S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Materials Science & Engineering C 118 (2021) 111441

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &

Materials Science & Engineering C

journal homepage: www.elsevier.com/locate/msec

Evaluation of remodeling and regeneration of electrospun PCL/fibrin R

Check for

vascular grafts in vivo

Liang Zhao™""', Xiafei Li', Lei Yang™"', Lulu Sun®, Songfeng Mu™“, Haibin Zong®, Qiong Li°,

Fengyao Wang', Shuang Song”, Chengqiang Yang®, Changhong Zhao", Hongli Chen”, Rui Zhang?,
Shicheng Wang", Yuzhen Dong®™**, Qiging Zhang

2 College of Life Science and Technology, Xinxiang Medical University, Xinxiang, China

Y Key Laboratory of Cardiac Structure Research, Zhengzhou Seventh People's Hospital, Zhengzhou, China

€ College of Medical Engineering, Xinxiang Medical University, Xinxiang, China

d First Affiliated Hospital, Xinxiang Medical University, Xinxiang, China

€ Nursing School, Xinxiang Medical University, Xinxiang, China

f The First Affiliated Hospital, Henan University of Science and Technology, Luoyang, China

8 Service Center for Transformation of Scientific and Technological Achievements, Xinxiang Medical University, Xinxiang, China
1 General Surgery Department, West District Hospital of Nanyang The First People's Hospital, Nanyang, China

ARTICLE INFO ABSTRACT

Keywords: The success of artificial vascular graft in the host to obtain functional tissue regeneration and remodeling is a

PCL/fibrin vascular grafts great challenge in the field of small diameter tissue engineering blood vessels. In our previous work, poly(e-

Electrospinning caprolactone) (PCL)/fibrin vascular grafts were fabricated by electrospinning. It was proved that the PCL/fibrin

;rriss?eoremodeling and regeneration vascular graft was a suitable small diameter tissue engineering vascular scaffold with good biomechanical
VIV

properties and cell compatibility. Here we mainly examined the performance of PCL/fibrin vascular graft in vivo.
The graft showed randomly arranged nanofiber structure, excellent mechanical strength, higher compliance and
degradation properties. At 9 months after implantation in the rat abdominal aorta, the graft induced the re-
generation of neoarteries, and promoted ECM deposition and rapid endothelialization. More importantly, the
PCL/fibrin vascular graft showed more microvessels density and fewer calcification areas at 3 months, which
was beneficial to improve cell infiltration and proliferation. Moreover, the ratio of M2/M1macrophage in PCL/
fibrin graft had a higher expression level and the secretion amount of pro-inflammatory cytokines started to
increase, and then decreased to similar to the native artery. Thus, the electrospun PCL/fibrin tubular vascular
graft had great potential to become a new type of artificial blood vessel scaffold that can be implanted in vivo for
long term.

Inflammatory cytokines

1. Introduction

Cardiovascular disease (CVD) is one of the killers that seriously
threaten human health. CVD has a mortality rate of 31.7% worldwide
and accounts for 50% of deaths from noncommunicable diseases [1].
Particularly, CVD causes 80% of deaths in low- and middle-income
countries and is the most important cause of death [2]. Up to now, there
are many ways to deal with CVD, but coronary artery bypass surgery is
still generally recognized as the most effective treatment. Currently the
main sources of vascular grafts are from great saphenous vein of patient
himself. Although autologous vascular grafts exhibit good

biocompatibility, non-immune response, non-toxicity and ease of
growth, the patient's individual donor tissue is often insufficient to meet
clinical needs [3]. Thus, the artificial vascular instead of the autologous
blood vessels are the best choice and have potential application for the
treatment of CVD.

In the past few years, three kinds of synthetic materials including
expanded polytetrafluoroethylene (ePTFE), polyethylene terephthalate
(Dacron) and polyurethane (PU) have been successfully applied to
clinical treatment as large diameter (inner diameter > 6 mm) artificial
vascular grafts [4,5]. Unfortunately, synthetic grafts still face many
challenges that we need to overcome, such as prone to thrombosis,
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intimal hyperplasia, calcification and other complications [6,7].It is
precisely these shortcomings that have limited the progress of small
diameter (inner diameter < 6 mm) vascular grafts. Therefore, it is
urgently needed to develop an artificial vascular graft with strong
biomechanical properties, good compatibility, implantable and applic-
able to small diameter vascular remodeling, which will have a huge
impact on the surgical management of CVD.

Tissue engineering technology offers hope for the construction of
artificial vascular graft. Tissue engineered blood vessels include three
major elements: scaffold material, growth factors and seed cells.
Vascular scaffold material serves as a carrier of growth factors, and also
provides a suitable microstructure environment for cell growth. So,
constructing biologically active vascular scaffolds in vitro can promote
vascular reconstruction and provide an exciting strategy for small dia-
meter vascular grafting. The scaffold material should have certain
biomechanical properties, which are an important index for vascular
remodeling. Meanwhile, vascular graft should also have excellent
flexibility, be resistant to kinking, and be easy to be sutured [8,9].Many
researchers have confirmed that the mechanical properties of vascular
scaffolds can regulate the function of macrophages, which has some
definite effect on tissue remodeling [10,11]. Furthermore, it was found
that mechanical stretching can greatly increase the proliferation of
vascular smooth muscle cells (VSMCs), endothelial cells (ECs) and ex-
tracellular matrix (ECM) formation [12,13]. Therefore, we speculated
that when vascular graft exhibits poor mechanical properties, it may
delay vascular reconstruction.

