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Abstract: Artificial vascular graft (AVG) fistula is widely used for hemodialysis treatment in patients with renal failure. 
However, it has poor elasticity and compliance, leading to stenosis and thrombosis. The ideal artificial blood vessel for dialysis 
should replicate the structure and components of a real artery, which is primarily maintained by collagen in the extracellular 
matrix (ECM) of arterial cells. Studies have revealed that in hepatitis B virus (HBV)-induced liver fibrosis, hepatic stellate cells 
(HSCs) become hyperactive and produce excessive ECM fibers. Furthermore, mechanical stimulation can encourage ECM 
secretion and remodeling of a fiber structure. Based on the above factors, we transfected HSCs with the hepatitis B viral 
X (HBX) gene for simulating the process of HBV infection. Subsequently, these HBX-HSCs were implanted into a polycaprolactone-
polyurethane (PCL-PU) bilayer scaffold in which the inner layer is dense and the outer layer consists of pores, which was 
mechanically stimulated to promote the secretion of collagen nanofiber from the HBX-HSCs and to facilitate crosslinking 
with the scaffold. We obtained an ECM-PCL-PU composite bionic blood vessel that could act as access for dialysis after 
decellularization. Then, the vessel scaffold was implanted into a rabbit’s neck arteriovenous fistula model. It exhibited strong 
tensile strength and smooth blood flow and formed autologous blood vessels in the rabbit’s body. Our study demonstrates the 
use of human cells to create biomimetic dialysis blood vessels, providing a novel approach for creating clinical vascular access 
for dialysis.
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1 Introduction 

Hemodialysis treatment is administered annually 
to nearly three million patients who suffer from kidney 

failure around the world (Nesrallah et al., 2013). 
Autologous arteriovenous fistula (AVF) is the optimal 
choice for patients undergoing maintenance hemodialy‐
sis due to its exceptional histocompatibility and lack 
of immune rejection. When an autologous AVF is im‐
possible, an artificial vascular graft (AVG) fistula is a 
feasible alternative (Gokal, 2002). There are numerous 
patients using AVG access for hemodialysis (Yang et al., 
2013; Tang et al., 2022). Nonetheless, this approach 
still has critical issues that may require immediate 
attention (Stegemann et al., 2007; Fan et al., 2012). 
For instance, the elasticity and softness of artificial 
vessels differ greatly from those of human arteries, 
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and the need for multiple punctures during vessel anas‐
tomosis and subsequent dialysis treatments may cause 
damage to the vascular scaffold, thus presenting sig‐
nificant challenges in matching AVG to anastomosed 
vessels compared to AVF. Failure to achieve this often 
leads to stenosis, thrombosis, and high infection rates 
(Bachleda et al., 2012).

The structure of natural blood vessels primarily 
consists of three layers: (1) the dense and smooth 
basement membrane that is rich in type IV collagen; 
(2) the middle layer composed of type I and type III 
collagens and elastin; and (3) the rough and porous 
outer layer containing randomly arranged type I col-
lagen (Rhodes and Simons, 2007; Zhao et al., 2010; 
Wang et al., 2012; Mongiat et al., 2016; Zhou et al., 
2018; Steffensen et al., 2021). Collagen contributes to 
the tensile strength of the vessel wall, while elastin 
provides elasticity (Wang et al., 2006). Therefore, col-
lagen is the primary component in the extracellular mat-
rix (ECM) that upholds the structure and mechanical 
characteristics of biological blood vessels (Cheng et al., 
2009; Lu et al., 2021). On the one hand, although hete-
rologous ECM is readily available, it poses potential 
risks of inter-species antigenicity. On the other hand, 
homologous ECM is antigen-free but is difficult to 
obtain for clinical use (Farb et al., 2004; Barberio et al., 
2022). To circumvent these issues, it could be a prom‐
ising approach to produce human-derived vascular ECM 
through the in vitro cultivation of human cells and 
thus avoid obtaining materials from living or deceased 
bodies. Therefore, researchers are exploring ways to 
create composite bionic blood vessels using human-
derived ECM (Thottappillil and Nair, 2015).

