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ABSTRACT

Cardiovascular injuries cause huge morbidity and mortality worldwide. Arterial reconstructions are generally
performed either by using native grafts or synthetic grafts, both of which are limited by several complications.
Synthetic biodegradable polymers offer a promising platform, which may also be modified to foster in situ tissue
regeneration through the recruitment of host cells. Vascular endothelial growth factor (VEGF) promotes endo-
thelialization and neovascularization in vascular grafts, however, an overdose of VEGF may induce tumor-like
vasculature, which requires alternative strategies. The objective of this study was to exploit prominin-1-
derived VEGF-binding peptide (BP) to improve neovascularization and endothelialization, while stromal cell-
derived factor 1-alpha (SDF-la) peptide to encourage endogenous stem/progenitor cells mobilization and
complement BP-mediated vascular remodeling. The BP and SDF-1a peptides were covalently conjugated with
low molecular weight poly (e-caprolactone) (LPCL) to afford LPCL-BP and LPCL-SDF-1a, respectively. Chemical
analysis revealed successful modification of LPCL with peptides, which also displayed good cytocompatibility in
vitro once blended along with high molecular weight PCL (HPCL). The bioactived vascular grafts were fabricated
by blending LPCL-BP, LPCL-SDF-1a or dual peptide-polymer conjugates with HPCL. The in vivo tests of vascular
grafts through rat abdominal aorta implantation model revealed that, compared with HPCL grafts, the dual
peptides modified grafts exhibited superior patency and tissue regeneration at 4-week post-implantation,
including stem cell recruitment, rapid endothelialization and functional SMC layer formation. Taken together,
these results may have implications for the in situ regeneration of artificial blood vessels through the orches-
tration of host’s responses and endogenous cell recruitment.

1. Introduction

donors as well as morbidity risks [2]. Similarly, tissue engineered
vascular grafts are hampered by the excessive ex vivo cell manipulations,

Cardiovascular injuries cause huge morbidity and mortality world- which obviously require more time for cell culture in bioreactors under
wide [1]. Ideal replacements for injured blood vessels include grafting of static or dynamic conditions [3]. To circumvent these limitations,
native arteries, such as the saphenous vein. While being a gold-standard, polymers, including expanded polytetrafluoroethylene (ePTFE) and

these grafts are limited owing to the acute

shortage of appropriate poly (ethylene terephthalate) (PET, Dacron) have been used to fabricate
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artificial blood vessels, which are now being clinically used for large
diameter vascular grafts (ID > 6 mm). However, these grafts exhibit
poor short- and long-term patency, especially when transplanted in
small-caliber blood vessels (ID < 6 mm) [4,5]. Recently, biodegradable
polymers based grafts have been studied by using different types of
synthetic biodegradable polymers, such as polycaprolactone (PCL), poly
(1-lactide-co-e-caprolactone) (PLCL) and poly (glycerol sebacate) (PGS)
[6-9]. However, the hydrophobicity and poor cell affinity of these
polymers limit their use. This necessitates polymer modification to not
only increase cell infiltration but to also modulate host responses for
vascular remodeling [10,11]. Consequently, bioactive cues are either
encapsulated into vascular grafts during fabrication or immobilized onto
vascular graft surface post-fabrication [12]. Bulk modification of poly-
mers followed by graft fabrication is an alternative approach for the
functionalization of vascular grafts.

In situ tissue regeneration through the recruitment of host stem/
progenitor cells holds great promise [13,14]. Exogenously cell-seeded
grafts may induce vascular remodeling either by differentiating into
targeted vascular cell types or by paracrine mechanisms [15]. However,
limitations associated with the exogenous cells, such as extensive ex vivo
cell manipulations, poor retention, limited engraftment in vivo, and
antigenicity risks may hamper their utilization [16,17]. Alternatively,
cell-free vascular grafts rely on the recruitment of endogenous stem/-
progenitor cells from the host, which may avoid the aforementioned
limitations, but the limited number of host stem/progenitor cells may be
insufficient for in situ tissue regeneration. A multitude of bioactive cues,
including SDF-1a, neuropeptide substance P (SP), and VEGF have been
shown to induce in situ tissue vascular regeneration by inducing the
mobilization and recruitment of endogenous stem/progenitor cells as
well as their differentiation into vascular cell types [18-20].

The VEGF is a potent vasculogenic and angiogenic molecule, which
has been shown to promote endothelialization and neovascularization
by promoting the viability, proliferation and migration of ECs. The
VEGF-loaded vascular grafts were shown to be patent owning to
endogenous recruitment of CD31-, CD34-, and vWF-positive cells
[20-22]. Besides, VEGF may induce nitric oxide (NO) production and
improve vascular permeability [20]. Nonetheless, VEGF alone may be
insufficient to induce in situ vascular regeneration and an overdose of
VEGF may induce tumor-like vasculature [22]. Alternative strategies
could be opted to abrogate VEGF shortcomings, such as the use of short
amino-acid sequences with similar biological activity to the VEGF [23,
24]. Adini et al. exploited prominin-1-derived VEGF-binding peptide
(BP) consisting of 12-amino acids, which enhanced neovascularization
in a corneal injury model. Besides, BP improved outcome in different
disease models, such as hind-limb ischemia, choroidal neo-
vascularization and MI model and enhanced VEGF binding to its re-
ceptors, including VEGF-R1 and neuropilin-1 [25,26]. The recruitment
of VEGF by BP at the implantation site may have multiple benefits for
arterial grafts, such as rapid endothelialization, vascular remodeling
into the graft wall, and implant/host tissue anastomosis [24]. Moreover,
the VEGF may also induce the differentiation of stem/progenitor cells
into vascular cell types to further promote endothelialization and
vascular remodeling [27,28]. Nonetheless, a bolus injection or simple
blending of BP into scaffolds may not be sufficient to realize
VEGF-mediated therapeutic benefits [22,24,29]. Alternative cues are
therefore needed to support VEGF-driven endothelialization and suc-
cessful regeneration of SMCs.

The VEGF used along with basic fibroblast growth factor (bFGF) and
SDF-1a was shown to induce re-endothelialization and vascular
remodeling [22]. These effects were superior when VEGF was used
alone. It is noteworthy to mention here that while different types of
cytokines/chemokines can induce the mobilization and recruitment of
endogenous stem/progenitor cells, SDF-1a is a potent chemoattractant
of EPCs as well as smooth muscle progenitor cells (SMPCs), which has
been widely explored for vascular tissue engineering [30]. However,
SDF-1a exhibits large molecular weight, which cannot be easily
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synthesized. Meanwhile, SDF-1a can be easily degraded by matrix
metalloproteinases (MMPs), which may further limit its application
prospect [31]. Alternatively, the SDF-1a peptide has short amino acid
sequences, which can replicate the function of full-length proteins, can
be easily synthesized and resisted to MMPs protease [31]. SDF-1a pep-
tide encapsulating grafts were shown to promote endothelium regen-
eration as well as stem/progenitor cell recruitment in vivo [19].
However, the rapid release of the encapsulated SDF-1a may be insuffi-
cient to promote vascular remodeling [32,33]. The SDF-la derived
peptide was previously conjugated with star-shaped PLCL copolymers as
well as encapsulated into PCL-based grafts and shown to promote
endogenous cell recruitment and tissue regeneration [32].