In the process of vascular remodeling, cellular infiltration of vas-
cular grafts is an important issue that requires urgent attention [14].
Researchers have been attempting to improve its performance. Ag-
nieszka et al. [15] has compared different reseeding methods to define
the most efficient technique enhancing recellularization of tissue en-
gineered vascular vessels prior implantation. They found that punc-
turing of lyophilized tissue engineered vascular matrices could enhance
the efficiency of their recellularization. In addition, domestic and for-
eign reports on the generation of functional artificial blood vessels in
vivo are extremely rare. On the other hand, we are required to pay
attention to the effect of immune response on graft vascular remodeling
in vivo [16]. Although some graft vascular scaffold materials has ex-
cellent mechanical properties, they lack the function of vascular re-
modeling and easily cause chronic inflammatory reactions [17]. At the
same time, researchers found that some two or more different materials
combined into a composite material can cause calcification when im-
planted as vascular graft [18]. The series of problems we have described
above often occurring to vascular tissue engineering grafts.

In the previous work, we successfully prepared the PCL/fibrin vas-
cular scaffold through electrospinning technology, and found that it
had good biomechanical properties, cell compatibility, biocompatibility
and degradation properties [19].Experiments results have confirmed
that the PCL/fibrin scaffold material can be an ideal scaffold material
for small diameter tissue engineering blood vessels. So we hypothesize
that PCL/fibrin vascular scaffold is suitable as a substitute for artificial
blood vessels in vivo. To verify this hypothesis, in this paper, the PCL/
fibrin vascular scaffold was implanted into the abdominal aorta model
at 1, 3, and 9 months to assess the mechanical properties, cell pro-
liferation, formation and secretion of extracellular matrix, functional,
immune response and calcifications characteristics of the grafts.

2. Materials and methods
2.1. Materials

PCL (Mn:80,000) was come from Sigma Aldrich Trading Co., Ltd.
(Shanghai, China). Fibrin was acquired from Thermo Fisher. 98%
formic acid, 5% fetal bovine serum, TritonX-100, monoclonal antibody
secondary antibody and 4,6-diamidino-2-phenylindole (DAPI) were
purchased from Jisi Instrument Equipment Co., Ltd. (Wuhan, China).
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10%KCl, adrenaline, Ach, SNP, 4% paraformaldehyde, Masson staining
kit, hematoxylin eosin staining kit, Safranin O, Verhoeffi-Van Gieson
staining (VVG) and von Kossa staining kit were obtained from Sevier
Biotechnology Co., Ltd. (Wuhan, China). Rabbit anti-von Willebrand
factor (vWF) antibody, mouse monoclonal anti-CD31, mouse anti-a-
SMA, anti-CD34 and mouse anti-SM-MHC were come from the Solarbio
Co., Ltd. (Beijing, China). Mouse inflammatory factor ELISA detection
kit was bought from Jianglai Biotechnology Co., Ltd. (Shanghai, China).

2.2. Fabrication of PCL/fibrin vascular scaffold

We have done large amount of similar work on the preparation of
PCL/fibrin scaffolds by electrospinning technology [20-22]. In brief,
PCL and fibrin at the weight of 20:80 were mixed thoroughly with 98%
formic acid. At normal temperature, the solution was shaken and dis-
solved with thermostatic oscillator (HT-110X30, Shanghai, China) to
prepare uniform and transparent PCL/fibrin polymer solution. A 20 mL
syringe filled with PCL/ fibrin solution was set on the propeller. Before
starting electrospinning equipment (FM1012, Dalian, China), the
spinning parameters were set as voltage 20 kV, rotational speed
150 rpm/min, extrusion speed 1.5 mL/h, the spinning distance 10 cm.
Then, under high electronic pressure, spinning solution solidified to
form a tubular vascular scaffold. It was dried under the fume cabinet for
3 days to remove impurities from the vascular graft and stored at room
temperature. Based on the parallel principles above, a control group
PCL vascular graft also was prepared.

2.3. Observation of the scaffold morphology under scanning electron
microscope

In order to facilitate sample observation, a tubular vascular graft
was prepared into 1.5 mm (length) X 1.5 mm (width). The surface
impurities were deleted out from the graft and then the graft was fixed
on the double-sided adhesive conductive carbon film. It was placed on
the sample platform of the ion sputtering apparatus for gold spraying
for 30 s. The scanning electron microscope (Hitachi Model SU-8010,
Japan) was set at an acceleration voltage of 12 kV, and pictures were
collected and saved.

2.4. Implantation of the vascular graft

When a series of animal experimental operations were conducted,
the rules of animal ethics protection and use and care about Xinxiang
Medical University (Henan, China) should be strictly followed. The
healthy SD male rats (n = 60, weight 200 g) were chosen and used
from the laboratory animal center of Xinxiang Medical University. To
prevent thrombosis, these rats should take aspirin anticoagulants orally
before and after surgery. Meanwhile, the grafts to be implanted in rats
should be sterilized. The process mainly included 2 h of ultraviolet ir-
radiation, 1 h of immersion in 75% medical alcohol, and then repeated
wash with 0.9% sodium chloride solution. Furthermore, surgical in-
struments had to be autoclaved in advance. All animal operations fol-
lowed the principle of aseptic principle.

