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Purpose: In the field of small-caliber vascular scaffold research, excellent vascular remo-
deling is the key to ensuring anticoagulant function. We prepared an off-the-shelf bi-layered
vascular scaffold with a dense inner layer and a loose outer layer and evaluated its remodel-
ing capabilities by in vivo transplantation.

Materials and Methods: Based on poly(L-lactide-co-g-caprolactone) (PLCL), silk fibroin-
(SF), and heparin (Hep), PLCL/SF/Hep bi-layered scaffolds and PLCL/Hep bi-layered
scaffolds were prepared by electrospinning. The inner layer was a PLCL/SF/Hep or PLCL/
Hep nanofiber membrane, and the outer layer was PLCL/SF nano yarn. The in vitro tests
included a hydrophilicity test, mechanical properties test, and blood and cell compatibility
evaluation. The in vivo evaluation was conducted via single rabbit carotid artery replacement
and subsequent examinations, including ultrasound imaging, immunoglobulin assays, and
tissue section staining.

Results: Compared to the PLCL/Hep nanofiber membrane, the hydrophilicity of the PLCL/
SF/Hep nanofiber membrane was significantly improved. The mechanical strength met
application requirements. Both the blood and cell compatibility were optimal. Most impor-
tantly, the PLCL/SF/Hep scaffolds maintained lumen patency for 3 months after carotid
artery transplantation in live rabbits. At the same time, CD31 and a-SMA immunofluores-
cence staining confirmed bionic endothelial and smooth muscle layers remodeling.
Conclusion: Using this hybrid strategy, PLCL and SF were combined to manufacture bi-
layered small-caliber vascular scaffolds; these PLCL/SF/Hep scaffolds showed satisfactory
vascular remodeling.

Keywords: silk fibroin, small-caliber, vascular remodeling, hybrid strategy

Introduction

Cardiovascular diseases (CVD) especially the thrombotic events significantly threa-
ten human life and health." CVD has become the leading cause of death according
to the global data surveyed by the World Health Organization. Moreover, the
incidence of CVD continues to rise. Thrombotic events are often treated by stent
implantation® or diseased segment(s) replacement.’ The vessels for replacement are
mostly autologous,® allogeneic,” or artificial.® Autologous vessels stand for their
excellent compatibility but are hindered by limited source and the requirement for
creating a secondary injury to harvest the replacement vessel(s). Allogeneic vessels,
on the other hand, have the potential for immune rejection. By contrast, artificial
scaffolds are not only rich in source but can also be easy to prepare, so they have

submit your manuscript

Dove n

http:

in 3

International Journal of Nanomedicine 2019:14 42614276 4261
© 2019 Jin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

e 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Jin et al

Dove

become popular alternatives in clinical practice. At pre-
sent, large-caliber artificial vascular scaffolds (greater than
6 mm) have shown a high success rate after surgery.
However, the incidence of thrombus recurrence in small-
caliber artificial vascular scaffolds (less than 6 mm) is still
high” and strongly related to bad vascular remodeling,
especially the endothelialization and smooth muscle layer
remodeling. Therefore, it is clinically urgent to fabricate
an off-the-shelf scaffold with high
functionality.

Poly(L-lactide-co-g-caprolactone) (PLCL) has been
widely used in tissue engineering, but its poor hydrophili-

small-caliber

city leads to limited cell adhesion and proliferation,®
resulting in poor or insufficient vascular remodeling. In
contrast, silk fibroin (SF), a natural protein material, stands
out because of its superior hydrophilicity, excellent cell
compatibility, and generally safe degradation products that
do no harm to the human body.”'® However, Soffer et al
prepared a tubular scaffold with a diameter of 5 mm from
a fibroin solution and found that it exhibited inferior
mechanical properties compared to natural blood vessels,
which was determined by evaluating the tensile strength at
break and burst strength.'" Clinically, ideal materials for
artificial vascular scaffolds application needs to satisfy the
requirements of both favorable mechanics and excellent
hydrophilicity. Good mechanical properties can ensure the
scaffolds will not undergo deformation, while the excellent
hydrophilicity promotes the cell adhesion and proliferation
on the material, which facilities necessary vascular remo-
hybrid
a combination of synthetic polymers and natural materials

deling. Theoretically, the strategy, utilizing
could make up for the shortcoming of either strategy alone
and be used to create a highly favorable composite
material.'> Herein, we fabricated an off-the-shelf bi-
layered scaffold by electrospinning technology, utilizing
the mechanical strength of PLCL and the excellent hydro-
philicity of SF. We conducted both in vitro and in vivo

evaluations to evaluate its preliminary application.

Materials and methods

Extraction of regenerated SF

Silkworm pupa cocoons were placed in a 0.5 w/v % sodium
carbonate aqueous solution. The solution was then boiled
continuously for 30 mins, a total of 3 times. Then, the raw
silk was cooled and washed in deionized water, then pulled
loose and dried in an oven at 60°C to obtain a refined silk
thread. Then, a 9.3 mol/L lithium bromide solution was used

to dissolve the refined SF. The bath ratio was 100 mL
lithium bromide solution to 15 g refined SF. The beaker
was then cleaned and put into the rotor after drying. Then,
9.3 mol/L lithium bromide solution was poured into the
beaker and placed in the water bath, the temperature was
set to 60°C, and the refined silk was added to the beaker and
heated for 1 hr to generate a refined silk solution. The
solution was then poured into a dialysis bag (molecular
weight 14,000), and the dialysis bag was placed in
a container filled with deionized water and dialyzed for 72
hrs. The deionized water in the container was replaced 6
times at the same time interval. Finally, the pure refined SF
solution was obtained. The pure refined SF solution was
filtered and poured into a watch glass and cooled at —80°C
overnight, then freeze-dried for 72 hrs in a vacuum freeze-
drying oven to obtain a SF sponge.

