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Abstract

At the present time, there is no successful off-the-shelf small-caliber vascular graft (< 6 mm)
for the repair or bypass of the coronary or carotid arteries. In this study, we engineer a textile-
reinforced hydrogel vascular graft. The textile fibers are circularly knitted into a flexible yet
robust conduit to serve as the backbone of the composite vascular graft and provide the primary
mechanical support. It is embedded in the hydrogel matrix which seals the open structure of the
knitted reinforcement and mediates cellular response toward a faster reendothelization. The
mechanical properties of the composite vascular graft, including bursting strength, suture
retention strength and radial compliance, significantly surpass the requirement for the vascular
graft application and can be adjusted by altering the structure of the textile reinforcement. The
addition of hydrogel matrix, on the other hand, improves the survival, adhesion and
proliferation of endothelial cells in vitro. The composite vascular graft also enhances
macrophage activation and upregulates M1 and M2 related gene expression, which further

improves the endothelial cell migration that might favor the reendothelization of the vascular


mailto:fzhang12@ncsu.edu
mailto:mwking2@ncsu.edu

Soft Matter

graft. Taken together, the textile-reinforced hydrogel shows it potential to be a promising

scaffold material to fabricate a tissue engineered vascular graft.

1. Introduction

Vascular diseases, such as coronary heart disease, cerebrovascular disease, and peripheral
arterial disease, are among the leading causes of death [1]. They are typically caused by
atherosclerosis induced narrowing or occlusion of blood vessels and cause ischemia of tissues
and organs [2]. The current treatment of these diseases ranges from a lifestyle change, through
prescription medicines to surgical interventions [3]. One of the surgical treatments is to use a
vascular graft to replace or bypass the affected blood vessels. The current gold standard is to
use an autologous vascular graft such as the patients’ own saphenous vein or mammary artery.
However, in the situation of systemic disease or secondary surgery, some patients do not have
appropriate and healthy blood vessels that can be used. Although synthetic vascular grafts have
long been commercialized and used for the replacement and bypass of large-caliber arteries,
they are known to fail in small-caliber vessels (< 6 mm) due to acute thrombosis and graft

stenosis [4].

Despite extensive efforts in the area, there is currently no small-diameter vascular graft
available on the market for the bypass or replacement of a small caliber blood vessels, such as
the coronary, carotid and peripheral arteries. To address this issue, tissue-engineered vascular
grafts (TEVGs) have been proposed as a promising solution. They are designed to promote the
regeneration of the vascular tissue and restoration of the vascular structure and function, so as

to mimic the native blood vessel both mechanically and biologically.

In the design of TEVG scaffolds, one of the dilemmas is to achieve a balance between the
mechanical properties and the biological performance. Synthetic degradable polymers, such as

poly(lactic acid) (PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL) or their
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copolymers, have been widely researched and used in Class 3 medical devices because of their
superior mechanical strength, biodegradability and low cytotoxicity [5,6]. However, they have
also been implicated to elicit chronic inflammation that does not favor vascular regeneration
[7]. On the contrary, natural polymer-hydrogels have been widely used in tissue engineering
and regenerative medicine due to their bioactivity that rapidly resolves acute inflammation and
promotes tissue cell ingrowth [8,9].Yet their application in load-bearing devices is limited

because of their inferior mechanical strength.

Therefore, in this study, we designed a textile-reinforced hydrogel composite material in order
to fabricate a scaffold for TEVG that combined the mechanically superior synthetic PLA fibers
and bioactive gelatin methacryloyl (GeIMA) hydrogel. The composite material harnesses the
strong mechanical strength of PLA, the compliance of a knitting structure, as well as the
bioactivity of GelMA hydrogel to modulate the inflammatory response and promote

endothelization of the vascular graft.

PLA is a biodegradable polyester that has been broadly used in tissue engineering and medical
implants [10]. It is hydrolyzed into lactic acid, which is a natural metabolic product of the
human body which catabolizes into water and carbon dioxide. PLA has been used in Class 2
and Class 3 medical devices approved by the Food and Drug Administration [11]. In our
previous study, PLA was also used as the supporting material to reinforce collagen threads for
the fabrication of a TEVG [6,12]. The PLA fibers had sufficient mechanical strength to provide
satisfactory mechanical properties to the vascular graft [6]. Using a circular knitting technique,
we were able to fabricate a seamless tubular PLA/collagen conduit to serve as a vascular graft
[6,13]. The knitting conduit was flexible and compliant, making it suitable for the vascular graft

application [5,6,13].
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Although textiles fabricated from PLA yarn have shown satisfactory mechanical robustness and
radial compliance, they lack bioactivity, such as cell binding motifs to facilitate cell adhesion.
It has also been reported that PLA prolongs the local inflammatory response, elicits a mild
foreign body reaction, and retards tissue regeneration, especially in vascular applications

[6,11,13].

GelMA hydrogel is a gelatin-based hydrogel that contains a significant water content and
interconnecting pores. The high total porosity of the hydrogel supports nutrient transport,
promotes cell penetration and allows microvasculature ingrowth [14]. Due to its gelatin
backbone, the hydrogel can also provide cells with a soft surface and integrin binding sites that
resemble the extracellular matrix (ECM) [8]. While retaining these beneficial features, gelatin
i1s more accessible and less expensive compared to ECM proteins, making it an ideal raw
material for tissue engineering applications. Methacrylation on its backbone allows crosslinking
of the gelatin molecules into a hydrogel network while still maintaining its degradability by
enzymes such as collagenase and matrix metallopeptidase 9 [9]. However, for load bearing
applications such as a vascular graft, the GeIMA hydrogel alone is not strong enough with
regards to it mechanical properties. Given that, the combination of PLA and GelMA in this
study leverages the mechanical robustness of PLA and the bioactivity of GelMA, we believe
that the resultant vascular graft will be both mechanically strong and biologically active to

facilitate vascular regeneration.

Endothelization is a critical step in the regeneration process of a TEVG. After implantation,
rapid endothelium formation on the luminal surface of the TEVG can reduce coagulation and
thrombus formation at the blood contacting surface and ensure patent functioning of the blood
vessel [15]. Recent studies have uncovered that the macrophage plays a pivotal role in the
endothelization of a TEVG. Macrophages are innate immune cells that are rapidly recruited to

the surface of a biomaterial after implantation. They are a plastic cell type that can assume
4
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different phenotypes and release distinct sets of cytokines and chemokines that regulate cellular
activities [25]. Among their many subtypes, pro-inflammatory M1 macrophages are known to
drive inflammation. The initial influx of macrophages and the acute inflammatory process can
eliminate contaminants from the wound and initiate angiogenesis [16], which is beneficial to
the endothelization of TEVG. However, a prolonged presence of M1 macrophages can cause
adverse effects such as the formation of the fibrotic encapsulation around the graft material and
even restenosis of the graft [17]. On the other hand, pro-regenerative M2 macrophages can
mitigate inflammation, stabilize the vascular cells and facilitate the maturation of the blood
vessel [40]. Therefore, in this in vitro study, we investigated the response of macrophages to

our composite vascular graft and evaluated their impacts on endothelial cell activity.

In the present study, we fabricated a textile/hydrogel composite vascular graft so as to meet the
requirements for both mechanical and biological performance. In order to determine the in vitro
performance of our vascular graft, there were four objectives in this study: a) optimize the
mechanical properties of the composite vascular graft; b) determine the cytocompatibility of
the composite graft to macrophages and endothelial cells; ¢) measure the macrophage gene
expression elicited by the composite vascular graft; and d) evaluate the effect of macrophages

on endothelial cell activity.

2. Experimental
2.1 Fabrication of the composite vascular graft
2.1.1 Preparation of the textile reinforcement

The textile reinforcement was fabricated as described in [6,13]. Briefly, a 150 denier 92
filament PLA yarn was used (Xinxiang Sunshine Textiles Co Ltd., China). The molecular
weight of the PLA was 140,909 + 2,921 g/mol with a 1.57 £ 0.01 PDI. Two and 3 ends of the
PLA yarn were plied at 100 turns/m of S twist on a DirecTwist® twisting machine (Agteks Ltd.,

Turkey) at a speed of 1000 turns/min (Figure 2A). These two plied PLA yarns and the singles
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yarn were fed into a 16-needle circular knitting machine (Figure S2A) (Lamb Knitting Machine
Corp., Chicopee, MA) to knit a 4 mm diameter tubular seamless textile conduit (Figure 1B).
The edges of the textile conduit were cut with a hot cautery knife to heat-set the free ends and

prevent the structure from unraveling.

