivo

Precisely-designed micropatterned nanofibers were previously suc-
cessfully fabricated by combining electrospinning and soft lithography
(Fig. S3A) [55]. Similarly fabricated nanofibers in this study not only
exhibited the surface high-resolution parallel microgrooves (Fig. S3B-C),
but also significantly induced the formation of native-like endothelium
with oriented morphology (Fig. S3D). The small-diameter tubular grafts
rolled by the membrane and seam-sealed with medical adhesive
exhibited excellent structural stability (Fig. S3E-F). Afterwards, the
gross appearance of the small-diameter vascular grafts and rabbit ca-
rotid artery replacement surgery was carried out as shown in Fig. 8A. All
implanted vascular grafts remained patent without bleeding and rupture
subsequent to the restoration of blood flow and pressure. At 1-week
post-implantation, Doppler ultrasound observed the excellent patency

PLCL M.P

Fig. 8. Assessment of the effectiveness in achieving rapid endothelialization and inhibiting acute thrombosis on the CAG@PLys@PDA-Cu?>" modified PLCL nano-
fibers (middle part) at 1-week post-implantation: (A) Gross view of the engineered small-diameter vascular grafts and rabbit carotid artery replacement surgery; (B)
Sonographic images of the implanted vascular grafts (n = 3), green arrows indicate the graft position; (C) Gross view and SEM images of the luminal surfaces; (D)
H&E staining of the cross-sectioned grafts; (E) Inmunofluorescence staining of CD31 and iNOS of the cross-sectioned grafts.
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without aneurysm and occlusion in all implanted grafts, and PLCL and
M-PLCL groups presented similar lumen diameter and flow velocity
(Fig. 8B). Although the gross view of the graft internal surface found no
obvious blood coagulation on both PLCL and M-PLCL, a close SEM ex-
amination revealed the evident unevenly distributed cells (SMC-like
morphology) on the PLCL surface accompanied with the adhesion of
abundant blood platelets (Fig. 8C). By contrast, the lumen surface of
M-PLCL was largely covered by a confluent and oriented cell monolayer
that were free of platelet aggregates (Fig.8C and Fig. S4).

H&E staining images further verified the presence of adhered blood
platelets on PLCL lumens along with the presence of some subtle granula
(Fig. 8D). To verify the rapid endothelializaiton on M-PLCL lumens,
immunofluorescence staining of CD31 was performed. As shown, a
confluent monolayer of cells with strong positive expression of CD31
was visible on M-PLCL (Fig. 8E), with 94.93 + 8.62% endothelial
coverage rate, indicating the high efficiency of M-PLCL in rapid endo-
thelialization. Excessive inflammation also contributes to serious
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vascular complications [6]. Although extensive iNOS-positive macro-
phages appeared within graft walls of both PLCL and M-PLCL, PLCL
grafts were noted to recruit more proinflammatory macrophages than
M-PLCL grafts, indicating that CAG@PLys@PDA-Cu?>* modification
could effectively resolve the inflammatory reaction. Besides, the ho-
mogeneous cell distribution within M-PLCL grafts also indicated the
efficacy of CAG@PLys@PDA-Cu?" modification in guiding cell growth
into graft inside, as shown in H&E staining and immunofluorescence
staining images.

3.8. CAG@PLys@PDA-Cu** modified micropatterned nanofibers
effectively accelerated vascular regeneration after 6 weeks of in vivo
implantation

To determine the vascular remodeling, the organization and
composition of ECM were observed via histological staining after 6
weeks of implantation (Fig. 9A). Although gross view of all harvested
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Fig. 9. Assessment of ECM deposition and vascular regeneration in the CAG@PLys@PDA-Cu®" modified PLCL nanofibers (middle part) after in vivo implantation for
6 weeks: (A) H&E, Verhoeff-Van Gieson, Masson’s trichrome, and Safranin O staining of the cross-sectioned grafts; (B) Immunofluorescence staining of CD31, a-SMA,
and SM-MHC in the cross-sectioned grafts; (C-E) Quantitative analyses of the regenerated endothelium coverage ratio, SMC layer thickness, and ratio of SM-MHC/