Preparation of electrospinning solution
PLCL solids were weighed into a 10 mL beaker and
hexafluoroisopropanol was added. The beaker was placed
on a magnetic stirrer for one night to fully dissolve the
PLCL and obtain a PLCL solution with a concentration of
10% (w/v). It was allowed to then stand to remove the air
bubbles and sealed at room temperature.

SF and PLCL were weighed at a mass ratio of 25:75.
PLCL and SF were dissolved in hexafluoroisopropanol
under normal temperature conditions and placed on
a magnetic stirrer for 24 hrs to fully dissolve and obtain
a homogeneous mixture with a concentration of 10% (w/
v). The solution was then allowed to stand to remove the
air bubbles and sealed at room temperature.

Heparin (Hep) was weighed and placed in a small bea-
ker. After adding deionized water, the beaker was wrapped
with foil to avoid decomposition of the heparin. The beaker
was placed on a magnetic stirrer for 12 hrs to allow the
heparin to dissolve completely. A 15% (w/v) heparin solu-
tion was sealed and stored in a refrigerator at 4°C.

Preparation of nanofiber membranes and

nano yarn membranes

Two different kinds of nanofiber membranes with shell-
core structures were prepared by coaxial electrospinning.
The schematic diagram of the coaxial electrospinning
device is shown in Figure 1B. The principle is similar to
that of ordinary electrospinning technology (Figure 1A),
except the original spinneret was replaced by a coaxial
spinneret needle. The PLCL or PLCL/SF solution with
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Figure | The schematic diagram of different electrospinning device. (A) the ordinary electrospinning device, (B) the coaxial electrospinning device, (C) the conjugated

electrospinning device.

a concentration of 10% (w/v) as the shell solution and the
heparin solution with a concentration of 15% (w/v) as the
core solution were drawn each into a disposable syringe.
Driven by the micro-propulsion pump, the spinning solu-
tions converged with each other and formed PLCL/Hep or
PLCL/SF/Hep nanofiber membranes. The prepared nano-
fiber membranes were ventilated for 2 hrs and placed in
a vacuum drying oven for 1 week to evaporate the residual
hexafluoroisopropanol solvent at room temperature.
Spinning parameters were set as follows: the propulsion
speed of PLCL or PLCL/SF was 1 mL/hr, the propulsion
speed of heparin was 0.2 mL/hr, the high-voltage DC
power was 14 kV, the collection distance was 12 ¢cm, the
spinning temperature was 25°C, the spinning relative
humidity was 55%, and the electrospinning time was 5 hrs.

The loose and fiber-aligned PLCL/SF nano yarns were
prepared by conjugated electrospinning. A schematic diagram
of a conjugated electrospinning device is shown in Figure 1C.
The face-to-face syringes were filled with 10% (w/v) PLCL
and SF blend spinning solution. A 9-gauge metal spinneret
was used to connect the positive and negative DC voltages to
the spinnerets. Two spinning fluids with opposite charges were
pushed out and finally formed a PLCL/SF nano yarn with the
help of a smooth rotating mandrel with a 15 cm diameter.
Spinning parameters were set as follows: the propulsion speed
was 0.5 mL/hr, the voltage was +10 kV or —10 kV, the distance
was 15 cm, the rotation speed was 350 rpm, the spinning
temperature was 25°C, the spinning humidity was 55%, and

the electrospinning time was 2.5 hrs.

Preparation of bi-layered tubular scaffolds
Coaxial electrospinning was used to form the inner layer,
whereas conjugated electrospinning was used to form the
outer layer of the scaffolds. A smooth rotating mandrel
with a diameter of 2.5 mm was used as the receiving
device. Finally, the PLCL/SF/Hep scaffolds (with PLCL/

SF/Hep nanofiber membrane and PLCL/SF nano yarn) and
the PLCL/Hep scaffolds (with PLCL/Hep nanofiber mem-
brane and PLCL/SF nano yarn) were obtained.

Morphology characterization of PLCL/SF/
Hep scaffolds

A digital camera (Casio EX-Z 750) was used to take macro
shots. The microscopic morphology of cross-sections was
used to characterize the surface of the nanofiber membrane
and the nano yarn by scanning electron microscopy (SEM)
(Phenom XL, Phenom-World B.V., Netherlands). The nano-
fiber membrane and nano yarn were cut into identically
sized squares and attached to the stage and sputter coated.
The vacuum degree, electric current, and sputter coating
time were 6 mmHg, 10 mA, and 50 s, respectively. Finally,
the cross-section, nanofiber membrane, and nano yarn were
observed by SEM at an accelerating voltage of 10 kV.

The internal structure of the coaxial nanofibers was
observed by transmission electron microscopy (TEM). In
the coaxial electrospinning process, nanofibers were col-
lected through a copper mesh coated with a carbon film.
A H-800 TEM system with an accelerating voltage of 100
kV was used to obtain the shell-core structure of a single
nanofiber.