2.1.2 Preparation of the hydrogel matrix

To fabricate the GeIMA hydrogel matrix, gelatin from porcine skin was chemically modified
using methacrylic anhydride (MAAH) as described by Loessner et al [9]. Briefly, 10% gelatin
was fully dissolved in Dulbecco's phosphate-buffered saline (DPBS) (HyClone) at 50°C and
0.8mL MAAH per gram of gelatin was added dropwise. The reaction was conducted in a water
bath maintained at 50°C for 2.5 h and was stopped by diluting the mixture 1:3 using DPBS at
40 °C. The mixture was centrifuged at 3500 g-force, and the supernatant was dialyzed against
DI water for 1 week to remove unreacted MAAH. The dialyzed solution was lyophilized for 1
week and the powder was stored at -20°C until use. The degree of modification of the GeIMA
was measured using nuclear magnetic resonance (NMR) and different batches showed similar
levels of modification with an average value of 50% (Figure S1).

To make the precursor solution of the hydrogel, GeIMA powder was dissolved in DPBS at a
concentration of 10% w/v, followed by adding 2.5% final concentration of Irgacure 2959 (2-
hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone). All the materials were purchased

from Millipore Sigma unless specified.

2.1.3 Fabrication of the composite vascular graft

To prepare the composite vascular graft, the tubular knitted textile reinforcement was mounted
on a Teflon rod (McMaster-Carr) and inserted in a custom designed and fabricated Teflon mold
(McMaster-Carr) as shown in Figure S2B, and the GelMA precursor solution was infused into
the mold. The whole structure was cooled to -20°C for 10 min to physically crosslink the gel so

as to maintain the shape of the structure. Then the mold was removed, and the composite
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vascular graft was mounted on a rotating cylinder and crosslinked while rotating using
ultraviolet light (UVP, Analytik Jena US) at a wavelength of 365 nm for 20 min. The resulting
vascular grafts are shown in their hydrated state in Figures S2C and S2D. For storage, the grafts
were frozen at -80°C, lyophilized at -50°C (Labconco lyophilizer) for 3-4 days and then stored

at -20°C until used. Lyophilized vascular grafts are shown in Figures S2E and S2F.

2.2 Structure analysis

To observe the morphology and quantify the pore size of the textile, hydrogel, and
textile/hydrogel composite samples, scanning electron microscope (SEM) images were taken
at 30x and 300x using a Phenom G1 desktop SEM (Thermo Fisher Scientific, USA). Samples
containing hydrogel were freezed at -80°C overnight and lyophilized at -50°C over 3 days
before imaging. All the samples were sputter-coated with a mixture of gold and platinum. The
morphology of the textile reinforcement and hydrogel surface was observed using an inverted
optical microscope (Axiovert 100A, Zeiss, Germany), which enabled the largest opening at the
surface of the specimen to be measured by ImageJ software. Three images were taken of each
specimen, and 3 specimens were included for each sample. The average pore size and pore size

distribution were calculated and are reported in Figure 1.

2.3 Hematoxylin and eosin staining

To observe the cross-section of the structure of the hydrated composite vascular grafts and to
distinguish the knitted textile yarns from the hydrogel, the composite grafts were fixed in 3%
formaldehyde for 24 h, followed by serial dehydration in 70%, 95% and 100% ethanol
(KOPTEC) and SafeClear™ II for 45 min in each reagent. The samples were then embedded
in Paraplast Plus embedding medium (Leica) and sectioned to a thickness of 10 um on a
microtome (Microm HM 315, Thermo Fisher, USA). The sections were stained by hematoxylin
and eosin and observed under a brightfield optical microscope (EVOS FL Auto 2 microscope,

Thermo Fisher, USA) at 4x magnification. Individual images were combined to show the entire
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cross-section of the graft. All the materials were purchased from Fisher Scientific unless

specified.

2.4 Water permeability test

Water permeability is a key feature to estimate the blood permeability of a vascular graft and
has been used to determine if a vascular graft needs pre-clotting before implantation [19]. In
general, a graft with a water permeability greater than 300 mL/cm?/min needs to be pre-clotted
to prevent hemorrhage after implantation [19]. In this study, the composite vascular graft was
immersed in 1X PBS overnight to equilibrate the hydrogel. A hydrated graft measuring 5 cm
long (L) with a diameter of 4.5 mm (D) was mounted between 2 nozzles to form a closed circuit
for water to pass through under controlled pressure. Water permeability was determined by
measuring the volume (Q) of deionized water that leaked through the vascular graft wall under
an intraluminal water pressure of 13.5 kPa (100 mmHg) for 10 minutes (t). Water permeability

(W) was calculated using Equation 1.

Q

W= myxe (1)

2.5 Degradation assay

The degradation of the three samples was monitored in vitro for 3 weeks. The freshly made
materials were freeze dried and weighed () and then immersed in 2 unit/mL collagenase |
(Gibco) solution at 37 °C. The collagenase I solution was replaced every week. At each
timepoint the samples were washed in deionized water 3 times and immersed overnight before
lyophilizing. The lyophilized samples were weighed (W) and the remaining weight (Wr) was

calculated using Equation 2.

Wo—W

Wi (%) = —p— X 100 2)

2.6 Mechanical tests
2.6.1 Probe bursting test
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A probe bursting test was used to measure the bursting strength of the vascular graft prototype
samples as described previously [6]. Briefly, a 1cm long tubular sample was immersed in PBS
overnight to rehydrate. It was then cut open in the longitudinal direction, flattened and mounted
between the 2 plates with a 4mm diameter pin hole in the center to allow a 2mm diameter probe
(R = 1mm) to pass through. The probe was connected to the crosshead of an MTS mechanical
tester with a SON load cell and a crosshead speed of 1 mm s™!. Three replicates were measured
for each sample. The bursting stress (MPa) was calculated by dividing the maximum bursting

load (N) by the surface area of the spherical probe (2nR?).

2.6.2 Suture retention test

The suture retention test was performed on an MTS mechanical tester using a SON load cell.
Samples were rehydrated by immersing in PBS overnight. The bottom end of each specimen
was mounted between pneumatic clamps while a 3—0 braided nylon suture was passed through
the top of the specimen 2 mm away from the upper cut edge. Both ends of the suture were fixed
to a capstone clamp connected to the crosshead on a MTS mechanical tester which moved with
a speed of 1 mm s™!. Three replicates were tested for each sample. The average maximum force

(N) was reported.

2.6.3 Radial dynamic compliance

Radial dynamic compliance of the vascular graft samples was measured using an Electroforce®
Biodynamic Mechanical Test System Model 5175 (TA Instruments, New Castle, DE, USA).
The test was performed following the standard ISO 7198: 2016 test method. A 5-cm-long
conduit sample was immersed in PBS to rehydrate overnight and was then mounted on the tester
with a 4.5mm diameter highly deformable polyurethane tube inserted inside so as to transfer
the intraluminal water pressure wave to the wall of the vascular graft. The water flow rate was
100 mL/min, and a pulsatile frequency was set at 1 Hz. The external diameter changes were

monitored and measured by a laser micrometer in response to 3 different dynamic pressure
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loading regimes, namely 50-90 mmHg, 80-120 mmHg and 110-150 mmHg, mimicking the
hypotensive, normotensive and hypertensive human blood pressure conditions. Each sample
was run for 20 cycles between each pressure loading regime. The radial compliance (%/100
mmHg) was calculated according to the Equation 3.

R, —R,

Ps d

% Compliance = x 10* (3)

Ryg x (s —Pa)
where,

R,= the pressurized internal radius, in mm.
pa= the diastolic pressure in mmHg.

ps= the systolic pressure in mmHg.

2.7 THP-1 cell culture
The human leukemia monocytic cell line THP-1 cells (TIB-202™, ATCC), were cultured in

high-glucose RPMI 1640 media (ATCC) supplemented by 10% fetal bovine serum (Atlas
Biologicals) and 1% penicillin streptomycin antibiotic reagent (Gibco). The cells were seeded
at a concentration of 4 x 10° cells/mL. The cell culture media was added to the cell suspension
every 2-3 days to keep the cell concentration below 1 x 10° cells/mL all the time. A complete
media change was performed every week by centrifuging the cells at 200 g force for 10 min.

The cells were expanded up to passage 7 before use.