A crucial aim of research in this field is to find a 
cell capable of robust proliferation and high human 
collagen secretion. Some studies have suggested that 
hepatic stellate cells (HSCs) are typically in a quiescent 
state under normal conditions (Bataller and Brenner, 
2005; Seo et al., 2019; Batudeligen et al., 2023). How‐
ever, in patients with hepatitis B virus (HBV), liver 
fibrosis occurs due to the continuous activation of 
HSCs by HBV, which leads to the excessive secretion 
of collagens and other ECM molecules (Bataller and 
Brenner, 2005; Martín-Vílchez et al., 2008; Khomich 
et al., 2019; Deng et al., 2021). In fibrosis, ECM accu‐
mulates abnormally and leads to a 3–5-fold increase 
in deposition compared to healthy livers (Bedossa and 
Paradis, 2003; Sánchez-Romero et al., 2019). HSCs 
have been identified as a potential source of human 

collagen production in vitro (Bataller and Brenner, 2005; 
Koyama and Brenner, 2017; Yin et al., 2023). There‐
fore, we can take advantage of the stimulatory effect 
of HBV on HSCs to produce large amounts of ECM. 
HBV consists of four open reading frames, one of 
which being the X region that encodes the hepatitis B 
viral X (HBX) protein. Several studies have shown 
that HBX activates hematopoietic stem cells by up‐
regulating transforming growth factor β1 (TGFβ1) 
expression (Chen et al., 2014; Deng et al., 2021) and 
promotes liver fibrosis and hepatocarcinogenesis by 
downregulating microRNA (miR)-30e/miR-27a target‐
ing prolyl 4-hydroxylase subunit α2 (P4HA2) messen‐
ger RNA (mRNA) (Feng et al., 2017; Zhang et al., 
2018; Yang et al., 2021). Meanwhile, studies on the 
fabrication of tissue-engineered blood vessels have 
been scarce. In addition, it has been shown that mech-
anical stimulation increases ECM secretion and fiber 
structure formation (Sehgal et al., 1995; Daley and 
Yamada, 2013). Besides, the effect of combined bio‐
logical and physical stimuli on HSC-LX2 secretion of 
the ECM has not been investigated. Thus, we utilized 
the stable transfection of a cell line of HSCs (HSC-LX2) 
with HBX to replicate the process of HBV infection 
and to enhance their ability to secrete ECM fibers, 
such as collagen fibers.

We developed a bionic blood vessel for dialysis 
by implanting the HBX-HSCs into a polycaprolactone-
polyurethane (PCL-PU) bilayer scaffold in which the 
inner layer is dense and the outer layer is porous, 
which promotes the secretion of ordered collagen fi‐
bers by mechanical stimulation and facilitates cross-
linking with the porous scaffold. Finally, we evaluated 
the therapeutic effect of this bionic blood vessel by 
implanting it into a rabbit’s neck AVF model.

2 Materials and methods 

2.1 Cell line development and evaluation

HSCs (HSC-LX2) and hepatocellular carcinoma 
cells with HBV infectivity (HepG2.2.15) were cultured 
in Dulbecco’s modified Eagle medium (DMEM; 
Thermo Fisher, Waltham, Massachusetts, USA) sup‐
plemented with 10% (volume fraction) fetal bovine 
serum (FBS). Both cell lines were supplemented with 
penicillin (100 U/mL, Thermo Fisher) and streptomycin 
(100 μg/mL, Thermo Fisher) and maintained at 37 ℃ 
in a humidified atmosphere with 5% CO2.
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HBV indirectly infects LX2 cells (HBV-LX2). 
HepG2.2.15 was co-cultured with LX2 cells (LX2 
and HepG2.2.15, Procell Life Science & Technology 
Ltd., Wuhan, China) in a transwell system at a quanti‐
tative ratio of 4:1, and HepG2.2.15 was cultured in a 
small chamber where its secreted HBX protein factor 
indirectly stimulated LX2 cells (Wang et al., 2016).

LX2 was stably transfected with HBX (HBX-LX2). 
The construction of the vector was outsourced to 
Shanghai Genechem Co., Ltd. (Shanghai, China). Plas‐
mids were cultured and extracted by DH5α receptor 
cells (Biomed, Beijing, China) and the EndoFree Plas‐
mid Midi Kit (Jiangsu Cowin Biotech Co., Ltd., Taizhou, 
China). Transfection was carried out using the Hieff 
TransTM liposomal transfection reagent (Yeasen Bio‐
technology Co., Ltd., Shanghai, China), and the stable 
transfectant was selected using genomycin G418 (Li 
et al., 2011; Niu et al., 2022). The efficiency of trans‐
fection was corroborated by the HBX Quantitative 
Assay Kit (Huangshi Inselisa Biotechnology Co., Ltd., 
Huangshi, China).