Hydrophilicity test

The difference in hydrophilicity of the materials was tested
by a contact angle tester (OCA40, Dataphysics, German).
The different materials were cut into identically sized
squares and pasted on coverslips. A 0.03 mL drop of
deionized water was placed on the surface. Then, we
measured and recorded the contact angle at the steady
state of the droplets. Each sample was measured three
times and averaged. The differences in the hydrophilicity
were compared using the contact angle.
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Mechanical properties test

We used a Vernier caliper to measure the outer and inner
diameter of the tubular scaffold. Each sample was mea-
sured a total of 5 times.

Samples with a length of 6 cm were taken for axial
tensile testing and samples with a length of 1 cm were
taken for radial tensile testing. The scaffolds were soaked
in PBS for 24 hrs before the test and filter paper was then
used to remove the PBS solution. Mechanical property
tests were performed on a universal material testing
machine (H5K-S, Hounsfield, UK). After the samples
were clamped and stabilized, they were stretched at
a tensile speed of 100 mm/min. Five identical scaffolds
were tested 5 times each.

Heparin release assay

PLCL/SF and PLCL nanofiber membranes loaded with
heparin (with a concentration of 15% (w/v)) were sus-
pended in PBS (pH 7.4) in sealed 6-well plates. Three
samples for each group, each weighing 100+5 mg, were
each soaked in 3.0 ml PBS (pH 7.4). Samples were
incubated under static conditions at 37°C in the presence
of 5% CO,. At various time points, 1.0 mL of super-
natant was retrieved from the wells, and an equal
volume of fresh medium was replaced. The concentra-
tion of each retrieved heparin solution was then deter-
mined by toluidine blue method. Toluidine blue (3.0 mL)
was added to the supernatant retrieved from the wells
and reacted adequately with heparin for 2 hrs at 37°C.
Hexane (3.0 mL) was then added and stirred vigorously
to separate the heparin-toluidine blue complex formed.
The aqueous solution of the samples was tested at 630
nm using an Agilent UV-Vis spectrophotometer (WFH-
203B, PerkinElmer, USA).

Blood compatibility evaluation
Plasma re-calcification
We obtained fresh blood from healthy New Zealand white
rabbits by jugular vein extraction and mixed the blood
with 3.8% (w/v) sodium citrate at a ratio of 9:1 to acquire
anticoagulated blood. Fresh anticoagulated blood was cen-
trifuged for 20 mins at 4°C and 3000 rpm. We extracted
the supernatant gently to obtain platelet-free plasma (PPP).
We placed the PLCL/SF/Hep and PLCL/Hep nanofiber
membranes in a 24-well plate and cross-linked them by
ethanol steam for 48 hrs. We then added 500 pL PPP to the
wells after ventilation and incubated the plate in a shaker

for 1 hr at 37°C. We drew 100 pL. PPP from the sample
wells into a 96-well plate after incubation and added 100
pL fresh CaCl, (0.025 mol/L). We extracted five times
from each sample well. In the positive and negative con-
trol group, the empty well plate was incubated with PPP,
with and without CaCl, solution, respectively. The other
operations were identical. We measured the absorbance at
405 nm in the 96-well plate at 37°C using an automated
microplate reader. The detection interval was 30 s, and the
detection time was 45 mins.

Platelet adhesion

We drew fresh blood from jugular veins of healthy New
Zealand white rabbits and mixed the collected blood with
3.8% (w/v) sodium citrate at a ratio of 9:1 to prepare fresh
anticoagulated whole blood. After centrifugation at
1000 rpm and 4°C for 10 mins, the supernatant was gently
withdrawn to obtain platelet-rich plasma (PRP). Then, we
placed the PLCL/SF/Hep and PLCL/Hep nanofiber mem-
branes on a 24-well plate and cross-linked them in abso-
lute ethanol vapor for 48 h. After ventilation, the nanofiber
membranes were rinsed 3 times in PBS buffer. We added
freshly prepared PRP, soaked the nanofiber membrane at
37°C for 1 hr, and washed 3 times with PBS buffer. Then,
we immobilized with 2.5% glutaraldehyde at 4°C for 12
hrs and dehydrated with graded alcohol. We dried the 24-
well plate in a vacuum drying oven and fixed the sample
on the stage. We observed the number of platelets and the
adhesion morphology on the sample surface under
a scanning electron microscope after sputter coating.

Cell compatibility evaluation in vitro

We cultured human umbilical vein endothelial cells
(HUVECs) in Dulbecco’s modified eagle’s medium
(DMEM/High Glucose) (HyClone, USA) with 10% Fetal
Bovine Serum (FBS) (Biological Industries, Israel) and
1% penicillin—streptomycin (Solarbio, Beijing, China) at
an atmosphere of 37°C, 5% CO,, and 95% humidity. We
refreshed the medium every two days. The PLCL/SF/Hep
and PLCL/Hep nanofiber membranes were received by
circular coverslips with a diameter of 14 mm. The blank
coverslips were used for the control. The membranes were
ventilated for 2 hrs and vacuum-dried for 3 weeks to
remove any residual hexafluoroisopropanol, then cross-
linked and sterilized with anhydrous alcohol for 24 hrs.
The membranes were then immersed in sterile PBS solu-
tion completely and rinsed for a total of 3 times. Then, the
materials were soaked in DMEM/High Glucose (with 10%
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FBS and 1% penicillin—streptomycin) and placed in an
incubator with an atmosphere of 37°C, 5% CO,, and
95% humidity for 4 hrs. HUVECs were seeded at
a density of 1.0x10* cells/well. The plates were kept in
a cell culture incubator and we changed the medium every
other day.