o-SMA (n = 3). *p < 0.05; **p < 0.01.
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graft showed patent lumens, histological staining results demonstrated elastin and collagen fibrillar ECMs were obviously formed in the re-
that compared to the disorganized ECM on PLCL inner surface, the re- generated tissue layer of M-PLCL grafts accompanied with the wide
generated tissue layer on the surface of M-PLCL graft lumen exhibited an distribution of GAGs. Interestingly, a prolonged implantation for 6
artery-like ECM with an obvious circumferential orientation. As Ver- weeks was demonstrated beneficial for the positive endothelial regen-
hoeff, Masson and Safranin O staining images displayed, well-organized eration on PLCL, as evidenced by the increase of endothelium coverage
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Fig. 10. Assessment of vascular maturation in the CAG@PLys@PDA-CuzJr modified grafts (middle part) at 12-weeks post-implantation: (A) Sonographic images of
the implanted vascular grafts (n = 3), green arrows indicate the graft position; (B) H&E, Verhoeff-Van Gieson, Masson’s trichrome, and Safranin O stainings of the
cross-sectioned grafts; (C) Immunofluorescent stainings of CD31, a-SMA, SM-MHC, and iNOS in the cross-sectioned grafts; (D) Quantification of cross-sectioned
luminal area of the implanted grafts based on the H&E images (n = 3); (E-G) Quantification of the regenerated endothelium coverage ratio, SMC layer thick-
ness, and ratio of SM-MHC/a-SMA of the cross-sectioned grafts (n = 3). *p < 0.05; **p < 0.01.
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from 25.89 + 9.54% (1 week, Fig.8E) to 64.62 + 13.28% (6 weeks,
Fig. 9C). Nevertheless, the endothelialization ratio was still far below
the almost complete endothelial coverage of 96.20 + 2.66% presented
on M-PLCL (6 weeks, Fig. 9C). As for SMC layer remodeling, M-PLCL
presented an outstanding inductive effect on guiding SMCs to regenerate
a complete and thick a-SMA-positive SMC layer in the grafts after 6
weeks of implantation, whereas a discontinuous thin layer of a-SMA-
positive SMCs was noted in PLCL grafts (Fig. 9B, D). To identify the
maturity of the regenerated SMC layer, immunostaining of late con-
tractile SMC marker SM-MHC was performed (Fig. 9B). In M-PLCL graft,
the complete circle of mature SMCs occurred at the superficial surface of
the regenerated SMC layer underneath the regenerated endothelium,
suggesting the critical role of rapid endothelialization in promoting
regeneration and maturation of a complete SMC layer (Fig. 9B).
Furthermore, compared to the imperceptible SM-MHC expression in
PLCL grafts, the appearance of more mature SMCs in M-PLCL indicated
the high maturity of the regenerated SMC layer induced by CAG@-
PLys@PDA-Cu?* coating, which was further evidenced by a higher ratio
of SM-MHC/a-SMA in M-PLCL group, an indicator of SMC layer maturity
(Fig. 9E).

3.9. CAG@PLys@PDA-Cu>" modified micropatterned nanofibers
effectively improved vascular maturation after 12 weeks of in vivo
implantation

After 12 weeks of implantation in vivo, Doppler ultrasound was
performed to observe the patency of the implanted grafts. As shown in
Fig. 10A, although both PLCL (3/4) and M-PLCL (4/4) maintained
patent, the flow velocity in M-PLCL grafts was significantly higher than
that of PLCL grafts (1547.21 + 235.83 vs 275.52 + 41.43 mm/s), likely
caused by the bigger lumen diameter (Fig. 10A) and the larger luminal
area (Fig. 10D). Through H&E staining examination, obvious blood clots
appeared in the regenerated tissue on PLCL lumens (Fig.10B and
Fig. S5A), representing a high risk in eliciting thrombogenesis-resultant
vascular occlusion. In contrast, positive vascular remodeling was evi-
denced by the increase of regenerated tissue thickness in M-PLCL con-
structs, which shows compact multicellular layers in a circumferential
orientation. In terms of the organization and composition of ECM in the
regenerated vessels, Verhoeff, Masson and Safranin O stainings recon-
firmed the well-aligned elastin and collagen fibers, and wide distribu-
tion of CAGs in the regenerated tissue layer of M-PLCL group, which
differ from the noted formation of blood clots and disordered deposition
of ECMs in PLCL grafts. Besides, the collagen I and laminin expressions
in M-PLCL were also significantly higher than those in PLCL (Fig. S5B).
Nevertheless, positive endothelial remodeling was still observed on
PLCL lumens (Fig. 10C) with endothelial coverage rate increased from
~64.62% at 6 weeks (Fig. 9C) to 69.35 + 9.17% at 12 weeks (Fig. 10E).
Meanwhile, SMC layer regeneration (positive for a-SMA) was also
observed (Fig. 10C) with SMC layer thickness significantly increased
from 11.01 + 3.58 pm (6 weeks) to 21.11 + 4.58 pm in PLCL and from
18.50 + 5.42 pm (6 weeks) to 41.67 + 4.74 pm in M-PLCL (Fig. 9D vs
Fig. 10F). Despite this, less maturation of SMC layer still appeared in
PLCL grafts. Interestingly, the maturity of the regenerated SMC tissue in
the M-PLCL was observed extending from the layer near to endothelium
towards the inner part of the scaffold (Fig. 9B vs Fig. 10C). Together with
the increase of SM-MHC/a-SMA ratio from 0.27 4+ 0.03 (6 weeks,
Fig.9E) to 0.72 £ 0.06 (12 weeks, Fig. 10G), these findings revealed that
M-PLCL efficiently promoted the generation and maturation of SMC
tissue. Furthermore, apparent expression of iNOS around the PLCL grafts
indicated the persistence of pro-inflammation process in vivo even after
12 weeks of implantation. On the contrary, M-PLCL grafts exhibited an
indiscoverable inflammatory response to vascular remodeling
(Fig. 10C). Overall, all the findings indicated the occurrence of pro-
gressive and positive remodeling in the implanted M-PLCL grafts.
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4. Discussion