Mechanical force dynamic cultivation: the cells 
(0, 100, and 200 r/min) or the scaffolds with cells 
(200 r/min) were fixed in a 6/12/24-well plate in the 
incubator (37 ℃, 5% CO2) to generate a laminar flow 
that simulates the effect of blood flow on cells; different 
mechanical forces were simulated through a mechanical 
shaker that vibrates in a circular pattern at different 
speeds.

2.2 Preparation and characterization of bilayer 
PCL-PU composite vascular scaffolds

2.2.1　Preparation of dense inner layer

PU was dissolved in solvent (N,N-dimethyl for‐
mamide:tetrahydrofuran=4:1 (volume ratio)) to 10% 
(volume fraction), and then sodium heparin was added 
as anticoagulant to prepare the PU fiber layer by elec‐
trospinning (Jirofti et al., 2018), with the following 
parameters: voltage, −10 and 20 kV; speed, 0.1 mL/h; 
diameter of the vessel receiver, 2 mm; rotation speed 
of the vessel receiver, 100 r/min; temperature, (25±2) ℃; 
humidity, (50±5)%.

2.2.2　Preparation of porous outer layer

PCL was dissolved in dichloromethane at 5.9% 
(0.059 g/mL), and then NaCl 10% (0.1 g/mL) and (Z)-
mono-9-octadecenoic acid-dehydrated sorbitan ester 
(Span-80) 1.5% (0.015 g/mL) were added to the PCL 

solution under stirring, which was continued with foam‐
ing for 1 h (Baker et al., 2009). This was coated on 
the outer surface of PU fiber layer, rapidly frozen and 
shaped at −80 ℃ for 12 h and freeze-dried by vacuum 
for 24 h. Finally, deionized water was used to remove 
NaCl and Span-80 by soaking to obtain a bilayer vas‐
cular scaffold with a dense inner layer and a porous 
outer layer. The fiber diameters of dense inner layer and 
pore sizes of porous outer layer were quantified by 
scanning electron microscopy (SEM) and FIJI software 
(Schindelin et al., 2012) and counted by Origin software.

2.2.3　Characterization of PCL-PU bilayer scaffolds

The material was soaked in phosphate-buffered 
saline (PBS) solution for 24 h, removed, weighed, and 
compared with the original weight to show the water 
absorption property (Rs). The calculation formula is:

Rs = (Ws−Wd)/Wd×100%, (1)

where Rs is the water absorption rate, Ws is the weight 
after immersion in PBS, and Wd is the original weight.

The porosity of PU dense layer was detected 
by Brunner-Emmet-Teller (BET) measurements (Micro-
meritics, USA, ASAP2020). The porosity of the PCL 
porous outer layer was measured by the squeezing 
method. The calculation formula (Zhao et al., 2010) is:

P = (1 − V/V0 ) × 100%, (2)

where P is the porosity, V0 is the volume of the mater-
ial in its natural state of different sizes, and V is the 
volume of the material in its extruded state of different 
sizes.

The cytotoxicity of PCL-PU was tested by cell 
counting kit-8 (CCK-8) assay and the cytocompatibility 
was assessed by SEM. In addition, sterilized PCL-PU 
vascular scaffolds were implanted into mice. The ma‐
terial and surrounding tissues were removed after 1, 2, 
and 6 weeks, and then their histocompatibility was 
assessed by hematoxylin and eosin (H&E) staining 
(Solarbio, Beijing, China).