The rats were injected intraperitoneally with 5% chloral hydrate
solution. After the anesthesia achieved the desired effect, the abdominal
hair was removed, and then the rats were fixed on the experimental
table. Then the surgical area was disinfected with iodophor and sterile
hole towel was covered. To be more specific, we cut out 5 cm along the
midline of the rat's abdomen, separated its organs in order, gently ex-
posed the abdominal aorta, and then atraumatically clamped the
proximal and distal ends of the blood vessels with microvascular for-
ceps. We protected the peripheral nerve, blood vessels and internal
organs, and cut off the main branch of the abdominal aorta about 2 cm
long. By a magnifying glass, an 8-0 monofilament non-absorbent thread
was used to anastomize the prepared vascular graft with the broken
ends on both sides. The rat skin was sutured in succession of 2-0 silk
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sutures and the incision was wrapped. Rats were sacrificed respectively
after 1, 3 and 9 months of survival after transplantation. Again, it had to
be stated that four rats died accidentally after transplantation in this
experiment from some unknown cause. Survival rate was 93%.

2.5. Measurement of mechanical properties

In previous paper published by our research group, the measure-
ment of mechanical properties such as maximum stress, elastic modulus
and breaking strain have been reported in detail [19]. To test the me-
chanical strength of the vascular graft, it was cut into 3 mm
(width) X 4 mm (length) x 0.3 mm (thickness) samples respectively
and fixed on a microcomputer controlled electronic universal testing
machine (Kesheng WWD-100D, Jinan, China) for measurement.
Meanwhile, each sample needed to be tested three times repeatedly to
calculate the average value and standard deviation of its elastic mod-
ulus, breaking strain and maximum stress.

Compliance is a key indicator for judging the success of vascular
graft. SD rats were operated with ether drugs. After successful an-
esthesia, they were imaged on an ultra-high resolution small animal
ultrasound instrument (Vevo3100, Canada). Furthermore, non-invasive
blood pressure measuring instrument for tiny animals (NIBP200A, USA)
was used to measure its systolic and diastolic blood pressure. The fol-
lowing formula was used to calculate its compliance.

(Rp2 — Rpl)/Rp2 y
pl —p2

compliance per 100 mmHg (%) = 104

Among them, p1l and p2 respectively represent the measured values
of high pressure and low pressure (mmHg). The inner diameter values
of high and low pressure are indicated by Rpl and Rp2.

2.6. Degradation of the graft in vivo

In order to better understand the condition of the graft, it was ob-
served with a scanning electron microscope. In addition, we used gel
permeation chromatography (HLC-8420GPC, Japan) to calculate the
molecular weight. It should be noted that the sample should be strictly
dust-removed before the measurement to reduce interference, and the
tetrahydrofuran solvent should be selected to soak the samples for three
days.

2.7. Detection of vascular function

To assess graft function, we used the aortic ring bioassay method.
Briefly, a 4 mm long tubular graft was removed from the rat. The
vascular graft was soaked in buffer for 2 h, after its surface adipose
tissue was removed. The buffer needed to be changed every 20 min. At
the same time, the addition of 10% KCl drugs (50 mM) stimulated va-
soconstriction, which indicated the function of smooth muscle cells in
the graft. In order to evaluate the relaxation function of vascular
smooth muscle, we also added sodium nitroprusside (SNP,
0.9 x 1077 mol/L) drugs. Vascular endothelium relaxed after adding
acetylcholine (Ach, 9 uM) in pre-constricted segments by adrenaline
(AD, 0.8 mM), suggesting the existence of endothelial cell function.
Furthermore, it should be connected to the force sensor recording in-
strument (AD Instruments, Australia) to measure and retain the data.

2.8. Histology and immunofluorescence experiments

Vascular grafts were transplanted in vivo for 1 month, 3 months,
and 9 months, respectively, and then SD rats were killed and samples
(n = 4) were taken using excessive amount of anesthetics. The graft
was prepared into a ring structure in turn, and observed and photo-
graphed under a stereo microscope (Xingming Optics, China). Samples
were fixed with 4% paraformaldehyde and placed in a refrigerator at
4 °C for one day. Then, histological analysis experiments and SEM
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observation were performed respectively.

To better look at the morphology of the tubular graft, we used the
SEM to inspect it. Before performing this test, the specimens should be
fixed, dehydrated with different gradients of ethanol concentration
sequentially and dried. Finally, the samples were sputter-coated with
gold. Moreover, the graft should be dehydrated, soaked in wax, em-
bedded, sectioned (thickness: 7 mm), baked, dewaxed, and rehydrated
in sequence before performing histological analysis experiments.
Subsequently, sections were stained using hematoxylin and eosin (H&E)
staining kit, Masson staining kit, Safranin O, Verhoeff-van Gieson
(VVG) and von Kossa (calcium) stain respectively. We used anti-CD34
(1:1500) for immunohistochemical staining of PCL grafts and PCL/fi-
brin grafts at different time periods. Images were collected and saved
under an upright light microscope (NIKON ECLIPSE E100, Japan).

Briefly, the immunofluorescence test should be performed after
washing the prepared frozen sections 3 times with PBS, and then 5%
fetal bovine serum solution was added at room temperature for 1 h.
Furthermore, infiltration was performed for 20 min using 0.2% TritonX-
100 solution diluted. Simultaneously, monoclonal antibody (1:500) was
added and incubated at 4 °C for 12 h. secondary antibody (1:500) was
added and incubated for 1 h in a light-shielded environment. Finally,
DAPI (1: 1000) solution was added at different times to stain the nuclei.