Regeneration and maturation of native-like endothelium are crucial
for material-guided vascular regeneration [3]. Although remarkable
achievements have been made in the past, severe occlusion remains the
top reason for the failures in material-guided vascular regeneration in
vivo due to the incapability of the scaffold to achieve healthy endothe-
lium remodeling [5,56], particularly in small-diameter vascular grafts
(p < 4 mm). This indicates that the currently developed strategies
remain limited in inducing endothelial healing. In this study, inspired by
the interconnected biological events of material-guided endothelial
regeneration [7,8,57], we proposed a novel strategy of programming
endothelial healing on graft surfaces by step-wise modifications of the
micropatterned PLCL nanofibers with PDA-Cu** complexes, PLys mol-
ecules and CAG peptides. This proposed strategy was demonstrated to
integrate multiple functions into a vascular graft, including high selec-
tive affinity for ECs, anisotropic contact guidance, GPx-like catalytic
activity, and extraordinary antithrombogenicity. In vivo, these syner-
getic virtues were verified to successfully accelerate native-like endo-
thelium regeneration within a short time, and effectively suppressed
thrombogenesis for positive vascular remodeling.

CAG@PLys@PDA-Cu?* modification can combine EC capture abil-
ity, NO interfacial catalytic release and antithrombogenic capacity to
provide vascular grafts with multiple functions in a unique way. For
example, given the strong adhesion and metal coordination abilities of
PDA film [32], metal-phenolic network of PDA-Cu?* complexes was
successfully deposited on the PLCL nanofibers first via simple “one-pot™
co-polymerization, as demonstrated by the appearance of Cu element in
XPS spectrum (Fig. 2B) and increased surface roughness (Fig. 3A).
During the PDA polymerization process, copper ions were mainly
chelated with the phenolic hydroxyl groups of dopamine derivatives to
form bis- and tris-catechol complexes [58]. Interestingly, this novel
one-pot co-deposition strategy not only effectively develops a
NO-catalytic surface (Fig. 6), but also allows the secondary grafting of
amine-containing biomolecules via Schiff base and Michael addition
reactions. Thus, the plasminogen-affinity PLys molecules were subse-
quently grafted to the substrates by using PDA-Cu* coating as the linker
and coating matrix, and more Schiff base reaction than Michael addition
reaction was confirmed to guide the PLys grafting (Fig. 2C and Table 1),
which is consistent with Lys-mediated PDA polymerization [22].
Meanwhile, attributing to the long-chain structure and abundant hy-
drophilic groups of PLys molecules, both surface roughness and surface
wettability of the substrate were enhanced after PLys grafting
(Fig. 3A-B). Lastly, as the PLys@PDA-Cu?" coating retained plentiful
amino groups in the side chains of PLys which act as effective linkage
points for the carboxyl-containing molecules, the high ECs-affinity
peptide CAG was chosen to graft to the coating via EDC/NHS reaction
due to their low adhesive tendency towards SMCs [16]. Collectively,
based on the rational design, the functionalization of
CAG@PLys@PDA—Cu2+ coating was successful added to the modified
PLCL nanofibers which exhibited excellent elasticity and adjustable
properties (e.g., strength and degradation rate) that are well-suitable for
constructing small-caliber vascular grafts [6,59].