Before seeding the THP-1 cells on the scaffold materials, the cells were activated into
macrophages by treating cells with 200 ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma)
for 24 h. After treatment, the cells become adherent and stopped proliferating. The cells were
then washed in PBS and maintained in fresh cell culture media for at least 24 h. To lift cells
from the surface, cells were incubated with Accutase® enzyme cell detachment medium
(Invitrogen) for 10 min at 37 °C. The cells were seeded to the scaffolds at a density of 2.5 x 10°

cells/cm? and the media was changed every other day.

10
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An M1 control was induced by adding 100 ng/mL lipopolysaccharide (LPS) (Invitrogen) and
an M2 control was induced by adding 40 ng/mL recombinant human interleukin-4 (IL-4)

(Peprotech).

2.8 Human umbilical vein endothelial cell culture

Human umbilical vein endothelial cells (HUVECs) (PCS-100-010™, ATCC) were expanded
in vascular cell basal medium supplemented with endothelial cell growth kit-VEGF (ATCC).
Cells were seeded on the scaffold material at a density of 2.5 x 10° cells/cm? unless otherwise

specified. The cell culture media was changed every 3 days.

2.9 Live/Dead viability assay
The viability of the cells was measured using a LIVE/DEAD® cell imaging kit (Invitrogen) per

manufacture’s instruction. Live cells were imaged at an excitation/emission wavelength of
488/515 nm and dead cells at 570/602 nm using an EVOS FL Auto 2 imaging system (Thermo
Fisher Scientific, USA) with an excitation/emission wavelength of 488/515 nm for live cells
stained by calcein acetoxymethyl ester (calcein AM) and 570/602 nm for the nuclei of dead
cells. Triplicate specimens were included for each sample material and at least 3 images were
taken from each specimen. The number of live and dead cells were counted using ImageJ, and

cell viability was calculated using Equation 4.

#of live cells

Cell viability (%) = #of live cells + #of dead cells ¥ 100 (4)

2.10 Immunofluorescence staining and imaging

The macrophage morphology was analyzed by staining the filament actin (F-actin) using Alexa
Fluor™ 488 Phalloidin (Invitrogen). The samples were fixed in 4% paraformaldehyde (Fisher)
for 20 min and permeabilized using TritonX-100 (Fisher) for 30 min. Then the samples were
blocked for 1 h using 2% bovine serum albumin (Fisher) and 2% goat serum (Gibco) in 1%

Tween 20 (Fisher) in DPBS (Gibco), followed by incubating with the Alexa Fluor™ 488
11
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Phalloidin (1:200 in blocking buffer) at 4°C overnight. The samples were then counterstained
by Hoechst 33342 (Invitrogen) at 4°C overnight followed by the addition of ProLong™ Gold
antifade reagent (Invitrogen). Between these steps, copious washes were undertaken using 1%
Tween 20 in DPBS. The stained samples were imaged using a Laser Scanning Confocal
Microscope (LSM880, Zeiss, Germany). Triplicate specimens were included for each sample

type, and at least 3 images were taken from each sample.

2.11 Gene expression analysis

The total RNA was extracted from the cell seeded samples using the total RNA purification
plus micro kit (Norgen Bioteck Corp) as per the manufacture’s instructions. The concentration
and purity of the extracted RNA was measured using a Nanodrop spectrometer (Thermo Fisher
Scientific, USA). The RNA was converted to complementary DNA (¢cDNA) using a high-
capacity cDNA reverse transcription kit (Applied Biosystems) in a MiniAmp Thermal Cycler

(Applied Biosystems) as per the manufacture’s instructions. A series of primers (Integrated

DNA Technologies, Inc.) listed in Table 1 were used to analyze the expression of specific genes.

The cDNA was mixed with a specific primer and PowerTrack™ SYBR Green Master Mix
(Applied Biosystems) and amplified in a QuantStudio 3 real-time PCR system (Applied
Biosystems, Thermo Fisher Scientific) for qPCR analysis. Triplicate specimens were included
for each type of sample material and for each reaction. The gene expressions were analyzed by
the 2-2ACt method. All gene expressions were normalized to the endogenous control gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the tissue culture plate (TCP)
control. When the power change was greater than 2, it was considered an upregulation, and

when it was smaller than 0.5, it was considered as a downregulation.

Table 1. PCR primers

Gene Function Forward Reverse

IRFS M1 inducing transcription factor CCAGCCAGGACGGAGATAAC CATCCACGCCTTCGGTGTAT
TNF-a promotes leukocytes
recruitment in the early state of

TNF-a atherosclerosis. Knockout of TNF-o or CTGCTGCACTTTGGAGTGAT AGATGATCTGACTGCCTGGG
administration of agents that reduce
TNF-a activity were both found to

12
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reduce atherosclerosis and endothelial
adhesion.
IL-1p was implicated to promote
IL-1B coagulation, leukocyte-to-EC adhesion, ~ATGATGGCTTATTACAGTGGCAA  GTCGGAGATTCGTAGCTGGA
and SMC proliferation.
STAT6 M2 inducing transcription factor ATGGGGCAACAGAAAAGATG GCACAGAAGACAGCAGCAAG

IL-10 was found to increase the EPC

survival, migration, and VEGF
IL-10 expression in the MI murine model. It TCAAGGCGCATGTGAACTCC GATGTCAAACTCACTCATGGCT

is also inhibitor of TNF-a, IFN-c, IL-

1b.
CD206 M2 marker AAGGCGGTGACCTCACAAG AAAGTCCAATTCCTCGATGGTG
VEGEF promotes endothelial
proliferation, migration, and sprouting
of tip cells in the early stages of
angiogenesis
Myeloid cell-derived PDGF-B
contribute to the reduced neotissue
formation and retarded polymer
degradation of vascular graft in vivo.
PDGF-BB KO in a murine model
caused macrophage apoptosis and
reduced the macrophage population in
the TEVG.
TGF-B increases vascular smooth
muscle cell proliferation through the
Smad3 and ERK MAPK pathways. It
was also implicated to enhance intimal
hyperplasia. Downregulation of
inflammatory cytokine in monocytes
and macrophages; MMP9-dependent
activation.
TIMP3 rTeImI\ﬁi fi‘lfgdlate vascular stenosisand -\ G A GGCTTCACCAAGATG CATCATAGACGCGACCTGTCA
GAPDH  Endogenous control AAGGTGAAGGTCGGAGTCAAC GGGGTCATTGATGGCAACAATA

VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA

PDGF CTCGATCCGCTCCTTTGATGA CGTTGGTGCGGTCTATGAG

TGFBI1 CAATTCCTGGCGATACCTCAG GCACAACTCCGGTGACATCAA

2.12 Conditioned media collection and treatment

In order to study how macrophages cultured on the scaffold materials would influence HUVEC
activity, the supernatant conditioned media (CM) from the THP-1 cells cultured on the material
samples were collected every other day. The media were filtered through a 0.2 pum
polyethersulfone (PES) membrane to remove cellular debris and were then stored at -20°C until

use.

HUVECs were seeded at a density of 1 x 10* cells/well on 24-well plates. The conditioned
media were added to the HUVECs together with the complete HUVEC culture media at a ratio
of 1:1. A media control was included with RPMI basal media and complete HUVEC culture
media at a ratio of 1:1 to eliminate the role of HUVEC media on EC migration.. The media
were replenished every 3 days. The metabolic activity of HUVECs was measured at 1, 4 and 7
days after cell seeding and the cell number was quantified to analyze the HUVEC proliferation
over 7 days under the CM treatment.

13
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2.13 HUVEC metabolic activity and proliferation assay

The alamarBlue® assay (Invitrogen) was used to measure the cell metabolic activity by
following the manufacture’s instructions. Briefly, cells were incubated for 2 hours at 37 °C in
fresh cell culture media supplemented with 10% (v/v) alamarBlue® reagent. Then, 100 pL
reagent was added to a 96-well plate for fluorescence reading. The fluorescence was read at the
excitation and emission frequencies of 550 nm and 590 nm respectively and any reduction in
alamarBlue® reagent (% reduction) was calculated by Equation 5. The culture media plus 10%
alamarBlue® reagent added to a blank well was used as the negative control. The positive
control was prepared by autoclaving the media containing 10% alamarBlue® reagent for 15 min

at 121 °C.

Exp. — Neg. ctrl
~ Pos. ctrl — Neg. ctrlX 100 (5)

9% Reduction

where,
Exp. = reading from the experimental sample.
Neg. ctrl. = reading from the negative control.

Pos. ctrl. = reading from the 100% positive control.