Endothelial cell staining experiments were expressed by rabbit anti-
von Willebrand factor (vWF, 1:200) antibody and mouse monoclonal
anti-CD34 (1:70). Vascular smooth muscle cell staining was expressed
by markers of mouse anti-a-SMA (1:200) and mouse anti-SM-MHC
(1:500) primary antibody. We used mouse anti-CD68 antibody (1:300)
to detect the presence of inflammatory cells in the graft. Furthermore,
cytokine ELISA kit was used to detect inflammation-related factors. To
observe M1 and M2 macrophages, rabbit anti-iNOS antibody (1:200)
and macrophage anti-mannose receptor/CD206 antibody (1:300) were
used. We used Image-J software to calculate the fluorescence intensity
of the characteristic factor iNOS of M1 type macrophages and the
characteristic factor CD206 of M2 type macrophages in 3 parallel
groups, and divided the fluorescence intensity of CD206 by the fluor-
escence intensity of iNOS, thereby to get the ratio of M2/M1. All pic-
tures were collected and stored under a fluorescence microscope
(Olympus BX53TR, Japan) and checked with ImageJ software.

2.9. Statistical analysis

Quantitative results in this article were taken from more than three
samples. All measured results were expressed as mean =+ SD.
Statistical analysis was performed using OriginPro software (version
9.0, USA) and Graphpad Prism software (Version7, USA). P < 0.05
represented statistical significance.

3. Results
3.1. The characterization of electrospun PCL/fibrin vascular grafts

PCL and fibrin were used as raw materials to prepare vascular grafts
using electrospinning technology. The schematic diagram of preparing
PCL/fibrin by electrospinning was illustrated in Fig. 1A. Fig. 1B in-
dicated a successfully fabricated PCL/fibrin tubular vascular scaffold,
which had a length of 1 cm, a wall thickness of 0.2 mm and an inner
diameter of 3 mm. Under the SEM, the microscopic morphology of the
electrospun PCL/fibrin nanofibers was carefully observed. As it could
be seen, the surface of the fibers was smooth, which had a certain
porosity and was beneficial to cell adhesion, migration and prolifera-
tion (Fig. 1C-D).

3.2. Changes in the mechanical strength and degradation properties of the
graft in vivo

From Fig. 2A and B, it can be seen that the grafts could be easily



L. Zhao, et al.

A/

(0D
10.0um

Materials Science & Engineering C 118 (2021) 111441

U
50.0um

Fig. 1. Preparation and observation of PCL/fibrin vascular grafts. The schematic diagram of electrospun PCL /fibrin grafts (A), macroscopic appearances of the PCL/
fibrin grafts (B). Morphology of vascular grafts was observed by SEM (C and D). Scale bars represented 10 um in C and 50 pum in D, respectively.

distinguished from native artery at 1 and 3 months, but at 9 months
vascular grafts and native artery were difficult to distinguish. Further-
more, the graft treated with 0.9% sodium chloride solution was clear
and bright, almost the same as the native artery (Fig. 2B). Under the
stereo microscope, it was found that the thickness and morphology of
the lumen were different in different time periods, and a small amount
of artery-like tissue was also seen (Fig. 2C). Interestingly, compliance of
implanted PCL/fibrin grafts gradually increased at 1, 3 and 9 months
successively. However, the compliance values of PCL/fibrin vascular
grafts were lower than PCL vascular grafts at different time periods
(Fig. 2D). In Fig. 2E-G, we also found that the breaking strain
(224 =+ 35.2%) of implanted PCL graft at 9 months decreased, but its
maximum stress (5.97 =+ 0.35 Mpa) and elastic modulus
(8.31 + 0.23 Mpa) both increased significantly, compared to the PCL
control group. However, the values of breaking strain, elastic modulus
and maximum stress of the PCL/fibrin graft at 9 months were similar
with native artery. The elastic modulus and maximum stress of neoar-
tery decreased significantly, compared to pre-implantation PCL/fibrin
graft. Importantly, degradation performance of scaffold materials in
vivo plays an important role in its mechanical strength. SEM showed
that there was a small amount of cell infiltration in the PCL/fibrin fiber
and the structure was relatively complete by 1 month, and part of the
fiber structure was broken by 3 months. However, at 9 months the
scaffold fiber degraded obviously and cells proliferated largely
(Fig. 2H). Moreover, it was demonstrated that the percentage of weight
retention of PCL/fibrin scaffold fiber was 89 = 4.2% at 1 month and
35 = 3.5% at 9 months respectively, which had statistically significant
difference (Fig. 2I). Surprisingly, with the prolonged implantation time,
the percentage of weight retention of PCL scaffolds was much higher
than that of PCL/fibrin scaffolds.

3.3. Functional regeneration of the replaced artery by PCL/fibrin vascular
grafts

The aortic ring bioassay experiments showed that the contraction
strength of PCL/fibrin vascular grafts (3.4 = 0.19 g for KCl, and
3.8 = 0.36 g for AD) was significantly higher than that of PCL grafts
(2.1 = 0.24 g for KCl, and 2.2 + 0.42 g for AD) under the action of
vasomotor agonists. However, the contractility of native artery was best
(Fig. 3A). Furthermore, under the stimulation of vasodilators, although
the relaxation intensity of PCL/fibrin graft (58.4 + 6.3% for Ach, and
52 * 2.8% for SNP) was lower than that of PCL graft (77 = 3.1% for
Ach, and 103 = 5.9% for SNP), it was very closed to native artery
(Fig. 3B). This experiment confirmed that the graft could react with
vasoactive agent, and also showed that it had excellent vasoconstriction
and vasodilator function.