This special modification was confirmed capable of programmati-
cally regulating endothelium regeneration through guiding cell adhe-
sion, promoting confluent cell monolayer formation, inducing
endothelium maturation as well as suppressing thrombosis (Figs. 4-7).
In vivo, material-mediated endothelialization (i.e., endothelia healing)
was recognized to involve a series of interconnected biological events
[60]. Among them, cell homing/adhesion is the first key cellular event
in endothelia healing. PDA-Cu?" coating has the capability to effectively
promote EC adhesion because of the phenolic/quinone groups of PDA
and the presence of Cu?* [58]. Certainly, as PDA has a specific reactivity
for sulfhydryl- or amine-contained biomolecules, the increased adsorp-
tion of serum proteins to PDA-Cu* surface also serves as EC adhesion
sites for cell adhesion [53]. After PLys grafting, the introduction of
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abundant positively charged amine groups can further offer a better
microenvironment to support EC adhesion and growth [53]. More
interestingly, CAG is the basic component in type IV collagen and can
selectively promote EC adhesion via transmembrane proteins such as
integrins [16]. Hence, the highest level of EC adhesion was observed on
the CAG@PLys@PDA-Cu®" modified nanofibers (Fig. 4), thereby sup-
porting an effective platform to cross the first hurdle of rapid endothe-
lialization. Noteworthily, although excessive grafting of CAGs may
affect the endothelial maturity likely due to the higher capacity of PLys
than CAG for promoting EC functions (Fig. S6), appropriate CAG graft-
ing was realized to improve EC capture and adhesion while retain cell
functions (Fig. 5) via decreasing the EDC/NHS reaction time to 2 h. After
cell adhesion, the micropatterned nanofibers could effectively induce
the formation of endothelial monolayer with native-like morphology via
contact guidance (Fig. S3). Based on the sufficient softness of nanofibers,
this particular modification also provided the potential to enhance
cell-matrix interaction for endothelial monolayer maturation [21]. In
addition, the PDA-Cu®" complexes with long-term catalytic activity of
NO release are capable of accelerating rapid endothelialization as well,
ascribing to the unique biological features of NO in promoting EC
adhesion and function [61]. These evidences indicate that a confluent
native-like endothelial monolayer formation can be effectively pro-
moted on CAG@PLys@PDA-Cu2+ modified micropatterned nanofibers
after EC recruitment and adhesion. Furthermore, once the compact
endothelial monolayer was formed, the in situ generated NO could
significantly promote endothelial maturation for healthy endothelial
remodeling (Fig. 6). In general, vascular injury during graft implanta-
tion will inevitably activate strong coagulation reaction to motivate
platelets adhesion and activation before endothelialization, which also
constitutes a limitation on successful implantation of vascular grafts
[50]. In this work, compared to pristine PLCL, CAG@PLys@PDA—Cu2+
coating was demonstrated to exhibit high protein adsorption capacity
(Fig. 3G-H), because of its abundant active groups and non-
covalent/covalent functionalities such as amine, hydroxyl groups and
n-n bonds, which can interact with the amino acids involved in protein
structure [62]. Theoretically, this surface may be coated with plasma
proteins after being exposed to the human plasma. However, the plasma
environment is complicated, and the presence of Cu*" and PLys will first
stimulate the specific adsorption of some proteins, such as certain
selenoproteins (e.g., GPx), Cu’/Cu®*-containing enzymes, and plas-
minogen [22,63], which ultimately restrict the plasma protein adsorp-
tion and provide an antithrombotic surface [58,64], as shown in Fig. 7.
Furthermore, NO generation can inhibit thrombogenesis via NO-cyclic
guanosine monophosphate (cGMP) signaling pathway [26], and PLys
grafting can further enhance the antithrombogenicity of substrates
attributing to the excellent hemocompatibility, the presented steric
exclusion and bound hydration, and the capacity for selectively binding
plasminogen. All of them synergistically minimize erythrocyte destruc-
tion, restrain platelet adhesion and inhibit clot formation [22,49].
Overall, this strategy exhibits an excellent antithrombotic activity and
phase-adjusted capacity for endothelium regeneration by combining the
biological functions of anisotropic topography, PDA-Cu®" complexes,
PLys molecules and CAG peptides.