To quantify cell proliferation, a standard calibration curve has to be created recording the
percentage reduction at different cell numbers from 5,000 to 40,000. The number of living cells
on the scaffold was then calculated by comparing the percent reduction of cells on the samples

to the calibration curve.

2.14 HUVEC migration

Human umbilical vein endothelial cells (HUVECs) were seeded at a density of 1.2 x 10° cells
per well in a 48-well plate and incubated overnight. Using a 1000uL micropipette tip, the

endothelial cells were scratched to create a straight wound as shown in Figure 7. The scratched

14
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cells were washed off using 0.01M PBS. The conditioned media (CM) of the macrophages
cultured with the different samples was mixed with endothelial cell media at a ratio of 1:1 and
then added to the HUVECs. After a 24-hr treatment, Spg/mL calcein acetoxymethyl ester
(calcein AM) (Cayman Chemical) was added to stain the cytoplasm of the endothelial cells,
and Hoechst (Invitrogen) was added to stain the cell nuclei. Microscopic images were taken
using an EVOS FL Auto 2 imaging system (Thermo Fisher Scientific) with an
excitation/emission wavelength of 488/515 nm for calcein AM and 357/447 nm for Hoechst.
The relative wound area was calculated using Equation 6. A smaller wound area indicates

faster cell migration.

Ay

Ay —
Wound Area = —;— x 100 (6)

where:
A, 1s the wound area after 24 h of incubation.

Ay 1is the initial wound area.

2.15 Statistics

Statistical analysis was performed using JMP Pro 15 software (SAS Institute). Means and
standard deviations were calculated and are presented in Section 3. One-way analysis of
variance and all-paired Tukey's post hoc test were used to identify statistical significances
(p<0.05). Median was reported and non-parametricSteel-Dwass test was conducted when the

data show a skewed distribution.

3. Results
3.1. Fabrication of the fiber-reinforced hydrogel vascular graft

In order to build a vascular graft that has sufficient mechanical robustness to maintain
dimensional stability and normal healthy function as well as promote vascular tissue

regeneration, we designed a textile fiber-reinforced hydrogel composite vascular graft (Figure

15
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1A). A knitted 2-ply PLA conduit (Figure 1B) was fabricated from PLA multifilament yarns
using a circular knitting machine (Figure S2A). This textile conduit served as the backbone
and reinforcement of the composite vascular graft to provide primary mechanical support. It
was inserted in a customized Teflon® mold (Figure S2B), and the GeIMA hydrogel pre-
polymer solution was infused into the mold and photo-crosslinked into the composite graft
(Figure 1C, Figures S2C-S2F). Figure 1D shows a cross-sectional view of the composite graft
stained with hematoxylin and eosin (H&E). The purple staining indicates GelMA hydrogel
while the unstained pale material indicates PLA fibers. It can be observed from Figure 1D that
PLA fibers were surrounded by the GeIMA hydrogel, which can also be appreciated from the
scanning electron microscopy (SEM) image in Figure 1E. Figures 1E and 1F show the surface
of the composite at low and high magnifications respectively. In Figure 1F, it can be seen from
the external surface of the composite graft that the PLA fibers were well embedded in the
hydrogel matrix. The structure of the PLA textile is shown in Figure 1G (low magnification)
and Figure 1H (high magnification), and the surface morphology of the hydrogel matrix is

presented in Figures 11 and 1J (both at high magnification).

The SEM images also allow the measurement of the pore size area and distribution on the
surface of the graft. It is noticeable that the knitted textile structure has large pores (Figure 1L),
which can cause blood leakage through the vessel wall under internal pressure and require
additional pre-clotting procedure before clinical use. After infusing the hydrogel matrix, these
large pores on textiles were filled in by the GeIMA hydrogel. As a result, the water permeability
of the graft was reduced to a negligible level, ~ 5.5 uLL cm™ min-!, which is critical to the normal
clinical function of a vascular graft to prevent blood leakage through the porous knitted

structure and regulate hemostasis.

The degradation profile of the three samples was investigated by immersing the materials in

collagenase I solution over a period of 3 weeks (Figure S3). The PLA textile was relatively
16
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stable with 96.9% weight remaining after 3 weeks. This allowed the composite graft to have a
stable backbone to withstand applied mechanical forces and tensions. The GelMA hydrogel
degraded faster and gradually lost 43.3% of its original weight over 3 weeks. This indicates
that 56.7% of its original weight remained. Despite changes in mass, it was noted that the

volume of the three samples did not change significantly. The gradual degradation of the

GelMA matrix could potentially help cell infiltration and ECM deposition.
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Figure 1. (A) Scheme of the experimental design and fabrication process for the composite
vascular graft. (B) Gross photograph of the PLA textile and (C) the PLA/GelMA composite
vascular graft. Scale bar = 3 mm. (D) H&E histological image of the cross section of the
composite vascular graft. GeIMA hydrogel matrix was stained in purple; PLA textile remained
unstained in gray. Scale bar = 3 mm. (E-J) SEM images of (E-F) composite vascular graft
compared to (G-H) 2-ply textile sample and (I-J) hydrogel matrix. Scale bar: (E & G) 2 mm,
(F, H-J) 100 um. (K-L) Pore size distribution of (K) composite vascular graft and (L) textile
reinforcement. (M) Radial dynamic compliance of the textile and composite vascular grafts.
Grey area on the background marked out the compliance range of a human saphenous vein graft
[13, 18] (N) Bursting strength and (O) suture retention strength results for the three samples:
the composite vascular graft, the hydrogel matrix and the textile reinforcement. The black lines
indicate the minimum requirements for the vascular graft application [13, 18]. n=3. *p<0.05.

3.2 The composite vascular graft has sufficient mechanical strength
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As required by the ISO 7198:2016 standard, Cardiovascular implants and extracorporeal
systems - Vascular prostheses, tubular vascular grafts, vascular patches, a vascular graft must
show sufficient mechanical strength for its safe use [20].

Radial dynamic compliance measures and predicts the ability of the graft wall to dilate and
contract in response to intraluminal blood pressure. It is critical for the long-term patency of
any vascular graft given that numerous studies have reported about complications and lost graft
patency results from a mechanical mismatch between the graft and its adjoining natural vessel
[18,21,22]. In the normal human blood pressure range, the compliance of the composite
vascular graft was 3.03 + 0.69 %/100mmHg. At hypotensive and hypertensive blood pressure
ranges, the compliance of the composite graft was 3.93 + 1.05%/100mmHg and 3.35 +
1.33 %/100mmHg respectively (Table 2). Although not completely matching the compliance
of a human artery (5.9 = 0.5 %/100mmHg [18]), the composite conduit showed compatible
compliance to the reported compliance of a human saphenous vein graft (0.7-4.4%/100mmHg
[13,18]), which is the current gold standard graft for bypass surgery. It also surpassed the
compliance of traditional ePTFE (1.6 + 0.2 %/100mmHg) and Dacron vascular grafts (1.9 + 0.3

%/100mmHg) [18].

Table 2. Compliance results for the vascular graft samples

Intraluminal Textile Textile/hydrogel

Pressure (mmHg) reinforcement composite graft
Radial dynamic 50-90 3.63+ 0.48 3.93£0.69
compliance 80 -120 1.49+0.22 3.03+1.05
(%/100mmHg) 110150 2.17£0.95 3.35+1.33

Surprisingly, the composite vascular graft showed slightly improved compliance compared to
the textile reinforcement under normotensive and hypertensive blood pressure ranges (p<0.001)
(Figure 1M and Table 2). Although the textile reinforcement had a better dilation response to
the increase of intraluminal pressure compared to the composite, its ability to recover was not
as good as for the composite graft. Adding the elastic hydrogel matrix contributed to the

increase of the radial compliance of the composite graft. However, the hydrogel matrix sample
18
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without textile reinforcement was mechanically too weak to survive the compliance test, and

therefore no data was obtained.

Bursting strength is another important mechanical property because it indicates the amount of
stress or internal pressure that the vascular graft can withstand prior to rupture. Due to the
incorporation of the textile reinforcement, the bursting strength of the composite vascular graft
(4.4 £ 2.1 MPa) was significantly improved compared to the hydrogel matrix sample (1.0 + 0.4
MPa) (p=0.0138). All three samples exceeded the minimum requirement of 0.26 MPa bursting

strength for a vascular graft (Figure 1N) [13].