Biomolecules can be incorporated into scaffolds by different
methods, such as blending with polymers during eletrospinning, surface
modification through physiosorption, and covalent immobilization post-
fabrication. However, it may require chemical modification of surface
via aminolysis, hydrolysis, or chemical grafting, thereby adversely
affecting the bioactivity of biological cues as well as topography and
morphology  of  scaffold structure [34,35].  Alternatively,
bulk-modification may avoid these limitations, it involves the tethering
of bioactive cues, such as peptide conjugated with polymers before the
fabrication of scaffolds. By using bulk conjugation method, a myriad of
bioactive cues, such as SP, mesenchymal stem cell (MSC)-affinity pep-
tide, and SDF-1a peptide have been conjugated with PLCL copolymers
[18,32]. These peptides-tethered polymers can be fabricated into
different shapes and structures, such as nanofibers, scaffolds and
nanoparticles, as needed for tissue engineering applications [36].
Therefore, bulk modified polymeric biomaterials may exhibit great po-
tential than that of the other modification methods.

Consequently, the overarching goal of this research was to confer
bioactivity to PCL-based small-diameter vascular grafts by simulta-
neously harnessing the beneficial effects of BP and SDF-la peptide.
While the SDF-1a peptide can recruit the host vascular progenitor cells
(VPCs), the BP can in situ capture VEGF at the injury site to further
expedite endothelialization and SMCs regeneration. BP and SDF-1la
peptide were first conjugated to LPCL and the bioactive peptide-polymer
conjugates were next blended along with the HPCL to afford small-
diameter vascular grafts. Different types of in vitro and in vivo experi-
ments delineated the superiority of bioactivated vascular grafts than
that of the HPCL grafts. Taken together, our approach of simultaneously
exploiting stem cell inducing/recruiting factors and angiogenic factors
may hold great promise for vascular regeneration applications.

2. Materials and methods
2.1. Materials

PCL (Mn = 14000 Da, Mn = 80000 Da) pellets were obtained from
Sigma-Aldrich (St. Louis, MO, USA). SDF-1a peptide (CGSKPVVLSYR)
and prominin-1-derived VEGF-binding peptide (PR1P, herein named as
BP, CGDRVQRQTTTVVA) containing an extra cysteine and glycine
residues were acquired from QiangYao Biotech Co. Ltd. (Shanghai,
China) with a purity of >95%. Other chemical reagents were bought
from Tianjin Chemical Reagent Company (Tianjin, China). For in vitro
studies, cell culture reagents were acquired from Thermo Fisher Scien-
tific (Waltham, MA, USA). CCK8 reagent was purchased from Biosharp
(Hefei, China). Live & Dead cell staining kit was obtained from Solarbio
(Beijing, China). For in vivo studies, primary antibodies (CD68,
ab125212; iNOS, ab15323; CD206, ab64693; CD31, ab64543 and
a-SMA, ab7817) were purchased from Abcam (Cambridge, UK). Other
primary Sca-1 antibody (AB4336) and MYH11 antibody (sc-6956) were
bought from Merck Millipore (Burlington, MA, USA) and Santa Cruz
Biotechnology (Santa Cruz, CA, USA), respectively. The secondary an-
tibodies were obtained from Invitrogen (Carlsbad, CA, USA). The
staining kits for Safranin O and Masson’s Trichrome staining were ac-
quired from Solarbio (Beijing, China). Verhoeff van Gieson (VVG) and
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Haematoxylin and Eosin (H&E) staining kits were purchased from
Leagene (Beijing, China). The DAPI was purchased from Southern
Biotech Company (Birmingham, AL, USA).

2.2. Synthesis and characterization of peptide-polymer conjugates

2.2.1. Synthesis of peptide-polymer conjugates

It is noteworthy to mention here that we conjugated BP or SDF-1a
peptide with LPCL (Mn = 14 kDa) due to the ease of conjugation of
peptides at both ends of LPCL as well as more numbers of functional
groups than that of the HPCL. The LPCL of this particular molecular
weight was used to ensure the insolubility of peptide-polymer conju-
gates in water [36,37]. Briefly, the hydroxyl (~OH) groups at the both
ends of LPCL were first modified with p-maleimidophenyl isocyanate
(PMPI) and were then reacted with the cysteine-tagged peptides through
Michael type addition. In detail, the LPCL was vacuum dried for up to 6 h
to remove moisture and dissolved in N-Methyl-2-pyrrolidone (NMP)
under inert environment. Once the homogenous solution was obtained,
PMPI was dissolved in 2 mL of NMP at 8-fold molar excess than that of
the LPCL, added drop-wise into LPCL solution, and reacted overnight.
The solution was precipitated in cooled diethyl ether and vacuum dried
for up to 3 days. The LPCL-PMPI was next dissolved in NMP under inert
environment. The BP or SDF-la peptide was dissolved in 1 mL of
anhydrous DMSO and drop-wise added into LPCL-PMPI solution at
4-fold molar excess and reacted for up to 24 h. The LPCL-BP and
LPCL-SDF-1a were precipitated in cooled diethyl ether, vacuum dried,
and stored at —20 °C.

2.2.2. Characterization of peptide-polymer conjugates

The structural analysis of LPCL-BP and LPCL-SDF-1a was tested using
Fourier transform infrared spectroscopy (FTIR, Nicolet-760, Madison,
WI) and X-ray photoelectron spectroscopy (XPS, Kratos Analytical,
Manchester, UK). Thermogravimetric analysis was carried out in nitro-
gen (N3) environment by using thermogravimetric analyzer (TGA, SQ8-
STA8000, Netherlands) and samples were scanned in the range of 50
through 700 °C at a heating rate of 10 °C/min. Proton NMR spectra of
LPCL, LPCL-PMPI, LPCL-SDF-1a and SDF-1a peptide were collected by
using Bruker 400 MHz NMR spectrometer. The LPCL, LPCL-PMPI, and
LPCL-SDF-1a were dissolved in deuterated chloroform (CD3Cl), while
SDF-1a peptide was dissolved in DMSO-dg.

2.3. Invitro cell study

2.3.1. Fabrication of electrospun membranes

For in vitro assessment of the biocompatibility, two-dimensional
microfibrous membranes were fabricated by electrospinning. Briefly,
HPCL was dissolved in a mixture of chloroform/methanol (5:1, v/v) to
afford a 15% w/v solution. LPCL-BP, LPCL-SDF-1a (10 mg/mL of total
solution), or LPCL-BP with LPCL-SDF-1a (10 mg/mL of total solution, 5
mg/mL for each) were mixed along with the HPCL to fabricate HPCL/
LPCL-BP, HPCL/LPCL-SDF-1a, and HPCL/LPCL-BP/LPCL-SDF-1a mem-
branes. Electrospinning was performed by using the following condi-
tions: (a) voltage, 8 kV, (b) needle-to-collector distance, 10 cm, (c)
needle size, 21 G, (d) stainless steel rotating mandrel (diameter = 100
mm), and (e) flow rate, 2 mL/h. The membranes were dried in vacuum
for up to 3 days, then cut into circular shape (diameter = 10 mm) and
sterilized by ultraviolet (UV) overnight.

2.3.2. Cytocompatibility assay

Human umbilical vein endothelial cells (HUVECs) were used to test
the bioactivity of microfibrous membranes. The HUVECs were cultured
in an endothelial cell medium (ECM) and harvested at 90% confluency.
The membranes were placed into 48-well plates and HUVECs were
seeded at a density of 1 x 10* cells per well. At day 3 and 5, cell survival
was investigated by using live/dead staining assay. Morphological
analysis of cell-seeded membranes was carried out by using SEM images
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at day 3.