3.4. Endothelialization of PCL/fibrin grafts

At 9 months of in vivo transplantation, PCL grafts, PCL/fibrin grafts
and native samples were respectively taken out. SEM results showed
that the luminal surface of the samples was very smooth and clean, and
no thrombosis and platelet aggregation were found (Fig. 4A-C). Com-
pared with PCL grafts (Fig. 4D and G), PCL/fibrin grafts (Fig. 4E and H)
showed that there were more cobblestone-like cells covering the sur-
face, which was slightly less than the native artery (Fig. 4F and I). Here,
it was emphasized that this type of cell referred to endothelial cells. The
arrangement of endothelial cells paralleled with blood flow direction.
To further test this conclusion, we used VWF factor and DAPI to
fluorescently stain samples at 9 months. We found that the luminal
surface of the PCL/fibrin graft had a continuous endothelial monolayer
similar to that of native artery (Fig. 4J-O). Endothelialization coverage
rate of the grafts was analyzed based on immunological images, and we
found that the endothelialization coverage value of PCL/fibrin grafts
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Fig. 2. Implantation into the abdominal aorta, changes in the mechanical characteristics and morphology of the electrospun graft. Macroscopic pictures of the graft at
1, 3 and 9 months after transplantation (A). The red arrow indicated the anastomotic location of vascular graft. The appearance of the graft at 9 months after
treatment with physiological saline solution (B). Gross view of the cross-sections of explanted PCL/fibrin grafts after 1, 3 and 9 months (C). (D), Compliance values of
PCL/fibrin and PCL vascular grafts after 1, 3, and 9 months (n = 3). The mechanical properties of the vascular graft (n = 3) indicated the breaking strain (E), elastic
modulus (F) and maximum stress (G). Changes of PCL/fibrin vascular grafts at different time periods were observed with SEM (H) and the percentage of weight
retention of different grafts were measured at 1, 3 and 9 months respectively (I) (n = 3). Scale bar: (C) 1 mm. *indicated P < 0.05. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Relaxation effects of Ach and SNP (B) (n = 3). , referred to statistical significance, ns indicated no statistical significance.
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Fig. 4. General situation of endothelialization in different grafts. The general morphology of the inner layer surface of different grafts was observed by SEM at 1 mm
(A, Band C), 50 um (D, E and F), and 10 um (G, H and I). Red arrows indicated vascular ECs. Inmunofluorescence images of PCL grafts (J and M), PCL/fibrin grafts (K
and N) and native artery (L and O) stained with vWF (red) and DAPI (blue), respectively. Scale bar: 100 um. Endothelial coverage of different grafts was calculated
(P) (n = 3)., p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

was higher than that of PCL grafts at 1, 3 and 9 months, respectively,
which was because fibrin had good biocompatibility and could effec-
tively promote the proliferation of endothelial cells. As the implanta-
tion time increased, the endothelialization coverage of PCL/fibrin grafts
continued to increase. At 9 months, there was no statistical difference in
endothelialization coverage between PCL/fibrin grafts and native artery
(Fig. 4P).

3.5. Rapid regeneration in PCL/fibrin vascular graft

HE staining results showed that the cell distribution was in a cir-
cumferential arrangement, and no residual degraded graft was found
(Fig. 5B). However, electrospun PCL grafts showed fewer SMCs and
thinner graft wall (Fig. 5A, E and I). At 9 months after transplantation,
the wall thickness and cell number of the PCL/fibrin grafts were close to
those of native artery (Fig. 5B-D). In order to test whether the re-
generation of the vascular media layer was related to PCL/fibrin graft
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(E-G). Fractional area of a-SMA within the graft (H) (n = 3). Immunofluorescence experiments of grafts with contractile VSMCs (SM-MHC, green) (I-K). Fractional
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remodeling, we used a-SMA markers to stain the grafts and view them
under a fluorescence microscope. The results of immunofluorescence
experiments showed that the a-SMA expression quantity in PCL/fibrin
vascular grafts group was similar with native artery group (Fig. 5F-H).
Late-stage differentiation of VSMCs is often marked by myosin heavy
chain (SM-MHCQ). A higher level of SM-MHC expression was observed in
PCL/fibrin graft, which indicated that the PCL/fibrin graft had con-
tractile phonotype function (Fig. 5J). Surprisingly, only a thin smooth
muscle media layer was seen in the PCL graft (Fig. SA). The expression
levels of a-SMA and SM-MHC in PCL/fibrin grafts were far higher than
those in PCL grafts, which may be closely related to the fibrin contained
in PCL/fibrin (Fig. 5E-L).

3.6. ECM remodeling in PCL/fibrin grafts

ECM remodeling plays a critical role in the process of vascular re-
generation. In order to evaluate the composition and function of ECM,
Masson, Safranin O and VVG were used respectively stained to detect
the collagen, glycosaminoglycan (GAG) and elastin content of three
different grafts after 9 months. It could be seen from Fig. 6 that com-
pared with PCL grafts, compact ECM deposits were obviously present in
PCL/fibrin grafts wall. Interestingly, the grafts staining results with
Masson's kit showed that the fibrillar collagen in the PCL/fibrin graft
was closely aligned with the periphery of the luminal and arranged in
circumferential appearance. It was also found that the collagen layer of
PCL/fibrin grafts were very similar to that of native artery (Fig. 6A-C).
To detect the presence of GAGs in the neoartery wall, safranin O was
used for verification. Compared to PCL grafts, the GAGs in PCL/fibrin
grafts were located mostly on the side of the luminal and were similar
to native arteries (Fig. 6E-G). Simultaneously, staining results for
elastin using Verhoeff kit confirmed the presence of an elastic layer in
the PCL/fibrin neoartery wall (Fig. 61-K). Furthermore, the quantitative
analysis results indicated that the collagen content in the PCL/fibrin
grafts was more than that in the PCL grafts (Fig. 6D). While compared
with native artery, the content of elastin and GAG were less in PCL
grafts and PCL/fibrin grafts (Fig. 6H and L). Importantly, the