Suture retention strength is critical to secure the anastomosis between a vascular graft and the
adjoining native blood vessel. Inadequate suture retention strength can lead to fraying at the cut
edge of the vascular graft which can cause dehiscence, suture line failure, bleeding and/or the
formation of a false aneurysm. The hydrogel sample had insufficient suture retention strength,
making it impossible to suture. Reinforced by the knitted textile component, the composite
vascular graft showed a significantly improved suture retention strength of 20.06 + 4.47 N,

which far surpassed the minimum required suture retention strength of 2N (Figure 3B) [13].

3.3 The mechanical properties of the composite vascular graft were optimized by
modifying the textile structure

Given that the textile reinforcement provided the mechanical strength to the composite vascular
graft (Figure 1), we were able to optimize the structure of the textile reinforcement by changing
the number of PLA yarns that were plied together (Figure 2A). We then evaluated the impact
of the number of plied yarns on the structure (Figure 2E-H) and the critical mechanical
properties of the vascular graft, namely, the radial dynamic compliance (Figure 2B), the

bursting strength (Figure 2C) and the suture retention strength (Figure 2D).
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Figure 2. Optimization of the textile reinforcement. (A) Illustration of the structure of the PLA
yarns used to fabricate the textile reinforcement. (B) Radial dynamic compliance of the tubular
textile structure knitted from 1, 2 or 3 plies of PLA yarn under hypotensive (50-90mmHg),
normotensive (80-120 mmHg) and hypertensive (110-150 mmHg) intraluminal pressure. Grey
area on the background marked out the compliance range of a human saphenous vein graft
obtained from the literature. (C) Bursting strength and (D) suture retention strength of the textile
structure knitted from 1, 2 or 3 plies of PLA yarn. The black lines indicate the minimum
requirements for a vascular graft. (E) H&E histological image of the composite vascular graft
knitted from 2-ply (left) and 3-ply (right) PLA textile yarn. Scale Bar = 3 mm. (F) Pore size
distribution of the 2-ply and 3-ply knitted textile structure. (G & H) Optical microscopic images
of the structure knitted from (G) 2-ply and (H) 3-ply PLA yarn. Scale Bars= 500 um. n > 3;
*p<0.05.

One, two or three ends of PLA yarn were plied and fed into a circular knitting machine to knit
a tubular textile structure (Figure 2A). The sample knitted from 1-ply PLA yarn was
excessively loose and lacked structural stability, while those samples knitted from 2-ply and 3-
ply yarns were more stable. Optical images of the 2-ply (Figure 2G) and the 3-ply structures
(Figure 2H) showed that the 2-ply sample had larger pores (Figure 2F) and fewer fibers, which
meant that the structure was looser than the 3-ply sample. It can also be observed from the

cross-sectional views of the 2-ply and 3-ply composite grafts (Figure 2E) that there were fewer

fibers in the 2-ply vascular graft sample compared to the 3-ply sample.
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The 1-ply or singles knitted structure gave significantly larger compliance vales at different
intraluminal pressures compared to the 2-ply and 3-ply samples. The 2-ply knitted structure
also had a higher compliance compared to the 3-ply sample in the hypotensive blood pressure
range, but similar compliances when operating within the normotensive and hypertensive
ranges (Figure 2B). Such a decrease in the radial compliance of the 2-ply and 3-ply samples
might be ascribed to a tighter knitted structure which increased the friction between fibers and

reduced the inter-fiber spacing.

On the other hand, increasing the number of plies resulted in a stronger bursting strength
(Figure 2C). It has been reported previously that increasing the tightness of the textile structure

can improve the bursting strength of the fabric [6].

With the addition of the textile reinforcement, there was no significant improvement in the
suture retention strength (Figure 2D). Yet all three samples showed a bursting strength and a
suture retention strength that exceeded the minimum requirement for a vascular graft, as

denoted by the black lines in Figures 2C and 2D.

So when taking all the results into consideration, the 2-ply PLA knitted structure was selected
as the optimum reinforcement for the composite vascular graft. Overall, the 1-ply or singles
knitted structure showed good compliance and acceptable bursting and suture retention strength.
However, its loose and easily deformable structure, makes it difficult to handle in a clinical
setting. And while the strength of the 3-ply sample was high, its compliance was unacceptably
low. Therefore, the 2-ply knitted structure was selected for further study of the composite

vascular graft because of its relatively good compliance and superior strength and robustness.

3.4 Endothelial cell viability, adhesion and proliferation on the composite vascular graft
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To determine if the material would favor endothelial cell survival and proliferation, HUVECs
were seeded on the textile (Figure 3A), hydrogel (Figure 3B) and textile/hydrogel composite
graft (Figure 3C) to evaluate the cytocompatibility of the material to HUVECs. Cells seeded

on the tissue culture plate (TCP) were used as a control.
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Figure 3. Endothelial cell growth on experimental samples in vitro. (A - D) Live/dead staining
of cells cultured for one day on (A) PLA textile sample, (B) GeIMA hydrogel, (C)
textile/hydrogel composite sample and (D) tissue culture plate (TCP) as the control. Green =
live cells, red = dead cells, black = textile, gray=hydrogel. Scale bar =275 um. (E) Cell viability
of HUVEC:s after 3 days of in vitro culture. (F) Cells attached to scaffold after one day of in
vitro cell culture. (G) Cell proliferation over 7 days of in vitro cell culture. Cell numbers were
normalized to viable cells on each scaffold on Day 1. n=6, *p<0.05.

HUVEC:s exhibited significantly lower viability on the PLA knitted textile sample (71.4 £ 12.1
%) compared to the hydrogel sample (89.9 + 7.7 %, p=0.0035), the composite sample (90.1 +
4.7 %, p=0.0019) and the TCP control (91.7 £ 5.3 %, p=0.0003) (Figure 3E). This demonstrates
the important role of the hydrogel in improving HUVEC viability. Not only was the cell
viability enhanced, but also the cell attachment was improved due to the addition of the
hydrogel matrix. There was only a limited number of HUVECs (1140 £ 731) attached to the

PLA textile sample one day after cell seeding, which may be due to the high porosity and/or
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the lack of bioactivity (Figures 3A & 3F). While there appeared to be more cells attached to
the hydrogel matrix (hydrogel (2226 £ 1251) compared to the textile sample (1140 £ 731), the
difference was not significant (p=0.4979) (Figure 3B & 3F). However, the composite scaffold
showed a significantly higher number of attached cells (4838 £ 2425) one day after cell seeding
(composite vs. textile: p=0.0036; composite vs. hydrogel: p=0.0357) (Figures 3C & 3F). The
hydrogel matrix provided a more bioactive surface for cell attachment. So the addition of the
hydrogel not only increased the surface area for cells attachment, but the combination of both
the textile reinforcement and the hydrogel matrix also contributed to the improvement in

HUVEC binding to the composite scaffold.

Cell metabolic activity remained high in the composite and hydrogel scaffolds when cultured
in endothelial basal media (EBM) without the addition of serum and growth factors (Figure
3G). On the other hand, cells cultured on the textile scaffold under the same conditions showed
only minimal metabolic activity (composite vs. textile: p<0.0001; composite vs. hydrogel:
p=0.0118; hydrogel vs. textile: p=0.0002). The number of live cells was calculated by
extrapolating a standard calibration curve with a series of known cell numbers. For example,
the cell number on Day 7 was normalized to the cells attached to the scaffold on Day 1 to
calculate the fold change, assuming the cell metabolic rate was the same. On Day 7, there was
no viable cells on the textile scaffold in EBM. On the contrary, 91.0 £ 25.0 % cells seeded on
the hydrogel scaffold remained alive in EBM, and 75.3 £ 46.9% cells remained on the
composite scaffold. This comparison points to the fact that there were significant benefits in
using the hydrogel matrix so as to maintain cell viability for up to 7 days in vitro even without

the addition of serum and growth factors.

When serum and growth factors (EGM) were added to the endothelial cell growth media the

HUVECGC: actively proliferated in vitro for 7 days on the composite and hydrogel scaffolds at a
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faster rate than on the textile scaffold. Compared to Day 1, the number of HUVECs at Day 7
had increased 2.69 = 0.37 fold on the composite scaffold, 2.12 + 0.08 fold on the hydrogel
matrix, but only 1.41+ 0.54 fold on the textile sample (composite vs. textile: p=0.003; hydrogel

vs. textile: p=0.0428; composite vs. hydrogel: p=0.1147).