2.3.3. Cell proliferation assay

Cell proliferation was evaluated by CCK-8 assay. The membranes
were placed into 48-well plates and HUVECs were seeded at a density of
8 x 10° cells per well. At day 1, 3, and 5, CCK-8 assay was performed.
The optical density (OD) value at 450 nm was measured by the micro-
plate reader (Bio-Rad).

2.4. In vivo animal implantation

2.4.1. Fabrication of small-diameter vascular grafts

Since vascular grafts should exhibit satisfactory mechanical proper-
ties, LPCL was blended along with HPCL by co-electrospinning, the
HPCL has been widely exploited for the fabrication of vascular grafts
[38,39]. Grafts containing peptides were fabricated by mixing the
appropriate proportions of HPCL and LPCL-BP or LPCL-SDF-la
peptide-polymer conjugates. A total of 4 groups of vascular grafts were
fabricated, including (a) HPCL, (b) HPCL + LPCL-BP (HPCL/LPCL-BP),
(c) HPCL + LPCL-SDF-la0 (HPCL/LPCL-SDF-1a), and (d) HPCL +
LPCL-BP + LPCL-SDF-la (HPCL/LPCL-BP/LPCL-SDF-1la). Briefly, to
fabricate HPCL vascular grafts, 2500 mg of HPCL was dissolved in 10 mL
of chloroform/methanol (5:1 v/v) to afford 25% (w/v) solution. For
HPCL/LPCL-BP or HPCL/LPCL-SDF-1a vascular grafts, 2375 mg of HPCL
and 125 mg of LPCL-BP or LPCL-SDF-1a peptide-polymer conjugates
were dissolved. For HPCL/LPCL-BP/LPCL-SDF-1a vascular grafts, 2375
mg of HPCL, 62.5 mg of LPCL-BP, and 62.5 mg of LPCL-SDF-1la
peptide-polymer conjugates were dissolved. All groups were spun by
using below conditions: (a) voltage, 11 kV, (b) needle-to-collector dis-
tance, 12 cm, (c) needle size, 21 G, (d) stainless steel rotating mandrel
(diameter, 2.0 mm), and (e) flow rate, 8 mL/h. Vascular grafts (wall
thickness, 500 pm and diameter, 2.0 mm) were dried in vacuum for up to
3 days, and sterilized by UV before in vivo implantation.

2.4.2. Characterization of small-diameter vascular grafts

Morphological analysis of grafts was observed by using SEM
(Quanta200, Prague, Czech Republic). The average pore size and fiber
diameter was measured by using SEM micrographs. At least 5 random
fibers or pores per image, 3 images per sample, and 3 samples per group
were measured by using NIH Image J software.

Instron Universal Tensile Tester (Instron 5865, MA, USA) was
employed to measure the mechanical properties of vascular grafts
(length, 3 cm, n = 3). The gauge length was set as 10 mm, and samples
were subjected to longitudinal extension at a strain rate of 10 mm/min
until rupture. The stress - strain curves, maximum stress, and elongation
at break were recorded. The elastic modulus was calculated based on the
slope of the stress - strain curve in the elastic region [40].

2.4.3. Implantation of vascular grafts

Vascular grafts were transplanted into rat abdominal aorta for up to 4
weeks. Sprague-Dawley rats (male, 280-320 g) were obtained from the
Laboratory Animal Center of the Academy of Military Medical Sciences
(Beijing, China). All animal experiments were approved by the Ethical
Committee for the Animal Experiments, Nankai University, Tianjin,
China and were followed by the Guide for Care and Use of Laboratory
Animals. The implantation procedure was performed as described pre-
viously [41]. The rats were randomly divided into 4 groups (HPCL,
HPCL/LPCL-BP, HPCL/LPCL-SDF-1a, HPCL/LPCL-BP/LPCL-SDF-1a).
Four animals were performed per group. Rats were anesthetized using
1% pentobarbital sodium (10 mg/kg of body weight) by intraperitoneal
injection. Before surgery, heparin (100 U/kg) was injected through the
tail vein for anticoagulation.

The patency of the implanted vascular grafts was discerned by using
Doppler ultrasound (Vevo 2100, Visual Sonics, Toronto, Canada).
Vascular grafts with normal blood flow, no occlusion, thrombus or
aneurysm were defined as being patent.
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2.5. Evaluation of the explanted grafts

2.5.1. Animal and sample collection

At 4 weeks after the implantation of vascular grafts, animals were
sacrificed by an overdose injection of 1% pentobarbital sodium. The
explanted grafts were washed with 0.9% NacCl solution and cut into two
parts from the middle. One part was embedded in optimal cutting
temperature (OCT) for cross-sectioning. The other part was longitudi-
nally cut into three pieces; One piece was embedded in OCT for
longitudinal-sectioning, another piece was used for enface immunoflu-
orescence staining, and the other piece was prepared for SEM
observation.

2.5.2. Morphological analysis of explanted grafts

The explanted grafts were fixed by using 2.5% glutaraldehyde
overnight and dehydrated by graded ethanol (5 min each). Dried sam-
ples were sputter-coated with gold and examined by SEM. Three repli-
cate samples in each group, and nine random fields were photographed
for every sample.

2.5.3. Enface immunofluorescence staining

The samples were washed with PBS and incubated with 5% goat
serum for up to 45 min at room temperature (RT). Thereafter, the
samples were incubated in CD31 primary antibody (1:100 with PBS)
overnight at 4 °C and incubated in the secondary antibody (1:200 with
PBS) for 2 h at RT. Finally, samples were mounted with DAPI and
observed by Confocal laser scanning microscope (LSM 800, Zeiss, Ger-
many). Nine random fields were captured at anastomotic, quarter, and
midportion for each sample. The elongation factor was quantified using
CD31 enface staining images of the midportion of explants. Briefly, the
length of CD317 cells was divided by their width for elongation factor
[6]. The higher the factor is, the mature the ECs is.

2.5.4. Histological staining

The samples for cross-sectioning or longitudinal-sectioning were cut
into 6 pm thick slides at —20 °C. The histological staining (H&E,
Safranin O, Masson’s Trichrome, and VVG) were performed by following
the introduction manual step. Bright field microscope (Leica DM3000,
Germany) was used for imaging of the slides after staining.

2.5.5. Immunofluorescence staining

Prior to the immunofluorescence staining, the slides were fixed in
cold acetone for 10 min and washed with PBS. For cell surface antigen
staining, the sections were incubated with 5% goat serum for 45 min at
RT to block non-specific protein adsorption. For intracellular antigen
staining, the permeation of cell membrane was carried out by using
0.1% Triton-PBS before blocking by the serum. Sections were incubated
in primary antibodies overnight at 4 °C, followed by incubation in sec-
ondary antibodies for 2 h at RT. Sections incubated only with the PBS
were used as negative controls. Finally, the sections were mounted with
DAPI and observed by upright fluorescence microscope (Axio Imager Z1,
Zeiss, Germany). The VPCs were stained by using anti-Sca-1 antibody
(1:100), and the numbers of Sca-1" cells infiltrated into the graft wall
were quantified by using the high-magnification field of graft wall (200
x ). The staining for ECs and neo-vessels was performed by using anti-
CD31 (1:100) antibody. The endothelium coverage rate was calculated
by the length of the EC layer to the total graft length in the longitudinal-
section. The numbers of neo-vessels were measured by using the high-
magnification field of graft wall (200 x ). The SMCs were stained by
using anti-a-SMA (1:100) and anti-MYH11 (1:100) primary antibodies.
The average thickness was calculated as the area of the positive cells
divided by the length of the SMC layer in the luminal area. For in-
flammatory cell recruitment, sections were incubated with anti-CD68
(1:100), anti-iNOS (1:100), and anti-CD206 (1:100) primary anti-
bodies to identify total macrophages, M1 (pro-inflammatory) and M2
(anti-inflammatory) macrophages, respectively. The numbers of cells
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were measured by using the high-magnification field of graft wall (400
X ).