2.3 Preparation and characterization of human-
derived ECM-PCL-PU composite bionic blood vessels

HBX-LX2 cells (1×108 cells/cm2) were seeded onto 
PCL-PU vascular scaffolds in six-well plates. After 
the cells had fully adhered and proliferated on the 
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scaffolds for 4 h, a complete medium was added to 
each well at an amount just enough to cover the scaf‐
fold material. The plate was then placed on a shaker 
and incubated at 200 r/min for dynamic culture. Sub‐
sequently, the composite scaffolds were removed from 
the plates and decellularized based on our previously 
published work (Zhao et al., 2010; Wang et al., 2012). 
This was achieved by treating the material with 0.25% 
(2.5 g/L) trypsin for 2‒3 h, and RNA enzyme (1 unit 
RNA enzyme equivalent to 1 μg RNA) and DNA en‐
zyme (1 unit DNA enzyme equivalent to 0.5 μg DNA) 
sequentially for 6 h, enabling the complete removal of 
cells with minimal breakage of the outer ECM. This 
resulted in the preparation of ECM-PCL-PU composite 
bio-vascular structure consisting of the ECM inter‐
woven within the porous layer and on the surface of 
the dense layer.

The tensile properties of this vascular structure 
(10 mm) were tested using a WDW-100E Tensile Tester 
(Jinan Limai Hydraulic Pressure Co., Ltd., Jinan, China) 
by longitudinally stretching at 10 mm/min and record‐
ing the stress‒strain curves and the maximum load 
and displacement (Do et al., 2021). The morphology 
and content of collagen fibers, elastic fibers, and re‐
ticular fibers (da Silva et al., 2017) were detected by 
Masson’s Trichrome Stain Kit/van Gieson’s Stain Kit, 
Victoria Blue Elastic Stain Kit, and Reticular Fiber 
Stain Kit (Solarbio), respectively.

The leakages of ECM-PCL-PU composite bionic 
blood vessels were tested by repeated puncture. After 
assembling and fixing a rubber tube with a peristaltic 
pump (Hebei, China), it was connected to the prepared 
ECM-PCL-PU composite bionic blood vessel to form 
a closed loop filled with distilled water. The peristal‐
tic pump was turned on and the water was allowed 
to flow at the average blood flow rates of arteries 
(4.0 mL/s), veins (2.4 mL/s), and capillaries (3.2 mL/s). 
At the same time, the vessels were repeatedly punc‐
tured with a puncture needle until they leaked, and the 
number of needle sticks was recorded when the leak‐
age occurred.

2.4 Quantification of ECM components

The cells obtained from dynamic cultivation were 
collected and subjected to detection of the presence of 
collagen, elastin, glycosaminoglycan (GAG), and hyalu-
ronic acid (HA) using the ECM Detection Kit (Biocolor 
Ltd., UK) (Parry and Squire, 2005; Mecham, 2008; 

Stern, 2008; Schaefer and Schaefer, 2010; Sato et al., 
2016).

2.5 Implantation of human-derived ECM-PCL-PU 
bionic blood vessels

Ten New Zealand rabbits underwent surgery to 
create vascular access models under general anesthe‐
sia. Artificial vessels were implanted between the ex‐
ternal jugular vein and the common carotid artery. An 
ECM-PCL-PU composite bionic blood vessel was im‐
planted in the experimental group (five rabbits), while 
in the control group (five rabbits) a vascular scaf‐
fold was implanted. Prior to suturing, 2 mL of heparin 
(12 500 U) was intravenously administered to animals 
in both groups. Postoperatively, the rabbits were given 
intramuscular injections of sodium penicillin to pre‐
vent infection. After six weeks, the rabbits were ob‐
served, sampled, and tested. Doppler ultrasound was 
used to observe the typical development of the AVF.

2.6 Statistical analysis

The experiment was performed in triplicate and 
the data were analyzed using GraphPad Prism 9.4.1 
software. The results were presented as mean±standard 
error of the mean. Statistical significance was deter‐
mined using two-way and one-way analyses of vari‐
ance (ANOVA) followed by multiple comparisons. 
A P-value of less than 0.05 was considered statistically 
significant.

3 Results and discussion 

3.1 Cell line development and evaluation

We employed two methods to activate LX2 cells: 
HBV-indirect infection (HBV-LX2) and HBX trans‐
fection (HBX-LX2) (Fig. 1a). The cell numbers were 
counted by a Fuchs-Rosenthal Counting Chamber 
(Hausser Scientific, USA) (Fig. 1b), which showed that 
the proliferation rate of activated LX2 cells was sig‐
nificantly higher than that of normal cells in the con‐
trol group. These activated LX2 cells are responsible 
for producing ECMs. However, these ECM proteins 
exist in a disordered state, and further shaping is ne-
cessary to enhance their stiffness, including softness, 
toughness, strength, etc.