We performed qualitative detection of HUVECs by
Cell Counting Kit-8 (CCK-8) (Dojindo Lab., Japan). The
detection time was set at 1, 4, and 7 days. We aspirated the
old medium and washed 3 times gently with pre-warmed
PBS. A total of 360 uL DMEM/High Glucose (with 10%
FBS and 1% penicillin—streptomycin) was added to each
well and 40 nL. CCK-8 was added under dark conditions to
detect the proliferation of HUVECs and incubate at 37°C
for 1 hr. We added 100 pL into a 96-well plate and
recorded absorbance at 450 nm with an Enzyme-labeled
Instrument (Multiskan MK3, Thermo, USA).

We observed the morphology of HUVECs by cell
calcein staining. We used the blank well plate as
a control, and the detection time was at 4 and 7 days.
Then, we aspirated the medium in the well plate and
washed 3 times slowly with warmed PBS buffer. We
diluted 2 pL calcein into 4 mL DMEM/High Glucose
(with 10% FBS and 1% penicillin—streptomycin) and
added 200 pL to each well. Then, we wash the cells 3
times with warmed PBS buffer after a 20-min incubation.
We observed and photographed the samples using the blue
channel of the fluorescence microscope. In addition, the
adhesion morphology of HUVECs was observed by elec-
tron microscopy.

HUVECs were provided by the Shanghai Academy of
Life Sciences Cell Bank and Chinese Academy of Science
(Shanghai, China).

Orthotopic implantation and non-invasive
imaging

A rabbit carotid artery replacement model was used to
evaluate the vascular scaffolds in vivo (1.5 cm in length,
2 mm in diameter). All procedures were conducted
respecting to the ARRIVE guidelines and approved by
the Animal Ethics Committees of Shanghai Children’s
Medical Center, Shanghai Jiaotong University. And the
experiments strictly followed the National Institutes of
Health guide for the care and use of Laboratory animals
(NIH Publications No. 8023, revised 1978). The PLCL/SF/
Hep scaffolds were used in the experimental group, while
the PLCL/Hep scaffolds were used in control group.

A total of 24 rabbits were used in the experiment and 3
parallel samples were obtained at each time point (2 w,
I m, 2 m, 3 m) for each group. All scaffolds were ster-
ilized via ethylene oxide and rehydrated with sterile PBS
prior to implantation. The implantation surgeries were
conducted at the Shanghai Children’s Medical Center
(Shanghai, CN). A preoperative anesthesia was performed
by slowly injecting 3% pentobarbital sodium into the
rabbit ear vein at a dose of 1 mL/kg. After routinely
preparing the skin on the neck, a 2 cm incision was
made. Then, we separated the superficial fascia and muscle
layer by layer, and dissociated the carotid artery and
blocked it with two vascular clamps after systemic half-
heparinization (100 U/kg). We resected the carotid artery
to establish a defect and inserted a scaffold with 1.5 cm in
length and 2 mm in diameter by end-to-end anastomosis
and reopened the vascular clamp after anastomosis. We
then compressed the anastomosis for several seconds until
no active bleeding occurred and sutured the incision layer
by layer, after confirming the transplanted scaffolds were
beating well. After surgery, antimicrobial antibiotics were
administered intramuscularly for 1 week and aspirin with
10 mg/kg was administered orally daily.

Vascular ultrasound imaging was performed using an
M7/M7T Diagnostic Ultrasound System with a L14-6S
probe. Briefly, animals were anesthetized and ultrasound
gel was applied after shaving the neck. Duplex ultrasound
with color Doppler was first performed to locate the car-
otid artery. Then, B-mode ultrasound was used to locate
the proximal and distal anastomosis. Both Doppler and
B-mode ultrasound images were acquired. Additionally,
spectral Doppler waveform analysis was performed to
quantify the velocity of blood flow in the scaffolds.

Inflammation assessment

Rabbit humoral immune function (inflammatory response
to the material) was evaluated by IgG, IgM, IgA, and total
IgE levels in the blood. Briefly, 3 mL of fasting venous
blood was taken from normal rabbit, rabbits in experimen-
tal group, and rabbits in the control group 3 days after
surgery (n=3). We placed it in different non-coagulated
sterile tubes and centrifuge for 10 mins. The centrifugation
speed was 4000 r/min, and the collected serum was stored
at —20°C. We used a SIEMENS specific protein analyzer
and related reagents to determine the amount of immuno-
globulin by immunoturbidimetry and finally averaged. All
procedures were performed strictly in accordance with the
kit instructions. The kits for inflammation evaluation were
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N Latex IgG/A/M/E mono (SIEMENS, German) membrane. In addition, the contact angle of the PLCL/SF
respectively. nano yarn is shown in Figure 3D.

Tissue collection and staining

At each observation time after implantation, the animals
were anesthetized for tissue collection. The implanted
scaffolds including the end-to-end anastomotic sites were
taken out and rinsed in PBS, then fixed in 4% formalin.
The scaffolds were cut into segments of the same length
and embedded in paraffin. The segments were used to
obtain 5-um thick sections on which we performed H&E
and immunofluorescence staining to observe the changes
in histology and cytology, respectively. H&E staining was
performed using cross-cut specimens, while immunofluor-
escence staining was performed using longitudinal slitting
specimens (apart from the native artery). Specimens were
harvested from the middle of the planted scaffolds.