2.6. Statistical analysis

At least three samples were performed for the quantitative analysis.
Data were expressed as mean + SEM and analyzed by GraphPad Prism 7
Software. Comparisons between multiple groups were performed by
using one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test. The p < 0.05 was considered statistically
significant.

3. Results

LPCL was modified with SDF-1a peptide and BP to simultaneously
recruit endogenous stem/progenitor cells as well as VEGF in situ. The
bioactive peptide-polymer conjugates were next blended along with the
HPCL to afford electrospun membranes for in vitro studies and small-
diameter vascular grafts for in vivo implantation. Vascular grafts were
implanted into rat abdominal aorta for up to 4 weeks and were examined
for endogenous cell infiltration, endothelialization, and vascular
remodeling (Scheme 1).

3.1. Structural analysis

Fig. la showed the schematic illustration of the conjugation of
peptides with LPCL polymers. FTIR spectra were recorded to discern the
difference between the LPCL and LPCL-BP or LPCL-SDF-1la (Fig. 1b).
LPCL spectra exhibited peaks at 2940 cm™!, 2840 em™!, 1718 em ™,
1294 cm™!, and 1242 cm ™!, which were ascribed to the asymmetric CHy
stretching, symmetric CHy stretching, carbonyl stretching, and C—O
stretching [19]. While both LPCL-BP and LPCL-SDF-1a displayed these
peaks, they showed additional bands in the range of 3729—3024 cm ™!,
1658 cm ™}, and 1506 cm . These additional peaks are ascribed to the
N—H stretching as well as amide I and amide II bands due to the
incorporation of peptides. The XPS was further performed to assess the
modification of LPCL with peptides. The XPS pattern of LPCL revealed
typical peaks corresponding to the Ols and C1s in the range of 536—530
and 290—282 eV, respectively. The LPCL-BP and LPCL-SDF-1a exhibited
the above mentioned peaks and in addition displayed a peak at 400 eV,
which is ascribed to the N1s (Fig. 1c) [42]. These results indicate suc-
cessful grafting of peptides with the LPCL.

The synthesis steps were further monitored by collecting the proton
NMR spectra. The 1H NMR spectrum of LPCL is shown in Fig. Sla.
Proton assignments of PMPI and LPCL-PMPI were based on published
spectra for PMPI and LPCL [37]. The NMR spectra of LPCL-PMPI showed
the successful conjugation of LPCL to PMPI to afford LPCL-maleimide,
which exhibited chemical shifts between 6.5 and 8 ppm (Fig. S1b).
The chemical shifts confirming the successful synthesis of
LPCL-maleimide included 7.6 ppm (4H orthogonal to maleimide, 2), 7.3
ppm (4H, aromatic H orthogonal to maleimide, 2’), and 6.9 ppm (4H,
maleimide vinyl, 1). The NMR spectrum of LPCL-SDF-1a was further
ascertained (Fig. Slc). In addition to the characteristic peaks of the
LPCL, the additional peaks attributable to SDF-1a peptide were found in
the spectrum of the LPCL-SDF-1a. Moreover, the disappearance of the
maleimide peak at 6.9 ppm indicated a successful reaction between the
maleimide on the LPCL-PMPI and the thiol on the peptide. The 1H NMR
spectrum of SDF-1a peptide is shown in Fig. S1d.

To gain a further insight into the effect of the modification of LPCL
with peptides, TGA was performed. The obtained results revealed that
the peptides’ tethering lowered the thermal stability of pristine LPCL
(Fig. 1d). This reduction in the thermal stability can be ascribed to the
fact that the peptides can degrade at lower temperature than that of the
pristine LPCL. Shin et al. also observed similar TGA trends in arginine-
glycine-aspartic acid (RGD)-conjugated PLGA scaffolds [43]. Briefly,
LPCL exhibited 5, 10, 20, 30, 40, and 50% mass loss at 276, 298, 327,
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Scheme 1. Schematic illustration of the synthesis of peptide-polymer conjugates, fabrication of vascular grafts, and in vivo evaluation of vascular grafts.

358, 392, and 406 °C. LPCL-BP displayed 5, 10, 20, 30, 40, and 50%
mass loss at 280, 312, 330, 339, 351, and 364 °C. On the other hand,
LPCL-SDF-1a exhibited 5, 10, 20, 30, 40, and 50% mass loss at 275, 296,
316, 324, 332, and 339 °C.

3.2. Cytocompatibility of scaffolds

We ascertained the cytocompatibility of membranes by live/dead
cell assay and cell proliferation assay in vitro. HUVECs were seeded on
electrospun HPCL, HPCL/LPCL-BP, HPCL/LPCL-SDF-1a, and HPCL/
LPCL-BP/LPCL-SDF-1oe membranes for up to day 5. As can be seen from
Fig. 2, cells grew nicely on all membranes. The cell number further rose
at day 5, especially on HPCL/LPCL-SDF-1a, and HPCL/LPCL-BP/LPCL-
SDF-1ae membranes (Fig. 2a). Similarly, cell proliferation was signifi-
cantly higher in the HPCL/LPCL-SDF-1a and HPCL/LPCL-BP/LPCL-SDF-
la groups as compared to that of HPCL and HPCL/LPCL-BP groups at 3
and 5 days (Fig. 2b). SEM images further revealed that cell spreading on
HPCL/LPCL-BP, HPCL/LPCL-SDF-1a and HPCL/LPCL-BP/LPCL-SDF-1a
membranes was superior to that on the HPCL membranes (Fig. 2c).