distribution of collagen, GAG and elastin was more abundantly in PCL/
fibrin graft walls, but the ECM protein (collagen, GAG and elastin)
distribution was relatively scarce in PCL graft walls. This may be be-
cause PCL/fibrin could more effectively facilitate the secretion of ex-
tracellular matrix.

3.7. Analysis of vessel density and calcification in vivo

To evaluate the presence of microvessels in the graft wall, we used
CD34 immunohistochemistry to stain PCL grafts and PCL/fibrin grafts
at different time points. Fig. 7A-B showed that the content of cellularity
and vascularization in PCL/fibrin grafts at 3 months was significantly
higher than that in the PCL grafts. Brown parts represented CD34-
stained microvessels. In addition, it was calculated from the CD34-
stained images that vascular density value in PCL/fibrin grafts in-
creased to 4.8 = 0.6HPF at 1 month, and reached the highest value
(12.1 = 0.28HPF) at 3 months. Otherwise, vascular density value in
the PCL/fibrin graft decreased at 9 months. At 9 months, there was no
statistically significant difference in vascular density between the PCL
graft and the PCL/fibrin graft. At the same time, the vascular density of
PCL grafts gradually increased with the time of transplantation
(Fig. 7C).

To assess the calcification in the vascular grafts, we performed von
Kossa staining at 1, 3 and 9 months. The principle of graft calcification
is the differentiation of smooth muscle cells into chondrocytes, resulting
in chondroid metaplasia, and then the spread of chondroid metaplasia
resulted in calcified areas. PCL grafts had significantly more calcifica-
tion than PCL/fibrin grafts. It was also observed that the calcification
site in the graft was located near the lumen (Fig. 7D-E). Graft calcifi-
cation measurements revealed that the calcification area of PCL/fibrin
grafts (at 1, 3 and 9 months) was significantly lower than that of PCL
grafts. More interestingly, the calcification levels of the PCL/fibrin graft
and the PCL graft reached the highest point at 3 months, and the cal-
cification area values were 1.16 * 0.23% and 5.31 * 0.14%, re-
spectively. There was significant statistical difference between the two
groups (Fig. 7F).
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figure legend, the reader is referred to the web version of this article.)
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graft and PCL graft at 3 months (D-E). Black arrow indicated calcification. Calcification area ratio of grafts at different time points (F) (n = 3). Scale bar: 50 pum (A,
B), 100 um (D, E). , indicated statistical significance. A indicated the graft lumen.

3.8. Expression of inflammatory cytokines related to graft remodeling with time prolong, but CD206 expression was still at a higher level.
Compared with the expression of native arteries, both CD206 and iNOS
Meaningless, macrophages represent an important value in vascular expression were higher (Fig. 8A). ImageJ software 1.8.0 was used to
remodeling. As a marker for macrophages, the distribution and pre- calculate M2/M1 ratio of the graft. The M2/M1 ratio of PCL/fibrin
sence of CD68 was evaluated in vascular grafts at 1 month, 3 months grafts and PCL grafts both increased gradually with time prolong. Im-
and 9 months. Currently, macrophages are mainly classified into pro- portantly, the M2/M1 ratio of PCL/fibrin grafts was significantly higher
inflammatory type I (M1) and anti-inflammatory type II (M2) according than that of PCL grafts at 3 months and 9 months (Fig. 8B).
to different activation states, functions and secret factors [23]. As Pro-inflammatory, anti-inflammatory cytokines and chemokines
showed in Fig. 8A, the number of macrophages cells in 9 months was factors play a major role in the process of vascular remodeling.
significantly less than that in 1 and 3 months. Immunofluorescence tests Therefore, we focused on exploring these critical factors in PCL/fibrin

results for the graft by 9 months showed that the number of iNOS * vascular grafts. At 9 months, the ELISA test results showed that the
cells was significantly less than that of CD206 * cells (Fig. 8A). It can secretion of anti-inflammatory cytokines IL-4 and IL-10 decreased, re-
also be observed that the expression level of iNOS decreased gradually spectively (Fig. 8C-D). TNF-a, IL-6 and IL-1B were important pro-
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inflammatory cytokines. The secretion amount of TNF-a was
195.4 + 22.3 pg/g and higher, compared to 1 month. However, it was
surprisingly found that TNF-a, IL-6, and IL-1B all decreased at
9 months, and eventually decreased to levels similar to the native artery
(Fig. 8E-G). Interestingly, except for IL-6, all cytokines were sig-
nificantly overexpressed in PCL grafts at 9 months (Fig. 8C-G).