Mechanical shaker-induced dynamic cultivation 
inhibited cell proliferation, and the higher the rotational 
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Fig. 1  Culture, processing, and assay of hepatic stellate cells. (a) Quantification of hepatitis B viral X (HBX) protein 
expression in LX2, hepatitis B virus (HBV)-LX2, and HBX-LX2 cells. (b, c) Effects of HBV infection (b) and mechanical 
force (c) on the proliferation of LX2 cells. *P<0.05 and **P<0.01, compared with LX2 or 0 r/min at the same time; ##P<0.01, 
compared between different HBV infections or mechanical forces. (d) Effect of mechanical force stimulation on the 
morphology and growth of LX2 cells in a six-well plate observed under a light microscope. (e) Effect of mechanical force 
on extracellular matrix (ECM) secretion by LX2 cells. (f) Effect of HBX and mechanical force co-stimulation on ECM 
secretion by LX2 cells. Data are presented as mean±standard error of the mean (n=3) and were analyzed by Tukey’s 
multiple comparisons test. ns: no significant difference; *P<0.05, **P<0.01. HSC-LX2: hepatic stellate cells; HBX-LX2: 
stable HBX-transfected HSC cells; HBV-LX2: LX2 cells indirectly infected with HBV; GAG: glycosaminoglycan; 
HA: hyaluronic acid. 

503



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(6):499-512

speed of the shaker, the slower the cell proliferation 
(Fig. 1c). Meanwhile, we observed the cell morphology 
under a light microscope, and found that the cells 
grew with the direction of mechanical force, and at 
200 r/min, some suspended cells could be observed 
(Fig. 1d, the red arrow). We further investigated the 
influence of mechanical force on the secretion of ECM 
by LX2, and both intensities of mechanical force (100 
and 200 r/min) stimulated the secretion of collagen, 
which increased progressively with incubation time at 
200 r/min (Fig. 1e). The promotion of synthesis and 
secretion by high-intensity mechanical force (200 r/min) 
appeared to be more pronounced for the total collagen 
amount. The effect of mechanical force on the elastin 
content was minor, with a slight increase due to high-
intensity mechanical force (200 r/min), which, in com‐
bination with cell proliferation results, increased sig‐
nificantly on the 5th and 6th days in the presence of 
reduced value-added rate. The mechanical force pro‐
moted the secretion of GAG, especially HA, and on the 
5th and 6th days, their contents increased significantly 
under high-intensity mechanical force (200 r/min). 
Interestingly, although the mechanical force generated 
at 200 r/min inhibited the growth of cells, they pro‐
duced more ECMs.

Furthermore, the combined effect of mechanical 
force and HBX transfection on ECM secretion was exam‐
ined by applying different forces to HSC-LX2 and 
HBX-LX2 (Fig. 1f). HBX transfection was found to 
activate HSC-LX2 and secret various ECMs, such as 
collagen, elastin, and GAG, albeit with a limited effect. 
Meanwhile, the ECM was significantly increased when 
mechanical force was applied to HBX-LX2. Upon 
higher mechanical force (200 r/min), it could more 
effectively stimulate the secretion of ECM. When mech-
anical force was applied to HBX-LX2 cells, the in‐
hibitory effect of mechanical force on proliferation 
was counteracted by the activating effect of HBX, and 
the promotive effect of both on ECM fiber secretion 
was superimposed. Therefore, we decided to use HBX-
LX2 cells dynamically cultured at 200 r/min as the 
seed cells for vascular tissue engineering.

3.2 Preparation and characterization of PCL-PU 
bilayer vascular scaffolds

The PCL-PU bilayer vascular scaffold with dense 
inner layer and porous outer layer exhibited a soft and 
elastic surface, so that it could maintain its tubular 

structure without folding even when it was made into 
a U-shape (Fig. 2a). The outer diameter of the tube 
walls was measured as (2.00±0.33) mm and the thick‐
ness as (0.39±0.03) mm by Vernier caliper. The two 
layers were tested independently under SEM (Fig. 2b). 
The SEM images and pore diameters of the outer layer 
showed that the layer has small pores of varying sizes 
with a depth of 20−250 μm (Fig. 2c), and the porosity 
was calculated to be (78.01±1.80)% according to Eq. (2) 
(Table 1). The SEM images of the inner layer and 
fiber diameter distribution showed dense fiber distri‐
bution, the adsorption average pore width was 2 nm, 
the layers were interlaced, and the filaments were 
nanoscale (Fig. 2d).