3.3. Morphological analysis and mechanical properties of vascular grafts

Having ascertained the cytocompatibility of membranes in vitro, we
fabricated electrospun small-diameter vascular grafts by mixing bio-
activated LPCL-BP, LPCL-SDF-1a, or both LPCL-BP and LPCL-SDF-1a
along with HPCL (Scheme 1). As can be observed from the gross
morphology, the tubular-shaped small-diameter vascular grafts were
successfully prepared by electrospinning (Fig. 3a). The grafts exhibited
microfibers, the average fiber diameter was 5.64 + 0.44 pm, 6.26 +
0.54 pm, 6.24 + 0.44 pm, and 6.47 + 0.37 pm in HPCL, HPCL/LPCL-BP,
HPCL/LPCL-SDF-1la, and HPCL/LPCL-BP/LPCL-SDF-lac  groups,

respectively. Similarly, the pore size was found to be 34.51 + 4.51 pm,
40.41 + 4.48 pm, 41.60 + 5.13 pm, and 41.86 + 4.35 pm for HPCL,
HPCL/LPCL-BP, HPCL/LPCL-SDF-1a, and HPCL/LPCL-BP/LPCL-SDF-1a
groups, respectively (Fig. 3b). The bioactive HPCL grafts showed slightly
higher fiber diameter and pore size than that of the pure HPCL grafts, as
peptide-polymer exhibit low molecular weight, their incorporation into
HPCL may lower the viscosity and surface charge density of the solution,
which can also influence the fiber morphology [44]. SEM images of the
graft wall further revealed porous morphology of grafts both at the
cross-section (designated as 1) and inner surface (designated as 2)
(Fig. 3c). Water contact angle (WCA) measurement also revealed an
insignificant difference in four groups, which displayed almost similar
WCA, thereby indicating that the blending of HPCL with peptide-LPCL
conjugates did not influence hydrophilicity/hydrophobicity of
vascular grafts (Fig. S2). The tensile properties of vascular grafts were
further examined. While all of the grafts exhibited typical stress - strain
curves (Fig. 3d), they did not significantly differ in terms of the tensile
properties, including Young’s modulus, max stress and elongation at
break (Fig. 3e-g).

3.4. Implantation of vascular grafts

We next transplanted vascular grafts into rat abdominal aorta for 4
weeks (Fig. 4a). A total of 4 grafts were implanted for each group. Upon
implantation, vascular grafts did not reveal any blood leakage and
allowed the smooth flow of the blood. Fig. 4b showed the photographs of
vascular grafts just after implantation and 4 weeks after implantation.
Doppler ultrasound was next leveraged to discern the patency of
implanted vascular grafts, the blood flow can be detected at the anas-
tomosis sites as well as the other portions of the grafts, which are
indicative of the good patency of grafts. A representative image of
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Fig. 1. Preparation and characterization of peptide-polymer conjugates. (a) Schematic illustration of the synthesis routes of LPCL-BP and LPCL-SDF-1a. (b) FT-IR
spectra of LPCL, LPCL-BP, and LPCL-SDF-1a. Peptide modified polymers showed distinctive peaks in the range of 3000—3500 cm, indicative of the N—H and
O—H bonds. Peptides sequence for BP and SDF-1a is CGDRVQRQTTTVVA and CGSKPVVLSYR, respectively. (c) XPS spectra of LPCL, LPCL-BP and LPCL-SDF-1a.
Peptide modified polymers showed distinctive N peaks at 400 eV, indicative of the conjugation of peptides. (d) Thermogravimetric analysis of LPCL, LPCL-BP, and
LPCL-SDF-1a. Peptide modified polymers exhibited lower thermal stability than that of the pristine LPCL polymers.

HPCL/LPCL-BP/LPCL-SDF-1a grafts was shown in Fig. 4c, which
revealed unperturbed blood flow by the red colour. The 3 out of a total 4
grafts remained patent in HPCL, HPCL/LPCL-BP, and HPCL/LPCL-SDF-
la groups (patency rate, 75%). On the other hand, all grafts were found
to be patent in the HPCL/LPCL-BP/LPCL-SDF-1a group (Fig. 4d). Ster-
eomicrospic pictures revealed the implanted vascular grafts maintained
their structural stability without an obvious collapse or an aneurysm
(Fig. 4e). HPCL/LPCL-BP, HPCL/LPCL-SDF-1a, and HPCL/LPCL-BP/
LPCL-SDF-1a grafts exhibited neat lumen surface without the accumu-
lation of a thrombotic species. The explants were decellularized using
collagenase I and evaluated by SEM for fibers morphology. Four groups
of vascular grafts did not significantly differ in term of degradation after
4 weeks of implantation (Fig. S3). While HPCL exhibits degradation
period for up to 1-2 years [45], the LPCL-BP or LPCL-SDF-1a were used
only in small amount, which did not induce a noticeable degradation in
vivo.

3.5. Cell infiltration

The explanted grafts were next subjected to histological and immu-
nofluorescence staining to gain a further insight into cellular infiltration
and vascular remodeling (Fig. 5). The H&E staining revealed significant
infiltration of host cells, and the formation of neo-tissues on the luminal
side in the HPCL/LPCL-BP, HPCL/LPCL-SDF-1a, and HPCL/LPCL-BP/

LPCL-SDF-1a grafts as compared to that of the HPCL grafts (Fig. 5a). The
luminal diameter was similar in all groups (Fig. 5b). The excellent
regeneration of neo-tissues in the graft wall and luminal side of bio-
activated HPCL grafts is ascribed to the incorporated peptides, which
may encourage the mobilization and recruitment of host cells as well as
the formation of neo-vessels. We performed DAPI staining to quantify
the numbers of infiltrated cells for up to a distance of 0 through 200 pm
from the luminal side of the grafts (Fig. 5¢). As can be seen from Fig. 5d,
HPCL/LPCL-BP and HPCL/LPCL-BP/LPCL-SDF-1a grafts displayed
significantly higher numbers of cells than that of the HPCL grafts, the
infiltrated cells in HPCL/LPCL-BP also significantly higher than that in
HPCL/LPCL-SDF-1a grafts. Since SDF-1a can mobilize VPCs, which can
participate in tissue regeneration, we further performed staining for Sca-
1 antibody (Fig. 5e). The quantitative analysis revealed significantly
higher numbers of Sca-1* VPCs in HPCL/LPCL-SDF-1a and HPCL/LPCL-
BP/LPCL-SDF-1a grafts as compared to that of the HPCL and HPCL/
LPCL-BP grafts (Fig. 5f). To further illustrate if these Sca-1" VPCs can
differentiate into ECs and SMCs, we carried out co-staining for Sca-1/
CD31 and Sca-1/a-SMA antibodies for all of the grafts (Fig. 5g and h).
The co-immunofluorescence staining revealed the infiltration of Sca-1"/
CD31" cells as well as Sca-1"/a-SMA™ cells, which may have implica-
tions for endogenous VPCs mediated rapid endothelialization and
vascular remodeling of cell-free vascular grafts.
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Fig. 2. Cell viability on HPCL, HPCL/LPCL-BP, HPCL/LPCL-SDF-1a and HPCL/LPCL-BP/LPCL-SDF-1a membranes. HUVECs were seeded onto membranes and
cultured for 1, 3, and 5 days. (a) A live/dead assay was performed at days 3 and 5. Scale bar, 500 pm. (b) Cell proliferation on scaffolds was determined by the CCK8
assay at day 1, 3, and 5. (c) Morphological analysis of HUVECs cultured membranes at day 3 by SEM images. Scale bar, 80 pm. The SDF-1a and dual-peptide tethered
membranes exhibited significantly higher cell viability as compared to HPCL and HPCL/LPCL-BP membranes. *P < 0.05.