Statistical analysis

Three parallel samples were set up at each time for each
group. The test results were statistically calculated and
expressed as mean+SD. For Statistical analysis, one-way
ANOVA was performed using the Turkey multiple com-
parison method, where *p<0.05 and **p<0.01 represent
statistically significant differences.

Results
The morphology of the PLCL/SF/Hep

scaffold

The morphology of the PLCL/SF/Hep scaffold is shown in
Figure 2. The inner layer was a tight nanofiber membrane,
while the outer layer was a porous and loose nano-yarn.
No obvious delamination was observed. The inner dia-
meter of the scaffold was approximately 2 mm, and the
wall thickness was approximately 0.6 mm.

Hydrophobicity analysis

As shown in Figure 3, compared to the pure PLCL nano-
fiber membrane (a), the contact angle of the PLCL/Hep
nanofiber membrane (b) was reduced, indicating the addi-
tion of heparin can increase the hydrophilicity. Meanwhile,
the contact angle of the PLCL/SF/Hep nanofiber mem-
brane (c) dropped sharply compared with the PLCL/Hep
nanofiber membrane due to the addition of SF. Thus, in
terms of hydrophilicity, the PLCL/SF/Hep nanofiber mem-
brane was greater than the PLCL/Hep nanofiber mem-
brane, which was greater than the PLCL nanofiber

Mechanical performance

Figure 4 demonstrates the radial and axial mechanical prop-
erties of the PLCL/SF/Hep scaffold, PLCL/Hep scaffold,
and rabbit carotid artery. Compared with the rabbit carotid
artery, the two synthetic scaffolds had stronger axial mechan-
ical strength (Figure 4A) and they can achieve greater defor-
mation (almost double). As for the radial mechanical
strength, the carotid artery deformed least, while the PLCL/
Hep scaffold deformed most under the same tensile stress.
Two synthetic scaffolds can achieve greater deformation in
the radial direction (almost double). Overall, both artificial
scaffolds were suitable for application.

Heparin release curves

In order to check whether heparin was properly loaded, the
in vitro release assay was conducted for 15 days, and the
results are shown in Figure 5. First, the amount of heparin
released of PLCL/SF/Hep was greater than that of PLCL/
Hep nanofiber membrane. Meanwhile, in the aqueous solu-
tion (both of PLCL/SF/Hep and PLCL/Hep), the release of
heparin was found to experience two stages: the initial burst
release at day 1 and the continuous release from day 2 to day
15. When exposed to PBS buffer, the heparin was immedi-
ately released by the end of the first day. After the initial
burst release, sustained release could be observed as the
curve showed stable ascending trend. The total amount of
the released heparin was approximately 45% and 40% after
15 days. The diffusion of heparin near the fiber surface was
the main factor leading to the initial burst release, while in
the second stage, the mechanism of heparin release would
involve: (1) heparin diffusion through the polymer fibers and
release into the media; (2) the erosion and swelling of
materials, as a result of which led the difference of heparin
of PLCL/SF/Hep and PLCL/Hep nanofiber
membrane.

release

Plasma re-calcification test and platelet

adhesion test

Contact with blood and materials can lead to insoluble
fibrin clots, leading to thrombosis. We performed plasma
re-calcification assay and platelet adhesion tests to demon-
strate the material’s ability to resist thrombosis. Re-adding
an appropriate amount of calcium ion to the plasma can
promote the formation of insoluble fibrin clots, resulting in
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Figure 2 The morphology of PLCL/SF/Hep scaffold. (A) The digital photograph of the whole scaffold. (B) The SEM photograph of the cross-section. (C) The TEM
photograph of the shell-core structure. (D—F) The SEM photographs of the loose nano-yarn. (G-l) The SEM photographs of the tight nanofiber membrane.

Abbreviations: PLCL, poly(L-lactide-co-g-caprolactone); SF, silk fibroin; Hep, heparin.

absorbance at 405 nm. The more fibrin clots, the higher the
absorbance will be at 405 nm. As shown in Figure 6A, the
time to form insoluble fiber clots in the positive control
group was the shortest, and the kinetic inflection point
appeared at about 25 mins. The plasma re-calcification
curve of the PLCL/Hep nanofiber membrane was compar-
able to the positive control group. In contrast, the plasma
re-calcification curve of the PLCL/SF/Hep nanofiber mem-
branes was similar to the negative control group. There
was no inflection point and the absorbance at 405 nm was
very low, indicating the addition of SF increased blood
compatibility and does not cause endogenous coagulation.
In addition, the platelet adhesion test can reflect the antith-
rombotic capacity. As shown in Figure 6, the amount of
adherent platelets on PLCL/SF/Hep nanofiber membrane (b)
was much less than on the PLCL/Hep nanofiber membrane
(c), indicating that the addition of SF can greatly improve the
blood compatibility and increase its antithrombotic capacity.

HUVEC:s proliferation evaluation
We used the CCK-8 method to demonstrate the prolifera-
tion of HUVECs on different materials. The higher the
absorbance at 405 nm, the greater the number of cells.
Figure 7A shows the proliferation of cells for 1-7 days.
At day 1, there was no statistically significant difference
among different materials. However, at day 4 and 7, there
was a significant difference between PLCL/SF/Hep nano-
fiber membranes and PLCL/Hep nanofiber membranes.
The above results showed that the addition of SF can
improve the biocompatibility of the materials, facilitating
adhesion and proliferation of the endothelial cells.
Calcein staining results in HUVECs are shown in
Figure 7Ba-b. At day 4, the endothelial cells on different
materials were almost “goose-shaped”. By day 7, cell
growth on the PLCL/SF/Hep nanofiber membrane had
become saturated. There were few gaps between the
cells, forming a cell sheet, resulting in endothelialization.
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Figure 3 The contact angle of different materials. (A) Pure PLCL nanofiber membrane, (B) PLCL/Hep nanofiber membrane, (C) PLCL/SF/Hep nanofiber membrane, and

(D) PLCL/SF nano-yarn.