4. Discussion

It is well known that ideal small diameter tissue engineering vas-
cular scaffold should have highly porous structure, biodegradability,
good mechanical properties, and be easy to prepare. At the same time,
the scaffold should have a structure similar to native arteries,

nonthrombogenicity, vasoactive, and regenerated into new functional
tissue [24,25]. In addition, vascular graft that regenerates blood vessels
in vivo should have the structure functions of VSMCs and ECs similar to
native artery [26]. In order to design a functional tissue-engineered
blood vessel, we should fabricate grafts with porous structure. In our
work, PCL/fibrin tubular vascular graft was prepared by using elec-
trospinning technology, and the high-voltage electrostatic field was
used to construct a suitable fiber structure. Moreover, this preparation
method can also well control the composition of the scaffold, the size of
the fiber diameter, and the strength of the biomechanics [27,28]. After
vascular grafts were successfully transplanted into vivo for 1, 3, and
9 months, we found that there was no thrombosis in the lumen of the
graft and no intimal hyperplasia around the lumen (Fig. 2A and C).
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More importantly, the morphology and structure of the neoarteries
formed by the vascular graft at 9 months was very similar to the native
arteries (Fig. 2B). The experimental results showed that the PCL/fibrin
tubular vascular scaffold was feasible as a small diameter vascular graft.
Vascular grafts are often subjected to additional forces such as com-
pression, twisting and kinking in clinical practice. The greater the
compliance, the greater the expansion of the blood vessel and the better
its elasticity. The difference in compliance between vascular grafts and
host the artery is the leading cause of graft failure. Therefore, we should
consider the compliance index of the graft [29]. In this paper (Fig. 2D),
we found that the compliance value in PCL/fibrin vascular graft gra-
dually increased (11.5 = 1.83% at 1 month, 24.2 =+ 3.67% at
3 months, 58.4 * 2.51% at 9 months).

The mechanical properties of functional vascular graft must be si-
milar to that of the host blood vessel in order to maintain some func-
tions in vivo. Simultaneously, it was found that the mechanical strength
values of the neoartery and native artery were breaking strain
(135 = 18.98%) VS (147 = 21.35%), elastic modulus (3.12 * 0.34
Mpa) VS (2.64 =+ 0.562 Mpa) and maximum stress (3.43 + 0.425
Mpa) VS (3.57 £ 0.132 Mpa) (Fig. 2E-G). This may be due to the good
biomechanical properties of PCL itself. The above results confirmed that
the mechanical properties of PCL/fibrin graft could fulfill the require-
ments of vascular transplantation. Evaluation of vascular graft de-
gradation performance in vivo is also a key issue that deserves atten-
tion. Wang et al. [30] results showed that PCL had a slow degradability,
which led to the failure of artificial blood vessel transplantation in vivo.
At present, there are still few reports on the complete degradation of
PCL scaffolds, which may be because the survival time of animal models
of PCL grafts is far less than the degradation time of this material [31].
However, due to the addition of fibrin, the PCL/fibrin vascular graft we
prepared showed significant degradation at 9 months in this study.
Furthermore, the general steps of polymer material degradation in-
cluded loss of molecular weight and mass [32]. Interestingly, reduced
molecular weight and fiber breakage were noted at 1, 3, and 9 months
of sample transplantation.

Ideally, vascular graft should be remodeled in vivo to form a func-
tional neoartery and it has similar function with native arteries. Allen
et al. [33] fabricated a PCL/poly(glycerol sebacate) (PGS) vascular graft
and implanted it into rats for 12 months. And then PCL/PGS grafts
remodeled into neoarteries, which were resemble to rat native aortas.
In our research, under the action of corresponding vasoactivators, na-
tive artery and PCL/fibrin graft appeared strong relaxation and con-
traction function, while PCL graft showed weaker performance (Fig. 3A
and B). Because PCL fiber had a thicker fiber diameter, slower de-
gradation performance and stronger stiffness, it would inhibit the
function of regenerated blood vessels.

Vasoactive reactivity, mechanical strength and compliance have
significant effects on the vascular media. In addition, regeneration of
PCL/fibrin graft depends on whether the functional vascular media is
reconstructed. Some factors such as the pore structure, composition,
and mechanical function mainly affect tissue regeneration [34]. We
could see that microfiber morphology of different samples arranged in a
circumferential manner by H&E and immunofluorescence tests. In ad-
dition, the expression of a-SMA and SM-MHC in PCL/fibrin graft was
significantly higher than that in PCL graft at 9 months respectively, but
it was slightly lower than that in the native artery (Fig. 5). These results
indicated that the graft successfully achieved phenotypic conversion of
VSMCs in vivo, and also demonstrated that the neoartery had sig-
nificant vascular activity in VSMCs. Thus, we believed that PCL/fibrin
tubular scaffold could give satisfactory results for tissue regeneration.

The endothelial layer of the graft with a complete architecture and
function can often effectively reduce the formation of thrombus and the
proliferation of VSMCs, thereby preventing the formation of intimal
hyperplasia. Researchers have continuously tried various strategies to
optimize the endothelialization of small diameter vascular grafts. Wu
et al. [35] used PCL as a raw material and successfully prepared a new
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type of nanofiber-oriented tubular scaffold through electrostatic spin-
ning technology. The results confirmed that the scaffolds arranged by
the circumferential nanofibers could promote the directional pro-
liferation and adhesion of ECs. In our work, the PCL/fibrin graft showed
endothelialization at 1 month, and the cobblestone-shaped endothelial
cells in the PCL/fibrin graft were not significantly different from the
native artery at 9 months (Fig. 4). Both PCL/fibrin vascular graft and
native artery showed complete endothelialization after 9 months, while
PCL graft had only thin layer of endothelial cell layer. This result in-
dicated that the microstructure of PCL/fibrin grafts had significant
impact on the proliferation of endothelial cells since the early stage, and
its endothelialization degree was significantly higher than that of PCL
grafts. This phenomenon may be because the PCL/fibrin graft was a
hydrophilic composite material, which promoted endothelial cell ad-
hesion and proliferation behavior.