3.6. Rapid endothelialization of vascular grafts

Since endothelium plays a pivotal role both for the short-term and
long-term patency of vascular grafts, we analyzed the endothelialization
of vascular grafts, especially investigated four different areas, including
anastomotic, quarter portion, mid portion and graft wall, as shown in
Fig. 6a. SEM images for the luminal side of the HPCL/LPCL-BP, HPCL/
LPCL-SDF-1a, and HPCL/LPCL-BP/LPCL-SDF-1a grafts showed the nice
regeneration of ECs, which displayed cobblestone-like morphology and
were elongated in the direction of the blood flow (Fig. 6b). However, the
images of the HPCL hardly showed ECs at the mid portion, the
morphology of microfibers can be observed at the luminal side of HPCL
grafts (Fig. 6b). Intriguingly, enface immunofluorescence staining of
vascular grafts showed ECs in the HPCL/LPCL-SDF-1a, and HPCL/LPCL-
BP/LPCL-SDF-1a grafts were elongated (Fig. 6¢). Immunofluorescence
staining of longitudinal section by CD31 antibody also showed the nice
regeneration of ECs and the formation of neo-vessels at the anastomotic
as well as quarter portion and mid portion of grafts in peptides modified
groups (Fig. 6d). The HPCL/LPCL-BP, HPCL/LPCL-SDF-1a, and HPCL/
LPCL-BP/LPCL-SDF-1a grafts exhibited significantly higher endothe-
lium coverage than that of the HPCL grafts. The latter displayed endo-
thelium coverage for up to 50% (Fig. 6e). Meanwhile, in HPCL/LPCL-
SDF-1a and HPCL/LPCL-BP/LPCL-SDF-1a group, the elongation factor
for ECs at midportion of grafts was significantly higher than that of the
HPCL/LPCL-BP grafts, while the ECs was undetected at mid portion in
the HPCL grafts (Fig. 6f). The HPCL/LPCL-BP and HPCL/LPCL-BP/LPCL-
SDF-1a grafts exhibited higher numbers of neo-vessels in graft wall as
compared to that of the HPCL grafts (Fig. 6g). Taken together, the
bioactive grafts not only displayed greater endothelium coverage but
also exhibited more numbers of neo-vessels in the grafts wall and

elongated ECs in the mid portion of the grafts. These data reveal that the
bioactivated HPCL can successfully promote endothelialization of the
grafts.

3.7. Regeneration of smooth muscle layer

In addition to the rapid endothelialization, SMCs regeneration plays
a crucial role for vascular remodeling. The explants were stained with
SMCs markers, including a-SMA and MYH11 to gain an insight into
SMCs regeneration and vascular remodeling as well as determine the
synthetic and contractile phenotypes of SMCs, respectively [46]. Fig. 7a
showed the a-SMA staining of vascular grafts, which not only showed
the regeneration of SMCs on the luminal side but also within the graft
wall. HPCL/LPCL-SDF-1la and HPCL/LPCL-BP/LPCL-SDF-1a groups
displayed nice regeneration of a-SMA positive cells in the luminal and
abluminal sides of the explanted grafts. The quantitative analysis further
indicated significantly higher thickness of a-SMA positive neo-tissues in
the HPCL/LPCL-BP/LPCL-SDF-1a grafts than that of the HPCL grafts
(Fig. 7b). Meanwhile, explants showed significant regeneration of
MYH11" SMCs in HPCL/LPCL-SDF-la and HPCL/LPCL-BP/LPCL
-SDF-1a grafts as compared to that of the HPCL grafts (Fig. 7c and d).
More importantly, double-immunofluorescence staining by using
CD31/a-SMA revealed the regeneration of well-organized CD31" ECs
and a-SMA™ SMCs in the HPCL/LPCL-BP/LPCL-SDF-1a grafts (Fig. S4).
To gain a further insight into the regeneration of ECM components,
explanted grafts were stained with Masson’s trichrome, VVG, and
Safranian O for collagen, elastin, and glycosaminoglycans (GAGs)
regeneration, respectively. Native aorta sections were also stained for
comparison. As can be observed from Fig. 7e-g, native aorta displayed
oriented collagen and elastin fibrils as well as GAGs in the tunica media.
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Fig. 3. Fabrication and characterization of HPCL, HPCL/LPCL-BP, HPCL/LPCL-SDF-1a and HPCL/LPCL-BP/LPCL-SDF-1a vascular grafts. (a) Images show the
tubular vascular grafts (2.0 mm in inner diameter, 500 pm in thickness, and 1.0 cm in length). (b) The graft parameters are summarized. (c) Representative SEM
images of vascular grafts (upper panel). Lower panel were magnified images of cross-section and inner surface of vascular grafts as indicated by 1 and 2 in the upper
panel. Scale bars, 500 pm or 100 ym (magnified images). (d) Representative stress-strain curves of vascular grafts. Mechanical characterization (n = 3) of various
grafts in longitudinal direction for Young’s modulus (e), maximum stress (f) and elongation at break (g).

On the other hand, while the HPCL grafts lacked the deposition of ECM
components, grafts containing peptides displayed substantial regenera-
tion of ECM components. Especially, the HPCL/LPCL-BP/LPCL-SDF-1a
grafts revealed nice regeneration of collagen as well as elastin and GAGs
in a fashion similar to the native arteries.

3.8. Inflammatory response

Since upon in vivo implantation, vascular grafts are accumulated by
the different types of inflammatory cell types, which further influence
vascular remodeling. In this study, vascular grafts were stained with
different markers for the inflammatory cell types, such as CD68, iNOS,
and CD206 for total, M1, and M2 macrophages, respectively (Fig. 8).
Four types of grafts did not significantly differ in terms of the numbers of
CD68" macrophages (Fig. 8a and d). The HPCL/LPCL-BP and HPCL/

LPCL-SDF-1a grafts exhibited significantly more numbers of iNOS™
macrophages than that of HPCL grafts (Fig. 8b and e). On the other hand,
HPCL/LPCL-BP/LPCL-SDF-1a grafts exhibited significantly higher
numbers of CD206" macrophages than that of the HPCL and HPCL/
LPCL-BP grafts. Meanwhile, the number of CD206" macrophages in
HPCL/LPCL-SDF-1a was also higher than that of HPCL grafts (Fig. 8c
and f). Quantitative analysis of the CD206"/iNOS™ cells showed higher
ratio of M2/M1 in HPCL/LPCL-BP/LPCL-SDF-1a grafts than that of the
HPCL/LPCL-BP grafts, thereby indicating that the macrophages were
polarized from pro-inflammatory to anti-inflammatory phenotypes
(Fig. 8g). Dual peptides-loaded grafts exhibited rapid endothelialization
and vascular remodeling, which may presumably be attributed to the
more number of CD206" (M2) macrophages and a higher ratio of M2/
M1.
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Fig. 4. Characterization and in vivo performance of vascular grafts utilizing rat abdominal aorta replacement model. (a) Schematic illustration of the in vivo eval-
uation conducted in SD rats. (b) Images of vascular grafts implanted into rat abdominal aorta (left) and integrated with host artery after 4 weeks (right). (c)
Representative Doppler ultrasound image of the implanted HPCL/LPCL-BP/LPCL-SDF-1a vascular graft. (d) Determination of the patency rate of the implanted
vascular grafts after 4 weeks, n = 4 animals per group. (e) Representative stereoscopic images of cross section (upper panel) or longitudinal section (lower panel) of