Abbreviations: PLCL, poly(L-lactide-co-e-caprolactone); SF, silk fibroin; Hep, heparin.
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Figure 4 The tensile test results in wet conditions of different scaffolds. (A) The axial tensile curves. (B) The radial tensile curves.

By contrast, there was still some space among the endothe-
lial cells on the PLCL/Hep nanofiber membrane.
Therefore, it can be concluded that the addition of SF
had greatly improved the biocompatibility of the materials.
The SEM images of endothelial cells shown in Figure
6Bc also confirmed these results. In summary, endothelial
cells adhered to and proliferated better on the PLCL/SF/

Hep nanofiber membranes.

Orthotopic implantation and non-invasive
imaging

As demonstrated in Figure 8A, there was no bleeding in the
anastomosis after implantation. Furthermore, the postopera-
tive rich vascularization on the surface confirmed the biocom-
patibility of the PLCL/SF/Hep scaffolds (Figure 8B). At the
same time, the results of ultrasound imaging showed the
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Figure 5 Heparin release profiles of PLCL/SF (dark curve) and PLCL nanofiber
membrane loading heparin (red curve).
Abbreviations: PLCL, poly(L-lactide-co-g-caprolactone); SF, silk fibroin; Hep, heparin.

PLCL/SF/Hep scaffolds retained their patency within 3
months after surgery (Figure 8C—L). However, scaffold expan-
sion occurred at 3 months after surgery. We speculated that this

may be due to the rate of tissue regeneration, which cannot
match the rate of degradation of materials, resulting in insuffi-
cient late mechanical properties. Despite this, the ultrasound
results still showed a good patency rate in the experimental
group (PLCL/SF/Hep). In contrast, the PLCL/Hep scaffolds in
the control group did not show blood flow signals at 2 weeks
after surgery. The lumen was filled with high signals, which
was indicative of thrombosis.

Inflammation assessment

The level of blood immunoglobulin is one of the indicators
for determining humoral immunity. As shown in Table 1,
the IgA levels of the experimental group showed a rise
compared to normal rabbits and the control group, which
may be related to the addition of SF. As a heterologous
protein, SF might cause a slight humoral immune response
in the body. However, regarding the IgG, IgM, and total
IgE, neither the experimental group nor the control group
showed any fluctuations at 3 days after surgery. This
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Figure 6 The ability to resist thrombosis. (A) The plasma re-calcification curve of different materials, (B) the platelet adhesion result of PLCL/SF/Hep nanofiber membrane,
and (C) the platelet adhesion result of PLCL/Hep nanofiber membrane. (The black arrow represents adherent thrombus).
Abbreviations: PLCL, poly(L-lactide-co-g-caprolactone); SF, silk fibroin; Hep, heparin.
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Figure 7 HUVECs proliferation evaluation on different materials. (A) The optical density of different materials after culturing (*p<0.05), (B) a-b: Live cell staining
photomicrograph of HUVECs (bar: 200 pm), and c: SEM images of HUVECs grown on different materials at day 4 (bar: 500 pm).
Abbreviations: PLCL, poly(L-lactide-co-e-caprolactone); SF, silk fibroin; Hep, heparin; HUVECs, human umbilical vein endothelial cells.
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Figure 8 The surgical procedure and ultrasound results. (A) Re-establishment of the right carotid artery, (B) the postoperative PLCL/SF/Hep scaffold, (C) B-mold
ultrasound image of PLCL/Hep scaffolds at 2 weeks after surgery, (D—G) B-mold ultrasound image of PLCL/SF/Hep scaffolds at 2 weeks, and |, 2, and 3 months after surgery,
respectively, (H) Flow signal diagram of PLCL/Hep scaffolds at 2 weeks after surgery, (I-L) Flow signal diagram of PLCL/SF/Hep scaffolds at 2 weeks and I, 2, and 3 months
after surgery, respectively.

Abbreviations: PLCL, poly(L-lactide-co-e-caprolactone); SF, silk fibroin; Hep, heparin.
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Table | The level of blood immunoglobulin of different vascular

scaffolds
Normal Exp Ctrl
IgG (mg/mL) <137 <1.35 <137
IgA (mg/mL) <0.07 <0.25 <0.07
IgM (mg/mL) <0.17 <0.18 <0.17
Total IgE (IU/mL) <18.20 <18.20 <18.20

suggested that SF had good biosafety and is unlikely to
cause rejection.