In summary, we found that the textile structure alone lacked the bioactivity to support HUVEC
growth. The combination of textile and hydrogel materials significantly improved the viability

and proliferation of the HUVECs attached to the scaffold during 7 days of cell culture.

3.5 The composite vascular graft showed macrophage cytocompatibility
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Figure 4. THP-1-derived macrophages cultured in vitro for 3 days on the composite textile/
hydrogel scaffold (A-C), and on the textile scaffold (D-F). Scale bar =275 um. (G) Macrophage
viability on composite, textile, and hydrogel scaffolds.

In this study, we used THP-1 cell derived macrophages to study and compare their in vitro
responses to the composite scaffold and the two separate components: the textile sample and
hydrogel matrix. Macrophages retained a relatively high viability on all the components of the
composite vascular graft (Figure 4G). There was no significant difference in the macrophage

viability on the composite, textile and hydrogel scaffolds, indicating that both components of

the composite vascular graft had good cytocompatibility to THP-1 cell-derived macrophages.
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Figure 5. Confocal microscopies the THP-1-derived macrophages after in vitro culture for 7
days on the textile/hydrogel composite scaffold and on the PLA textile sample.
Immunofluorescence staining of F-actin (green) and nuclei (blue) of the macrophages on the
composite scaffold (A-B) and on the PLA textile scaffold (C-D). Scale bars: (A & C) 200 pum,
(B & D) 50 um. (E) Single cell area (E) and length/width ratio (F) of the cell was not changed
significantly between the PLA textile sample, the composite scaffold, and the tissue culture
plate (TCP) control. Triplicate images were recorded for each specimen and at least 30
measurements were conducted on each sample. *p<0.05. NS = no significant difference.

The cytoskeleton of the macrophages was stained by phalloidin on both the composite scaffolds
and textile sample (Figure 5). There was a mixture of spindle-shape macrophages and spherical
macrophages on both the composite scaffold (Figure SA-5B) as well as on the textile sample
(Figure 5C-5D). The distributions of the cell area (Figure SE) and the cell length/width ratio
(LWR) (Figure 5F) were asymmetric and skewed to the right, suggesting there was a larger
population of small and round cells than large and elongated cells. The median cell area and
LWR were reported and compared (Figures SE and 5F). Based on the non-parametric Steel-
Dwass test for multiple comparisons, the median macrophage cell area on the composite

scaffold was significantly smaller than that on the textile sample (p=0.019) or on the TCP

control (p<0.01). But there was no statistical difference between the macrophage LWRs on the
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composite, textile and TCP surfaces. Most cells exhibited a LWR close to 1, indicating a

spherical cell morphology.

3.6 The composite vascular graft enhanced the expression of both M1 and M2 related
genes in macrophages.

The gene expression of THP-1-cell-derived macrophages were monitored while cultured on the
various scaffold materials. Compared to the TCP control, the presence of the biomaterial elicted
the macrophage activation at a significantly higher level after 7 days of in vitro culture. This
was confirmed by the elevated expression of both M1 and M2 related genes as shown in Figure

6. M1 genes were expressed at a higher level compared to M2 genes in general.

The M1 related genes, interferon regulatory factor 5 (IRF5), tumor necrosis factor-a (TNF-a),
and interleukin-1B (IL-1B), were measured in this study. IRFS5 is the transcription factor that
drives the M1 phenotype in macrophages and correlates to atherosclerosis plaque vulnerability
[26, 27]. It was only slightly upregulated by 1.5-fold by the composite graft when compared to
the TCP control (Figure 6A). TNF-a was highly expressed in the lipopolysaccharide (LPS)
activated M1 macrophages, which is 47-fold greater than inactivated monocytes and 4-fold
greater than the TCP control (Figure S5 A&B). In response to the composite scaffold, TNF-a
expression in macrophage was upregulated 6-fold compared to the TCP control (Figure 6B).

Another M1 gene, IL-1, was upregulated 6.6-fold compared to the TCP control (Figure 6C).
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Figure 6. Gene expression of THP-1-derived macrophages following 7 days of in vitro culture
on the PLA textile sample, GeIMA hydrogel matrix, the textile/hydrogel composite and tissue
culture plate (cell only) control. M1 macrophage related genes: (A) IRFS, (B) TNF-a, (C) IL-
1B; M2 macrophage related genes: (D) STAT6, (E) CD206, (F) IL-10. *p<0.05, NS: non-
significant. n>3.

The M2-related genes, signal transducer and activator of transcription 6 (STAT6) and

interleukin 10 (IL-10), were also upregulated in macrophages by the composite graft, while

mannose receptor C type 1 (MRC1 or CD206) remained unchanged.

STAT6 is a M2 transcription factor that drives the M2 phenotype as observed by the
upregulation of M2-related genes such as arginase 1 (Argl) and CD206 [33,34]. In this study it
was upregulated in macrophages 2-fold by the composite scaffold and merely 1.5-fold by the
textile and hydrogel matrix samples (Figure 6D). CD206 was highly expressed in IL-4 induced
M2 macrophages, 3-fold times greater than non-adherent monocytes and 21-fold times more

than adherent macrophages on the TCP control (Figure S§ C&D). However, no significant
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difference was observed in the expression of CD206 in macrophages on the composite scaffold
compared to the TCP control (Figure 6E). IL-10 was upregulated 4 fold by the composite

scaffold, 1.3 fold by the textile sample, and 1.8 fold by the hydrogel matrix (Figure 6F).

3.7 The composite vascular graft upregulated genes related to the vascularization and

tissue remodeling.
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Figure 7. Vascularization-related gene expression of THP-1-derived macrophages after
culturing for 7 days) in vitro on textile, hydrogel, textile/hydrogel composite and tissue culture
plate (TCP) control samples: (A) VEGF, (B) PDGF, (C) TGF-1, (D) TIMP-3. *p<0.05, n=3.
After studying the gene expression related to macrophage activation and phenotype, we further
looked at the macrophage gene expression related to vascular tissue regeneration and vascular
graft remodeling. Vascular endothelial growth factor (VEGF) was significantly upregulated in
macrophages cultured on the textile and hydrogel scaffolds compared to the tissue culture plate
(TCP) control (Figure 7A). The combination of the textile and hydrogel further increased

VEGEF gene expression compared to the scaffolds with only textile and hydrogel components

(4.82 versus 1.99 and 2.23, p<0.0001). The macrophage platelet-derived growth factor (PDGF)
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was also significantly upregulated by the composite (2.89, p<0.05), textile (2.78, p<0.05) and

hydrogel samples (2.69, p<0.05) compared to the TCP control (Figure 7B).

Transforming growth factor-beta 1 (TGF-P1) is another important factor that mediates vascular
graft stenosis and remodeling [37]. TGF-B1 expression remained unchanged on all three

samples compared to the TCP control (Figure 7C).

The tissue inhibitor matrix metalloprotease-3 (TIMP-3) also participates in vascular graft
remodeling. In this study, the material did not elicit changes in the expression of TIMP-3. The
textile scaffold elicited only 1.47-fold higher TIMP-3 gene expression than the TCP control,
which might be due to the extensive exposure of synthetic PLA polymer to macrophages. On
the other hand, the hydrogel scaffold downregulated TIMP-3 gene expression to 0.79-fold
compared to the TCP control. Synergistically, the TIMP-3 gene expression in macrophages on
the composite scaffold was similar to the TCP control (1.21 versus 1, p=0.018) (Figure 7D),
which might be explained by the hydrogel encapsulating the textile component and reducing

the contact between the macrophages and the PLA textile material.

3.8 Endothelial cell migration was enhanced by the macrophage conditioned media

cultured on the composite vascular graft
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Figure 8. Macrophage conditioned media (CM) accelerated EC migration in a scratch assay.
The CM collected from macrophages cultured on (A) the textile/hydrogel composite scaffold,
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(B) the textile scaffold, (C) the hydrogel scaffold. Two controls were included: (D) CM from
MO macrophages was added to ECs to study the effect of macrophage CM on ECs; (E) RPMI
basal media mixed with complete EC media at a ratio of 1:1 was also used as a media control.
Scale bar = 275 pm. White dash lines on the images indicate the original scratch across the EC
monolayer. (F) Effect of macrophage CM on EC scratch area. (G) Macrophage CM showed no
significant impact on EC proliferation over 7 days. *p<0.05. NS: no statistical significance.
The cell migration assay illustration was created using templates from Servier Medical Art
under the Creative Commons Attribution 3.0 Unported License.