As expected, CAG@PLys@PDA-Cu?>" modified micropatterned
nanofibers successfully fulfilled the rapid endothelialization within a
short time after in vivo implantation, and exhibited a progressive and
positive vascular remodeling during 12 weeks post-implantation
(Figs. 8-10). This excellent vascular remodeling can be ascribed to the
desired endothelium regeneration, inhibited adhesion of platelets and
SMCs, and reduced inflammatory responses. As proven in this study, the
resultant endothelialization rate (e.g., ~95% of endothelial coverage
rate at 1 week, Fig. 8E) not only outperforms the counterpart group of
PLCL (~26% at 1 week), but also surpasses the PDA-Lys coated materials
(~87%, 4 weeks) [22], arginine-glycine-aspartic acid (RGD)-fused
mussel adhesive proteins coated substrates (incomplete endothelial
coverage, 4 weeks) [65], and PDA-bivalirudin-REDV modified grafts
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(~70%, 12 weeks) [66] reported in other studies. Since rapid formation
of complete and well-functioning endothelium is critical for antith-
rombosis and pro-maturation of SMC tissue [67], the maturity of the
regenerated SMC tissue on M-PLCL was found to start from the layer
nearby regenerated endothelium (Fig. 9B). Meanwhile, attributing to
the presence of PDA-Cu®* complexes, PLys molecules and CAG peptides,
M-PLCL exhibits an outstanding potential to inhibit SMC adhesion,
prevent platelet aggregation and suppress blood clot formation. Thus,
few platelets and SMCs were observed to adhere on M-PLCL (Fig. 8C). By
contrast, the lumen surface of PLCL was covered by an incomplete
endothelial cell monolayer with the adhesion of abundant blood plate-
lets and SMC-like cells, which necessarily initiates a cascade of coagu-
lation pathways to induce a severe thrombosis [67,68]. Hence, an
apparent clot formation was observed in PLCL after 12 weeks of im-
plantation (Fig. 10B). Additionally, the untrammeled acute inflamma-
tion phases caused by graft implantation (Fig. 8E) are usually short,
lasting no longer than 2 weeks [69]. The persistent appearance of
inflammation will suppress endothelial regeneration and accelerate clot
formation [70]. This indicates that the occurrence of delayed inflam-
matory responses in PLCL during 12 weeks post-implantation (Fig. 10C),
likely caused by the accumulation of acidic degradation products of
PLCL [71], may also restrain vascular remodeling. However, in M-PLCL
groups, the abundant amide groups of PLys can effectively neutralize the
acidic environment to alleviate the inflammatory responses and
inflammation-associated thrombosis. Besides, both NO generation and
PDA coating can also alleviate the inflammatory response to some extent
[22,26].

Summarily, the main objective of this study is to confirm the feasi-
bility of CAG@PLys@PDA-Cu*" modified micropatterned nanofibers to
programmatically regulate EC behaviors for endothelial healing without
inflicting thrombosis. Despite the generally achieved goal, this study still
has several limitations. Firstly, the suggested strategy was performed
based on a definite combination with certain component content. To
achieve the desired effect of the organized modification on guiding
vascular regeneration, further research should be carried out to ensure
the optimum formula of PDA-Cu®* complexes, PLys molecules, and CAG
peptides. Secondly, while the grafting of CAG significantly accelerated
EC adhesion, it also impaired the partial functionality of PLys molecules
in mediating vascular remodeling to a certain extent. Therefore, more
suitable molecules or peptides should be exploited in further researches
for the graft modification. Despite the weakness, this study still supports
an affirmation that step-wise modification of the micropatterned nano-
fibers with PDA-Cu®* complexes, PLys molecules, and CAG peptides
provides an effective strategy to achieve phase-adjusted endothelial
healing without the risk of inflicting thrombosis in engineering a highly
challenging small-caliber vascular graft.

5. Conclusion

Different from previous studies involving mono-phase manipulation
of endothelium regeneration, this study successfully developed a novel
strategy to achieve phase-adjusted endothelial healing. The yielded
vascular grafts not only effectively promoted cell adhesion, accelerated
confluent endothelial monolayer formation, and improved the regen-
erated monolayer maturation in vitro, but also effectively accelerated
vascular regeneration with native-like tissue formation and long-term
patency in vivo. Therefore, this study offers vital evidences to prove
the effectiveness of programmed regulation of EC behaviors in endo-
thelial healing. It also provides valuable insight into the design of bio-
mimicking small-caliber vascular grafts towards the regeneration of
functional blood vessels. Furthermore, attributing to the availability and
simplicity of PDA coating onto various material surfaces, we envision
that the PDA-based modification can be further extended to modify
other blood-contacting synthetics.
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