H&E staining and immunofluorescence
staining

The histological changes of different scaffolds were
further investigated by fixed section staining. As shown
in Figure 9, H&E staining confirmed the PLCL/SF/Hep
scaffolds retained patency and no thrombus formed within
3 months of surgery, which was similar to the native rabbit
carotid artery. It is worth mentioning that at 3 months after

Native

Exp 2w

surgery, the vascular scaffolds showed stratification, which
might cause the loss of mechanics and eventually lead to
lumen expansion. In contrast, the PLCL/Hep scaffolds
were filled with thrombus-like tissue at 2 weeks after
operation, which explained why blood flow signals could
not be detected under ultrasound. The number of fibroblast
cells infiltrating into the wall was increasing over time due
to the porous nano yarn. Immunofluorescence staining of
CD31 (an endothelial cell-specific marker) (Figure 10) and
aSMA (a kind of smooth muscle cell-specific marker)
(Figure 11) was also performed to detect neo-intimal
changes. The CD31 staining results in the experimental
group were similar to the native carotid artery.
A continuous endothelial layer gradually formed within 3
months after the operation. However, there were only
some disordered green fluorescence cells positive for
CD31 in the control group (in fact thrombus). The a-
SMA staining results of the experimental group were

also similar to the native artery. A continuous smooth

Exp 1m

A

B C

Figure 9 The HE staining of different vascular scaffolds. (A/B/C/G/H/I) The results of rabbit carotid artery, PLCL/SF/Hep scaffolds at 2 weeks, and |, 2, and 3 months and
PLCL/Hep scaffolds at 2 weeks after surgery, respectively, bar=2 mm. (D/E/F/)/K/L) The HE staining diagrams at high magnification, bar=200 um. (Arrow represents

infiltrated fibroblast cells; “*” represents thrombus).

Abbreviations: PLCL, poly(L-lactide-co-e-caprolactone); SF, silk fibroin; Hep, heparin.
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muscle layer was gradually formed within 3 months after
the operation. In contrast, no vascular smooth muscle layer
appeared in the control group due to the formation of
thrombus. This result suggested that the neo-intimal for-
mation in the experimental group was the main reason for

CD31

Native

Exp 2w

Exp 1m

Exp 2m

Exp 3m

Ctrl 2w

maintaining patency. Therefore, it can be concluded that
the addition of SF can specifically aid in recruiting adher-
ent endothelial cells and smooth muscle cells to form
a neo-intimal in the blood flow environment, preventing
the formation of thrombus.

DAP1 Overlay

Figure 10 The CD3| immunofluorescence staining of different vascular scaffolds. (A—C) The results of rabbit carotid artery. (D—O) The results of PLCL/SF/Hep scaffolds at
2 weeks, |, 2, and 3 months after surgery. (P-R) The results of PLCL/Hep scaffolds at 2 weeks after surgery. All sliced samples were harvested from the middle segment.

(Green: CD31" cells; Blue: living cell nucleus; bar=500 um).
Abbreviations: PLCL, poly(L-lactide-co-g-caprolactone); SF, silk fibroin; Hep, heparin.
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Figure Il The aSMA immunofluorescence staining of different vascular scaffolds. (A—C) The results of rabbit carotid artery. (D—O) The results of PLCL/SF/Hep scaffolds at
2 weeks and 1, 2, and 3 months after surgery. (P-R) The results of PLCL/Hep scaffolds at 2 weeks after surgery. All sliced samples were harvested from the middle segment.
(Green: aSMA" cells; Blue: living cell nucleus; bar=500 um).

Abbreviations: PLCL, poly(L-lactide-co-e-caprolactone); SF, silk fibroin; Hep, heparin.

Discussion ability by interactive signal transmission.'*'* Therefore, it is
The native vessels mainly include three layers with different ~ popular to manufacture multi-layered vascular scaffolds by
functions. The adventitia is mainly responsible for maintaining ~ mimicking the geometry of natural artery, such as bi-layered
the mechanical strength, while the endothelial layer and the  or tri-layered scaffolds.'*'>'® However, limited by the respec-
smooth muscle layer are most related to the anti-thrombotic ~ tive defects in polymer and natural materials, most groups have
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adopted the hybrid strategy to prepare scaffold-based vessels
using a combination of different materials. For example, Ju
et al prepared bi-layered scaffolds based on poly(caprolactone)
(PCL) and collagen,'” and Liu et al explored the possible
application of a tri-layered scaffolds with an inner and outer
layer based on poly(vinyl alcohol) (PVA)/chitosan and
amiddle layer based on poly(p-dioxanone) (PPDO)."® In addi-
tion, to achieve accomplished functional vascular remodeling
after transplantation, especially endothelialization and ready
proliferation of the vascular smooth muscle cells (the best anti-
thrombotic drug in the body), cell inoculation or bio-active
factors loading in vitro had been employed. Clay Quinta et al
seeded cells to pre-culture the endothelial layer in vitro and
then transplanted the scaffolds.'® Some groups have loaded
endothelial cell-specific receptors, such as VEGF, RGD pep-
tide, or other cell factors to encourage the adherence of
endothelial cells.”*** These studies have made a certain
degree of progress. However, there are still many problems
in the practical application, which includes complicated pre-
paration, potential cellular immune rejection, and limited
effects.

The less processing, the more advantageous it will be
for application. As a natural protein, SF is widely used
in regenerative medicine due to its excellent biocompat-
ibility, such as vascular tissue regeneration,”” neural
tissue regeneration,”* bone tissue regeneration®> and
skin tissue regeneration.”® Compared to other protein-
based biomaterials, SF is less risky in regards to infec-
tion and has a simpler purification process.>” Thus, it is
safer and more economical. Apart from the aforemen-
tioned advantages, SF fibers also possess good mechan-
ical properties. It is tougher than Kevlar, which is
considered a benchmark in high-performance fiber tech-
nology. However, it is worth noting that most silks
developed from SF solutions are fragile, despite the
outstanding mechanical properties of native SF fibers.
For example, the silk film has a dry tensile strength of
about 0.02 GPa and an elongation at break of less than
2% compared to a native fiber having a tensile strength
of about 0.5-0.6 GPa and an elongation at break of
10-40%.?® Gellynck et al indicated this is due to the
lack of suitable secondary and hierarchical structures
prepared by solution compared to native fibers.?’
Therefore, increasing the mechanical strength will
greatly expand the application of regenerated SF fibers.
PLCL (a synthetic polymer material) also possesses high
mechanical strength. However, it is hydrophobic and
lacks effective cell binding sites. Therefore, although it

has been approved by the FDA as a biomedical bioma-
terial, its practical application is limited.