vascular grafts at 4 weeks post implantation. Scale bars, 2 mm.
4. Discussion

Autografts are widely accepted for vascular grafting. However, their
limited availability hampers their utilization. Alternatively, synthetic
vascular grafts fabricated by using different natural and synthetic
polymers have been widely investigated. Amongst, synthetic biode-
gradable polymers, such as PCL, has been widely used in bio-related
applications [38]. Nonetheless, the bioinertness of PCL may hamper
its applicability for tissue repair, thereby necessitating its bioactivation
by using different types of biological cues, including ECM proteins, cy-
tokines, and chemokines [47-49]. Of particular interest are chemokines,
such as SDF-1a, which has been shown to recruit endogenous stem/-
progenitor cells [32]. Recruited endogenous stem/progenitor cells may
differentiate into particular lineages to drive in situ tissue repair [30].
Besides, SDF-1a has been shown to promote endothelialization and
vascular remodeling by recruiting EPCs and SMPCs. Despite these
obvious advantages, SDF-1a exhibits short half-life in vitro and in vivo,
which can be easily degraded by Dipeptidyl Peptidase-4 (DPP-4) and
MMPs [31]. Besides, being a large molecular weight protein, SDF-1a is
difficult to be synthesized or incorporated into biomaterials. On the

other SDF-1a analogues, which can replicate the biological features of
the full-length protein, have been engineered and incorporated into
biomaterials to drive in situ tissue repair [31]. Nonetheless, the fast
release of these SDF-1a analogues may obscure their potential thera-
peutic benefits [33]. Moreover, SDF-1a-recruited cells may not be easily
differentiated into targeted cell types. The VEGF gradients at the injury
may not only help promote endothelialization on the luminal side as
well as neovascularization in the graft wall but may also help regulate
endogenously recruited cells and promote vascular remodeling [20].
However, the bolus delivery of SDF-1a and VEGF may be insufficient to
realize these effects. To circumvent these shortcomings, BP was shown
to recruit VEGF in situ and promote neovascularization for ligament
regeneration [24]. We conjugated BP and SDF-1a peptide with the LPCL
to induce stem cell mobilization and promote neovascularization and
endothelialization. The combined effect of BP and SDF-1a peptides may
help promote in situ tissue repair and vascular remodeling in electrospun
vascular grafts. We leveraged a facile bioconjugation approach by first
activating the hydroxyl groups of the LPCL and thereafter conjugating
cysteine-tagged peptides with these activated groups. This approach is
simple and straightforward, which can be further leveraged to
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Fig. 5. Peptides modification increases the infiltration of VPCs and contributes to endothelialization and smooth muscle regeneration. (a) Representative images of
H&E staining on cross-section of vascular grafts. Scale bars, 2 mm or 100 pm (magnified images). (b) The luminal diameter of explanted grafts was calculated based
on the cross-sections with H&E staining. (¢) Inmunofluorescence images of DAPI staining (white dashed lines indicate the areas at 0-200 pm depths from the graft
Iumen). Scale bars, 200 pm. (d) The cell infiltrated into graft inner wall (0-200 pm) were calculated. (e) The distribution of Sca-1" VPCs in the vascular graft wall was
shown by immunofluorescence staining with Sca-1 antibody. Scale bars, 100 pm. (f) The number of Sca-1" VPCs within the vascular graft wall was calculated based
on Sca-1 immunofluorescence staining (200 x magnification). (g-h) Co-immunofluorescence staining of Sca-1 (green) and CD31 (red) or a-SMA (red) on sections of
vascular grafts (white dashed lines indicate the luminal region). Scale bars, 100 pm *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

incorporate other types of peptides with the polymers to improve their
applicability.

Since implantable grafts should enable a supportive environment for
cellular growth and neo-tissue formation, the compatibility determina-
tion is pivotal. Cytocompatibility evaluation by using cell proliferation
and live/dead assay revealed cellular growth on membranes over 5 days
in vitro. Especially, cells seeded on HPCL/LPCL-SDF-1a and HPCL/LPCL-
BP/LPCL-SDF-1a membranes grew well at all time points than that of the
HPCL and HPCL/LPCL-BP grafts, which may also have implications for
the in vivo biocompatibility (Fig. 2).

So far, different types of grafts have been fabricated by using a
myriad of techniques, such as electrospinning, salt-leaching, and 3D
printing [50-53]. Micro/nanofabrication techniques, including elec-
trospinning afford the fabrication of ECM-like scaffolds [54]; the
microstructure and morphology of vascular grafts can be further tailored
by varying electrospinning parameters. Previously, we have leveraged
electrospinning to fabricate microfibrous vascular grafts, displaying
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large pore size. As compared to vascular grafts consisting of thin fibers
and small pore size, the grafts composed of thick fibers and large pore
size exhibited extensive cellular infiltration as well as induced macro-
phages modulation toward anti-inflammatory (M2) phenotypes [38,45].
In this study, we fabricated microfibrous vascular grafts exhibiting a
porous morphology (Fig. 3c), thereby replicating the structure of pre-
vious PCL-based grafts. Notably, such a porous structure may allow for
the infiltration of cells from the luminal as well as abluminal sides.
Vascular grafts were next implanted into rat abdominal aorta and
evaluated for up to 4 weeks. Since thrombotic complications as well as
short-term and long-term stenosis restrict the performance of vascular
grafts, the evaluation of thrombi formation and smooth flow of the blood
is of considerable significance. Vascular grafts were found to be
well-integrated with the host tissues and remain patent and free of
thrombotic deposition as revealed by the Doppler ultrasound and ste-
reomicroscope (Fig. 4c, €). The HPCL grafts are composed of thick fibers
and large pores, which have already been shown to exhibit good
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Fig. 6. Peptides modification enhances functional EC layer formation. (a) Schematic diagram of 4 sections of explanted vascular grafts. (b) SEM and (c) enface
immunostaining images showed the morphology of luminal surface and ECs distribution at different sites (anastomotic - 1, quarter - 2, and midportion - 3). Scale bars
for SEM images, 1 mm or 50 pm (magnified images). Scale bars for enface immunostaining images, 50 pm. (d) Immunofluorescence staining with CD31 antibody was
performed on longitudinal sections of the explanted grafts (upper panel), and the lower panel showed the magnified images of different sites (anastomotic - 1,
midportion - 3 and graft wall - 4). Scale bars, 1 mm or 100 pm (magnified images). (e) The endothelium coverage rate was calculated by CD31 staining. (f) The
elongation factor of ECs was calculated from enface staining at midportion part (c - 3). (g) The neovessels number in graft wall was calculated by CD31 staining (d -

short-term and long-term patency [45]. While the addition of LPCL-BP they may contribute to the endothelialization and functional smooth
and LPCL-SDF-la to the HPCL grafts influenced the regeneration of muscle layer formation of vascular grafts [13,14]. Further evaluation of
vascular cell types, they showed similar patency to the HPCL grafts. The cellular components revealed significant recruitment of Sca-1* VPCs in
dual peptide-loaded grafts showed higher patency than that of single HPCL/LPCL-SDF-1a and HPCL/LPCL-BP/LPCL-SDF-1a grafts than that
peptide-loaded grafts, which may be ascribed to the combined effect of of HPCL and HPCL/LPCL-BP grafts (Fig. 5e and f). More importantly,