As mentioned previously, critical to the success of a vascular graft is the rapid formation of a
continuous, intact and functional endothelium on the luminal surface. After seeing the
upregulation of the angiogenic genes, VEGF and PDGF, in macrophages cultured on the
composite scaffold, further investigations were pursued to determine if macrophages could
increase EC migration and proliferation in a paracrine manner. Macrophages were cultured on

composite, textile, hydrogel and TCP scaffolds, and the supernatant conditioned media (CM)

was collected every other day and used to treat the EC monolayer on a TCP.

A scratch assay was used to study EC migration when cultured in macrophage CM (Figure 8).
A scratch was created on a single-layer of ECs cultured on TCP (Figure 8A-8E). Macrophage
CM was added to theECs for 24 h and the migration of the ECs across the scratch wound was
measured. It was found that macrophage CM was able to accelerate EC migration within 24
hours as indicated by a smaller wound area compared to the media only control which contain
fresh 1:1 RPMI:EC complete medium (Figure 8F). In particular, macrophages cultured on the
three scaffold materials, that is the composite, textile and hydrogel samples were able to further
increase the cell migration rate compared to the macrophages cultured on a tissue culture plate.
This might be explained to the enhanced macrophage activation and the upregulation of genes

such as VEGF in macrophages on the scaffold materials (Figure 6 and 7).

Using the alamarBlue® assay, EC proliferation was also quantified during culture in

macrophage CM over 7 days. Although the macrophage CM was able to promote EC migration,
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it did not promote the EC proliferation compared to the fresh media control. In fact it even

slowed down the EC proliferation during the initial 5 days (Figure 8G).

4. Discussion

Tissue-engineered vascular grafts fabricated from synthetic polymers usually lack a positive
cellular response and can potentially retard the regeneration process. Natural polymers have
long been considered as viable materials to promote tissue regeneration and revascularization,
but their use has been limited by their inferior mechanical properties. In this study, a composite
vascular graft was successfully engineered using a knitted poly(lactic acid) textile
reinforcement and a gelatin methacryloyl hydrogel matrix. The textile reinforcement provided
satisfactory mechanical performance, and at the same time, the hydrogel matrix promoted
endothelial cell survival, adhesion, and proliferation. The combination of the textile and the
hydrogel components also enhanced M1 and M2 macrophage gene expression and upregulated
angiogenic genes such as VEGF and PDGF, which further encouraged endothelial cell
migration. In addition to its role in promoting positive cellular response, the hydrogel also
sealed the large pores of the textile structure and eliminated fluid leakage through the graft wall
under pressure. This in turn will positively regulate hemodynamic flow and fabricate a more

clinically secure and successful vascular graft.

Compliance is one of the most critical mechanical properties needed by a vascular graft so as
to achieve ultimate success in the clinic [18,42,43]. The mechanical mismatch at the
anastomosis of a stiff vascular graft and a flexible host blood vessel can elevate the intraluminal
stress at the anastomosis and cause the suture-line intimal hyperplasia [44]. In this study, we
found that the initial radial compliance of the composite vascular graft was comparable to the
compliance of the human saphenous vein, the current gold standard, which suggests that the
compliance of the composite vascular graft is acceptable for this type of application. It is worth

noting that the compliance of the composite vascular graft was higher than the textile scaffold
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alone. This may be due to the coating of the elastic hydrogel matrix that was added to improve

the hemostasis of the vascular graft [45].

The strength of the vascular graft determines the safety of the vascular graft once implanted.
As shown in this study, the PLA textile reinforcement provided the primary mechanical strength,
but there are many factors that can influence the bursting strength and suture retention strength
of a vascular graft, including, but not limited to, the type of material [46], the structural design
[47,48,49], the density and thickness [50,51], the method of fabrication [52] and post-
fabrication treatments such as crosslinking and heat-setting [6,13,53]. We particularly
investigated the impact of the number of PLA filaments that were plied together for the
fabrication of the textile reinforcement. Incorporating more ends of PLA filaments increased
the thickness and strength of the multifilament yarn [6]. It also caused the final knitted structure
to have a smaller average pore size, a tighter structure, a stronger bursting strength but a lower
radial compliance. The 2-ply PLA conduit was selected for the textile reinforcement due to its

stable structure and acceptable mechanical performance.

Like any implantable biomaterial, the basic requirement for the composite vascular graft is
cytocompatibility, which means that the material is not toxic to cells and does not induce cell
death. In this study, we cultured two types of cells, macrophages and endothelial cells, on the
three types of materials so as to evaluate their cytocompatibility. Both cell types are important

components of a regenerated vascular graft and showed high viability on our graft materials.

The luminal surface of a healthy blood vessel is lined by a continuous single layer of endothelial
cells, which contacts the blood directly, playing a critical role in regulating hemostasis [23].
Successful and rapid endothelization on the luminal surface of a vascular graft will terminate
the coagulation cascade and prevent stenosis and occlusion of the blood vessel [57]. The

reendothelization on the luminal surface of a vascular graft is of great importance for its success.
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In this study the combination of the textile and hydrogel components presented good
cytocompatibility to endothelial cells. Although endothelial cells had a lower viability on the
synthetic textile scaffold, the introduction of the hydrogel was able to significantly increase the
endothelial cell viability. The study also demonstrated that the number of endothelial cells
attached and proliferated on the composite scaffold improved due to the addition of the hydrogel
component. Such properties of the composite vascular graft might promote a rapid re-

endothelization in vivo.

Macrophages are the innate immune cells that are among the first responders to a foreign
implant. They are among the key mediators that signal vascular tissue cell activity and
determine the vascular graft’s process of regeneration or restenosis [40,54]. Early studies on
vascular grafts attempted to circumvent the activation of the immune system to prevent
hyperplasia and adverse remodeling. However, the immune response is inevitable after
implanting a foreign material. Immune cells are rapidly recruited to the biomaterial after
implantation and actively regulate the subsequent tissue regeneration process by setting up an
immune microenvironment [55]. Moreover, eliminating or avoiding macrophage activation
does not benefit the situation, but instead prevents the tissue regeneration process [25]. M1
macrophages are pro-inflammatory. They predominate the cell population at the early stage
following implantation and express proinflammatory cytokines such as TNF-a and IL-13. M1
macrophages also release a high level of angiogenic cytokines such as VEGF. They are able to
promote endothelial cell migration and proliferation, which is beneficial to the endothelization
of the vascular graft. However, their prolonged presence can prevent vascular maturation,
decrease endothelial cell proliferation, and induce vascular graft stenosis [17]. M2 is an anti-
inflammatory and pro-regenerative phenotype. They consist of subtypes that assume distinct

functions. For example, the M2a subtype can be induced by IL-4 and IL-13 and the M2c¢ subtype

33



Soft Matter

can be induced by IL-10 [25]. They release high levels of PDGF that can stabilize the vascular

cells and regulate deposition of extracellular matrix and graft remodeling [68].

In this study, macrophages showed a high viability and did not show differences between the
textile and hydrogel components of the composite vascular graft. After 7 days of in vitro culture,
the composite vascular graft enhanced the activation of macrophages, evidenced by
upregulating both M1-related genes, TNF-a and IL-1pB, and M2-related genes, STAT6 and IL-

10, but not IRF5 and CD206.

TNF-a is known to promote the differentiation of endothelial progenitor cells [28] and induce
the secretion of IL-8 to promote phagocyte recruitment and their adhesion to the endothelium.
IL-1B has been identified as a treatment target for atherosclerosis, given that its presence
promotes coagulation, leukocyte-to-EC adhesion, and SMC proliferation [29, 30]. Blockage of
IL-1pB has been observed to reduce SMC proliferation which is thought to reduce the risk of
intimal hyperplasia in vascular grafts [29]. However, IL-1B was also reported to mediate
vascular endothelial growth factor (VEGF) and induce the production of nitric oxide from ECs,
which is known to benefit the endothelization process of vascular grafts [31, 32]. Therefore, the
upregulation of TNF-a and IL-1P by the composite graft could potentially reduce the risk of

graft stenosis and promote endothelization.

On the other hand, M2 genes STAT6 and IL10 were also upregulated. Upregulation of STAT6
has been reported to enhance the efferocytosis in macrophages to remove apoptotic cell debris
and resolve inflammation [35]. The expression and phosphorylation of STAT6 was also found
to decrease in the unstable and vulnerable atherosclerotic plaque in mice [33], and marginal
upregulation of STAT6 by the composite material after 7 days of in vitro cell culture might
mitigate the subsequent implant-induced inflammation around a vascular graft in the case of in

vivo implantation. IL-10 is known to reduce inflammation, increase the survival and migration
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of human endothelial progenitor cells (EPC), and upregulate VEGF expression in a murine
myocardial infarction (MI) model [36]. The significant upregulation of IL-10 by the composite

vascular graft can potentially benefit the regeneration of the TEVG in situ.