How to keep the neoarteries in line with the mechanical properties
of native arteries is a major problem in the field of tissue regeneration
medicine. Extensive research has found that effective improvements in
ECM deposition including elastin, collagen and GAG can greatly en-
hance mechanical strength of vascular graft. Moreover, these con-
stituents are vital for maintaining the function of blood vessels [36,37].
We concluded that PCL grafts showed limited ECM deposition at
9 months of transplantation in SD rats. However, the collagen, GAG,
and elastin in PCL/fibrin grafts neatly arranged circumferentially. More
importantly, the content and arrangement structure of these ECM
components were not much different from the native artery (Fig. 6).
Therefore, the mechanical strength of the PCL/fibrin graft was very
similar to that of native artery. We speculated that the undegraded fi-
bers in the PCL/fibrin scaffold played a strong role in mechanical
properties together with the deposition of ECM. As a result, the
neoartery could withstand corresponding the impact of blood flow.

Cell infiltration is an important step in tissue regeneration.
Moreover, cell proliferation, migration and infiltration depend on the
internal structure of the fibers in the synthetic material and the effects
of pore size [38]. In the construction of tissue engineering blood vessel,
a large number of functional microvessels are needed, and the re-
modeling of degradable scaffolds by microvessels ingrowth is also im-
portant phenomenon which we cannot ignore. In this study, micro-
vessels density of PCL/fibrin grafts was significantly higher than that of
PCL grafts at 1 and 3 months (Fig. 7A-C). We speculated that the mi-
crostructure of PCL/fibrin vascular scaffold could effectively promote
the formation of microvessels, which may be due to existence of fibrin
with good biocompatibility. Nonetheless, the dense structure of PCL
grafts prevented cell infiltration. Furthermore, the microvessels density
values of the two groups of grafts were approximately equal at
9 months.

The issue of graft calcification always plagues researchers, so the
problem is worthy of our continuous exploration. To evaluate the role
of graft pore size in the development of calcifications, Tara et al. [39]
experimentally showed that compared with small pore grafts, large
pore grafts had well-organized neointima formation and less calcific
deposition. In our study, PCL/fibrin grafts (at 1, 3, and 9 months)
showed significantly less calcification areas than PCL grafts (Fig. 7D-F).
We thought it was possible that the PCL/fibrin graft had a high pore
structure and good biocompatibility, which effectively slowed down the
formation of calcification. Furthermore, prolonged foreign body sti-
mulation induced the production of related inflammatory cells, which
was closely related to mineral deposition and eventually led to calci-
fication. Thus, in order to hinder calcification, it was necessary to im-
prove biocompatibility of scaffold materials.

In recent years, research generally believes that reasonable inhibi-
tion of related inflammatory reactions can effectively control infection
and reduce the incidence of tissue necrosis, and its ultimate purpose is
to promote tissue regeneration and healing. Until now, despite the
continuous efforts of researchers to specialize in scaffold materials to
achieve ideal vascular function, the vascular reconstruction of grafts is
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still a huge challenge for us [40]. Members of our team also examined
the presence of inflammatory responses when the remodeling of PCL/
fibrin grafts was analyzed. Among them, macrophages may also be the
main participants and leaders. We observed many macrophages or-
iented with microfibers of PCL/fibrin grafts at 1 month, and there were
many CD68 positive markers. However, as the transplantation time
prolonged, the CD68" macrophages gradually decreased, and by
9 months, their number was close to the native arteries (Fig. 8A). In
addition, the M2/M1 ratio of macrophages in the PCL/fibrin vascular
graft at 1 month was slightly larger than that of PCL graft, but it was
more than PCL graft at 3 and 9 months (Fig. 8B). These results indicated
that the macrophage proliferation in early stage may be caused by the
topological phenomenon of the graft. As the transplantation time in-
creased, the mechanical and degradation properties of the graft in vivo
changed, which ultimately resulted in a change in the macrophage
phenotype. Although the expression of different types of cytokines
changes over time, the expression of anti-inflammatory cytokines had
relations with that of pro-inflammatory cytokines. At 9 months, the
expression of different cytokines in PCL/fibrin vascular grafts was not
different from that of native arteries, which indicated that anti-in-
flammatory cytokines and pro-inflammatory cytokines interacted in
vascular remodeling to obtain the best results. The interesting finding
was that the expression of anti-inflammatory cytokines and pro-in-
flammatory cytokines of PCL/fibrin vascular grafts was significantly
less than that of PCL grafts at 9 months (Fig. 8C-G). We speculated that
PCL grafts had slow degradation properties and poor biocompatibility,
which prolonged the continuous appearance of inflammation.

5. Conclusion

In this paper, we used electrospinning technology to prepare a cir-
cumferentially arranged tubular vascular graft, and confirmed that the
mechanical properties and vascular function of the PCL/fibrin graft
were similar to native arteries by experiments in vivo. Meanwhile,
compared to the PCL graft, PCL/fibrin graft showed a higher level of
expression of smooth muscle contractile protein after 9 months, im-
proved ECM deposition, rapid endothelialization, reasonably regulated
macrophage expression and rare presence of calcifications. To sum up,
these data indicated that PCL/fibrin vascular grafts could induce the
host to perform functional reconstruction and vascular regeneration,
which laid the foundation for the development of small diameter tissue
engineering blood vessel.
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