BP and SDF-la peptides on improving vascular regeneration. While these Sca-1" VPCs were found to be further differentiated into CD31™
SDF-1a peptide can mobilize and recruit endogenous cells, BP-mediated ECs and a-SMA™ SMCs (Fig. 5g-h).
VEGF-binding may induce the differentiation of endogenously recruited The endothelium plays a vital role for the short-term and long-term
cells into vascular cell types. performance of vascular grafts, which also confers hemocompatibility to
It is widely studied that cellular infiltration plays a pivotal role for vascular grafts. A series of strategies have been leveraged to promote
cell-free tissue engineered vascular grafts. We quantified the total endothelium formation, such as cell seeding, ECM coating, and bioactive
numbers of cells recruited into graft wall, the cell numbers were modification [55-57]. The ECs may either migrate into grafts from
remarkably higher in HPCL/LPCL-BP and HPCL/LPCL-BP/LPCL-SDF-1a adjacent vessels or from the surrounding tissues via the differentiation of
vascular grafts (Fig. 5c and d). Since endogenous stem cells and pro- the VPCs [14]. Besides, ECs may arise from the differentiation of the
genitor cells, such as Sca-1" VPCs can differentiate into ECs and SMCs, stem/progenitor cells from bone marrow (BM) or peripheral circulation
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Fig. 7. Peptides modification improves vascular smooth muscle regeneration. (a) Representative immunofluorescence images showed SMCs regeneration by a-SMA
staining (white dashed lines indicate the luminal region). Scale bars, 100 pm. (b) Quantification of the total area of a-SMA positive cells in the luminal region. (c)
Representative immunofluorescence images showed functional SMCs regeneration by MYH11 staining (white dashed lines indicate the luminal region). Scale bars,
100 pm. (d) Quantification of the total area of MYH11 positive cells in the luminal region. (e-g) ECM deposition of vascular grafts was identified by Masson’s
Trichrome, VVG and Safranin O staining. Scale bars, 100 pm *P < 0.05, **P < 0.01.

[58]. Both SEM analysis and immunofluorescence staining by using
CD31 antibody revealed higher endothelium regeneration in bioactive
grafts than that of the HPCL groups (Fig. 6b, d). Enface immunofluo-
rescence staining by using CD31 showed regeneration of confluent ECs
in bioactive grafts. Especially in the HPCL/LPCL-SDF-la and
HPCL/LPCL-BP/LPCL-SDF-1a grafts, ECs were organized along the di-
rection of the blood flow and showed high elongation factor (Fig. 6c, f).
The elongated ECs better mimic functional endothelium regeneration
[6]. The BP can bind and stabilize VEGF, which is a potent angiogenic
growth factor and may influence ECs adhesion and migration. Mean-
while, SDF-1a can recruit VPCs as well as promote their differentiation
into CD31" ECs and a-SMA ™ SMCs, and SMCs may also influence the ECs
function, such as better organization and elongation [13]. Thus, the nice
endothelialization in HPCL/LPCL-BP/LPCL-SDF-la grafts may be
attributable to the combined effect of BP and SDF-1a peptides.

In addition to endothelium regeneration, SMCs regeneration and
ECM deposition have notable effects on neo-artery regeneration. The
SMGs exhibit different phenotypes, including a-SMA™ synthetic pheno-
type and MYH11" contractile phenotype; the latter plays a crucial role
in the contraction/relaxation of blood vessels. Noticeably, HPCL/LPCL-
SDF-la and HPCL/LPCL-BP/LPCL-SDF-lac grafts also exhibited
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significantly higher proportion of MYH11" neo-tissues, which sur-
rounded the endothelium (Fig. 7c and d). The bioactive grafts, espe-
cially, the HPCL/LPCL-BP/LPCL-SDF-1a group also displayed native
aorta mimetic regeneration of ECM components, including collagen,
elastin, and GAGs in the graft wall than that of the HPCL grafts
(Fig. 7e-g).

Biomaterial implantation also induces the infiltration of macro-
phages, which have been shown to exhibit different phenotypes, such as
pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes. Pre-
viously, a myriad of bioactive cues have been leveraged to promote
vascular regeneration through immune-modulation. Roh et al. delin-
eated higher patency of bone marrow mononuclear cells (BM-MNCs)
loaded vascular grafts, which was mainly governed by the higher con-
tent of M2 macrophages [16]. The M2 type macrophages have been
shown to partly contribute to the vascular repair via secreting different
types of cytokines and chemokines, such as interleukin-4 (IL-4) and
interleukin-10 (IL-10) [38,59]. The HPCL group consists of large pores,
which exhibits anti-inflammatory response and drives macrophages
polarization from M1 to M2 phenotypes [38]. The SDF-1a peptide could
polarize macrophages toward M2 phenotypes [19]. In this study, we
observed significantly higher numbers of CD206 " macrophages as well
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Fig. 8. Peptides modification promotes the polarization of macrophage to the M2 phenotype. (a-c) Representative immunofluorescence images exhibiting the
infiltration of total, M1 and M2 macrophages by staining the cross-sections with anti-CD68, anti-iNOS and anti-CD206 antibodies, respectively. Scale bars, 50 pm.
(d-f) The number of the infiltrated total, M1 and M2 macrophages were quantified accordingly (400 x magnification). (g) The ratio of M2/M1 was quantified by

CD206"/iNOS™ cells. *P < 0.05, **P < 0.01.

as a higher ratio of CD206"/iNOS* macrophages in HPCL/LPCL-SDF-1a
group. Once the LPCL-BP was added to the graft, we observed higher
inflammation than that of the HPCL grafts, which is indicated by the
higher numbers of iNOS™ macrophages. As BP can bind VEGF, the latter
may enhance cellular infiltration into grafts. While compared to the
HPCL group, HPCL/LPCL-BP showed more cells in the graft wall
(Fig. 5d), which is also evident from the higher number of iNOS™
macrophages. However, the BP did not show an immunomodulatory
effect on macrophages polarization from M1 to M2 phenotype and the
mechanism was unclear. In dual peptides loaded vascular grafts, it
showed a higher ratio of CD206"/iNOS' macrophages, which is
ascribed to the anti-inflammatory effect of SDF-1a peptide (Fig. 8).
Nonetheless, it requires further investigation if both peptides can act
synergistically for immuno-modulation.

Our studies also have some limitations. We implanted grafts only for
a short time-point. The long-term implantation of vascular grafts may
further help elucidate their therapeutic effect. Similarly, we implanted
grafts as abdominal aorta substitutes in rats. The implantation of grafts
in other models, such as a rabbit, may further elucidate their potential
for vascular grafting. The other bioactive molecules, such as heparin
may be incorporated into vascular grafts to further confer them the
hemocompatibility. Nonetheless, these bioactive vascular grafts
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displayed higher endothelialization, vascular remodeling, and neo-
artery regeneration.

5. Conclusion

In this study, we synthesized BP and SDF-la peptide conjugated
LPCL and fabricated bioactive electrospun vascular grafts by blending
the peptide-tethered LPCL with the HPCL. The BP and SDF-1a peptides
were co-leveraged to simultaneously harness VEGF-mediated endothe-
lialization and neovascularization as well as SDF-la-induced endoge-
nous stem/progenitor cell mobilization and recruitment. Chemical
analysis revealed the successful conjugation of peptides with the LPCL as
well as good cytocompatibility of scaffolds containing LPCL-BP and
LPCL-SDF-1a. The transplantation of vascular grafts as abdominal aorta
substitutes revealed that the HPCL/LPCL-BP/LPCL-SDF-1a group, which
contained dual peptides, has significant effects on endothelialization,
SMCs regeneration, endogenous cell recruitment, and inflammation
resolution as compared to that of the HPCL grafts. Conclusively, bioac-
tive vascular grafts amassed from dual peptide-tethered HPCL/LPCL-
BP/LPCL-SDF-1a may have broad implications for neo-artery regener-
ation as well as other related disciplines.
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