Such a hybrid gene expression profile of M1- and M2-related genes might suggest a mixture of
MI1 and M2 macrophages or a transition from M1 to M2 macrophages. O’Brien et al
demonstrated that previously activated M1 macrophages were readily primed to an M2-like
phenotype (M1-M2), which showed enhanced angiogenic gene expression, compared to M2
macrophages derived from inactivated MO macrophages (M0-M2) [58]. These M1-M2
macrophages were able to accelerate endothelial cell migration compared to the M0-M2

macrophages [58].

In this study, the composite scaffold also showed a significantly higher level of macrophage
gene expression in TNF-o, IL-1p, IL-10 and VEGF, compared to the textile and hydrogel
scaffolds, which may have been the synergistic effect of its two components. The heterogenicity
of the composite material may also have contributed to the higher level of macrophage
activation. Li et al showed a similar in vivo result from his fiber-hydrogel composite scaffold
made from a poly(e-caprolactone) (PCL) textile and a hyaluronic acid (HA) hydrogel matrix.
His scaffold recruited more CD68" (pan macrophages), CD86" (M1), CD206" (M2) and

CD86"CD206" macrophages compared to the 100% HA hydrogel control [59].

Similar to O’Brien et al’s results, we found that the macrophages cultured on the composite
graft showed upregulated angiogenic gene expression of VEGF and PDGF. This result also
agrees with Li et al that a fiber-hydrogel composite was more pro-angiogenic than the hydrogel
alone scaffold [59]. VEGF has been reported to be highly involved throughout the vascular
graft remodeling process [60] and plays a critical role in maintaining graft patency [61].

Upregulated VEGF may also further enhance monocyte recruitment and contribute to
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endothelium formation within the vascular graft. As previously reported by Smith et al,
circulating monocytes expressing VEGF receptors can be recruited to the VEGF-immobilized
vascular graft surface and contribute to the newly formed endothelium which co-expresses the
macrophage and endothelial cell markers [62]. Myeloid cell-derived PDGF-B is critical to
macrophage survival, reducing neotissue formation and slowing down polymer degradation of
the vascular graft scaffold [37]. M2a macrophages have been reported to release a high level of
PDGF-BB that stabilizes pericytes and promotes the migration and differentiation of vascular

SMCs and pericytes [24].

The expression of TGF-B1 and TIMP-3 were not found to change in macrophages on the
composite scaffold compared to the TCP control. Both genes are highly involved in the vascular
remodeling process. TGF-B1 can promote EC migration and vessel formation and is highly
involved in endothelial-mesenchymal cell crosstalk to stabilize blood vessels [25]. It also
promotes SMC migration, proliferation and ECM production [38]. However, the uncontrolled
and extensive proliferation of vascular tissue cells may not be beneficial as they can cause
anastomotic intimal hyperplasia and graft stenosis. Inhibiting TGF-f1 was found to reduce
hyperplasia and graft stenosis by mitigating M1 macrophage activation and mesenchymal cell
expansion [39]. While the upregulation of TGF-B1 at an early-stage post implantation is likely
to facilitate the influx of ECs and SMCs, a longer-term presence may lead to excessive
proliferation, hyperplasia and stenosis of the graft. TIMP-3 is highly expressed in M2a
macrophages; it inhibits matrix metallopeptidase 9 (MMP9) and reduces angiogenic activity
[40]. Its overexpression has been reported to elicit apoptosis of isolated vascular SMCs and to

significantly reduce neointima formation in a vein graft [41].

The conditioned media of the macrophages cultured on the composite vascular graft also
promoted EC migration in vitro. Graney et al demonstrated that M1 macrophages enriched the

gene expression of tip cells and EC migration [24]. O’Brien et al found that M1-derived M2
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macrophages were able to promote EC migration compared to M0O-derived M2 macrophages
[58], while Spiller et al found that macrophages in their MO, M1 and M2c phenotypes were able
to increase EC sprouting in Matrigel in vitro [40]. M1 macrophages triggered EC tip cell
sprouting via VEGF, TNF-a and IL-1B. M2 macrophages, on the other hand, were observed to
promote EC anastomosis under an unidentified mechanism [40]. Scaffolds carrying MI-
inducing interferon-y (IFN-y) enhanced in vivo vascular infiltration compared to those carrying

M2a-inducing interleukin-4 (IL-4) and the bare scaffold control [56].

Interestingly, although there is evidence of macrophages promoting vascularization in the
literature [25, 40, 56], in this study, we found that the biomaterial-activated macrophages were
only able to promote EC migration but not EC proliferation in vitro. Similarly, O’Brien et al
also found that macrophages, regardless of their phenotype, do not promote EC proliferation in
vitro [58]. Graney et al also found that different macrophage phenotypes are not associated with

different EC proliferation marker expression in vitro [24].

Because of the limitations in this study we recommend further work to address these issues.
With the two-dimensional cell culture model in this study, we were able to demonstrate basic
cellular activities such as endothelial cell viability, migration and proliferation and macrophage
polarization [63,64,65]. However, the lack of a complete immune system and dynamic blood
flow makes it hard to completely simulate in vivo events. Therefore, a thorough in vivo study
in a clinical-relevant animal model will be important in order to validate the post-implantation
performance of the graft and to study the synergistic effects of immune system and tissue cells

in the regenerative process.

In addition, optimizing the design of the hydrogel matrix, such as modifying the formulation,
pore size and stiffness, could further tune the macrophage response. Encapsulating

immunomodulatory cytokines in the hydrogel matrix could potentially alter the macrophage

37



Soft Matter

phenotype toward promoting vascular regeneration [28,62,66,67,68]. Optimizing the pore size
and stiffness of the hydrogel matrix for macrophage response and vascular regeneration could
also be important. Garg et al previously indicated that the pore size of an electrospun
polydioxanone mesh could alter macrophage gene expression [69]. A larger pore size caused
by thicker fibers in an electrospun scaffold could upregulate M2-related genes while smaller
pores and thinner fibers could upregulate M 1-related genes [69]. A similar impact has also been
shown when using a GelMA hydrogel [70]. The pore size of the material could further affect
the vascular regeneration and remodeling process. Tara et al concluded that the larger pore size
of their vascular graft was associated with fewer macrophages after 12-month implantation in
mice accompanied by a lower level of graft calcification [71]. With that said, we suggest further

work is needed to engineer the hydrogel matrix so as to optimize the graft's performance.

Overall, the textile/hydrogel composite vascular graft reported in this study showed satisfactory
mechanical properties and encouraging cell responses in vitro, making it a promising candidate

for further evaluation in a clinically relevant animal model.

5. Conclusions

In the current study, we have successfully designed and fabricated a composite vascular graft
by combining textile fibers with a hydrogel matrix. The textile reinforcement was knitted into
a seamless conduit using a biodegradable poly(lactic acid) multifilament yarn, which provided
excellent mechanical reinforcement which exceeded the requirement for a vascular graft. The
hydrogel matrix, made from gelatin methacryloyl hydrogel, provided a surface that promoted
endothelial cell survival, adhesion and proliferation. The combination of the textile and
hydrogel components enhanced the macrophage activation by generating both M1 pro-
inflammatory and M2 pro-regenerative phenotypes which upregulated the vascularization-
related genes such as VEGF and PDGF after 7 days of in vitro cell culture. The conditioned

media collected from activated macrophages by the composite graft were able to accelerate
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endothelial cell migration in vitro, which is expected to facilitate a more rapid endothelization
on the luminal surface of the composite vascular graft. Overall, the textile-reinforced composite
vascular graft described in this study showed promising in vitro results toward the successful
in situ endothelization and therefore is recommended for further evaluation in a clinically

relevant animal model.
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A textile-reinforced hydrogel was designed and fabricated into a scaffold to generate a tissue-

engineered vascular graft. The textile reinforcement provided the mechanical robustness to

satisfy the mechanical requirements while the hydrogel matrix significantly improved

endothelial cell adhesion and proliferation in vitro. The composite vascular graft also enhanced

macrophage activation by upregulating M1 and M2 genes, which further increased endothelial

cell migration in vitro.
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