In this experiment, we combined PLCL and SF to
prepare a hybrid vascular scaffold. On one hand, the
hydrophilicity was improved by utilizing SF. On the
other hand, the superior mechanical strength of PLCL
can compensate for the brittleness of the SF film, which
was confirmed by hydrophobicity analysis and mechanical
performance. The scaffolds were designed as a bi-layered
structure with inner PLCL/SF/Hep nanofiber membrane
and outer PLCL/SF nano yarn. The dense inner layer can
prevent blood leakage, and the loose outer layer can
increase the infiltration of fibroblasts. At the same time,
there was no increase in immunoglobulin levels, except for
a slight increase in IgA levels (representing a minor
immune response) after the scaffolds were transplanted.
This indicated that although as a heterologous protein, SF
has acceptable biosafety and is unlikely to cause immune
rejection. Compared to the PLCL/Hep scaffolds in the
control group, the PLCL/SF/Hep scaffolds remained unob-
structed and no thrombus formed within 3 months after
surgery, which was confirmed by both ultrasound and
H&E staining. Immunofluorescence results showed that
at 2 weeks after surgery, the inner wall of the PLCL/SF/
Hep scaffolds began to recruit the adherence of endothelial
and smooth muscle cells. Within 3 months after surgery,
a continuous and smooth functional layer (endothelial
layer plus smooth muscle layer) formed gradually, which
prevented the formation of thrombus.

Once native vessels are damaged, the injury site activates
a variety of cellular pathways and secretes related cytokines,
3932 in the blood or

adjacent to the injury site. The

recruiting relevant progenitor cells
related precursor cells®> >
recruited cells colonize, proliferate and differentiate, creating
new endothelial and smooth muscle layers gradually in the
bloodstream environment. Therefore, based on our experi-
mental results, we have reasons to believe that due to the
addition of SF, the hydrophilicity of the composite material
was improved, thereby increasing relevant progenitor or
precursor cells adhesion. Furthermore, under the guidance
of blood flow and stress, the recruited cells differentiated into
endothelial cells and smooth muscle cells, finally participat-
ing in the vascular remodeling.*®

It is worth noting that although the PLCL/SF/Hep scaf-
folds stood out in regards to remodeling for endothelial and
smooth muscle layer, some scaffolds showed expansion simi-
lar to a true aneurysm at 3 months after surgery. Limited by
insufficient experimental samples, we did not perform
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mechanical tests after transplantation. We speculated that the
rate of tissue regeneration and material degradation did not
match, which lead to insufficient adventitia regeneration,
finally causing the loss of mechanical strength. Although the
results of H&E staining showed the number of fibroblast cells
infiltrating into the wall was increasing within 3 months after
surgery due to the porous structure of nano-yarn, it seemed to
not be sufficient to maintain the later mechanics. The PLCL/
SF/Hep scaffolds showed stratification at 3 months after sur-
gery, which may be caused by the inconsistent swelling rate
due to the different densities of the inner and outer layer.

Here, we conducted both in vitro and in vivo experiments
of a bi-layered vascular scaffolds based on PLCL and SF.
The scaffolds formed a neo-functional inner layer sponta-
neously in the blood flow environment without any addi-
tional processing and retained patency for 3 months after
surgery. In the future, we will focus on solving the problem
with the stratification of materials and the regeneration of the
adventitia to maintain late mechanical strength.

Conclusion

In this study, we prepared a simple off-the-shelf bi-layered
vascular scaffold based on PLCL/SF/Hep suitable for
implantation into the carotid artery of rabbits. Compared to
PLCL/Hep scaffolds, PLCL/SF/Hep scaffolds can maintain
patency for 3 months after implantation. More importantly, in
the absence of any selective adhesion factor, immunofluor-
escence results demonstrate that a continuous neo-intimal
layer formed spontaneously in a flowing blood environment.

Limitation and prospect

Currently, the application of artificial vascular scaffold
mainly faces the following bottlenecks: 1) The mechanical
mismatch between artificial scaffold and native vessel; 2)
Endothelial insufficiency leads to early thrombosis forma-
tion; 3) Smooth muscle cell hyper-proliferation causes late
intimal thickening, resulting in concentric stenosis. In this
experiment, while the PLCL/SF/Hep scaffolds had been
retained lumen patency during the 3 months following
surgery, we noticed that lumen expansion occurred at
a later stage. We speculated this may be due to stratifica-
tion, causing a drop in mechanics, but might also be
related to poor remodeling of the adventitia, which is the
most important structure responsible for the mechanical
strength of the artery. In addition, nevertheless immuno-
fluorescence staining confirmed the endothelium and
smooth muscle layer formed spontaneously, the thickness
of the smooth muscle layer seemed dynamically thickened

as time went by. Relevant improvements for spinning
methodology and material modification may help solve
such problems.
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