We then conducted an assessment of the PCL-PU 
scaffold and found that it exhibited excellent hydro‐
philicity, with the ability to absorb liquid more than 
twice its weight, reaching 255.18% (Fig. 2e). For LX2 
cells with a complete medium with 200 μg/mL PCL-PU 
as the testing group, we observed no discernible dif‐
ference in proliferation rates between the experimental 
and control groups (Fig. 2f). Additionally, the material 
exhibited good cell compatibility, with LX2 cells be‐
ing able to adhere, grow, and proliferate normally when 
viewed under SEM (Fig. 2g). We discovered that the 
porous structure of PCL-foaming layer was ideal for 
cell adhesion. Furthermore, the scaffold demonstrated 
good tissue compatibility, as the sterilized material was 
gradually absorbed by the body and fully integrated 
after six months (Fig. 2h). Therefore, the PCL-PU scaf‐
fold we prepared was suitable for the in vitro prepar-
ation of ECM fiber-rich tissue-engineered vessels.

3.3 Preparation and detection of human-derived 
ECM-PCL-PU composite bionic blood vessels

We cultivated dynamic composite biomimetic 
blood vessels at 200 r/min and analyzed the ECM fiber 
content in the ECM-PCL-PU composite biomimetic 
blood vessels created by three different types of cells. 
We found that the contents of various ECMs were higher 
in the HBX-LX2 cell group than in the HSC-LX2 and 
HBV-LX2 groups. In these cells, the levels of ECMs, 
such as collagen and elastin secreted by HBX-LX2, 
were relatively high, reaching a peak at the 2nd week 
and showing little change from the 2nd to 4th weeks  
(Fig. 3a). Therefore, we chose HBX-LX2 cells to manu-
facture ECM-PCL-PU composite biomimetic blood 
vessels and analyzed the characteristics of these vessels.
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Fig. 2  Preparation and testing of polycaprolactone-polyurethane (PCL-PU) composite bio-vascular scaffolds. (a) The 
surface of the vascular scaffold is soft. Bending into a U-shape can still maintain the tubular structure without fracture, 
and smooth flow remains in the lumens. (b) Scanning electron microscopy (SEM) images of a PCL-PU vascular scaffold: 
the structure of the PCL-foaming layer and the structure of the PU fiber layer. (c) Pore distribution of the porous outer 
layer. (d) Fiber diameter distribution of the dense inner layer. (e) Hydrophilicity. (f) Cytotoxicity assay. (g) Cytocompatibility 
testing. (h) Histocompatibility testing. The data in (e) and (f) are presented as mean±standard error of the mean (n=3) 
and were analyzed by Tukey’s multiple comparisons test. ns: no significant difference; **P<0.01.
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The PCL-PU composite bionic vessels exhibited 
strong tensile strength (Figs. 3b, 3c, and 3g) and pos‐
sessed stiffness and softness similar to decellularized 
natural vessels obtained from rabbit carotid arteries 
(Zhao et al., 2010; Zhou et al., 2018). When dynamic-
ally cultured for 2–3 weeks, ECM-PCL-PU possessed 
stronger stiffness and softness than the natural vessels, 
and after four weeks, their softness decreased, pos-
sibly accompanied by an ECM production-metabolism 
shift. In addition, cells cultured under certain direction 
of force grew and secreted ECM fibers along the 
direction of force, which was reflected in the results of 
stress‒strain tests (Fig. 3g). Since ECM-PCL-PU com‐
posite bio-vessels are prepared as bilayers, they break 
twice during stretching, with the outer porous layer 
breaking first and the inner one breaking later. Moreover, 
they demonstrated excellent hydrophilicity (Fig. 3d), 
with a maximum absorption rate exceeding 300.00%. 
The maximum hydrophilicity and tensile strength oc‐
curred during the 2–3 weeks following the implant-
ation of cells. Furthermore, the ECM-PCL-PU composite 
bionic blood vessels obtained with dynamic culture 
displayed significantly greater puncture resistance com‐
pared to the remaining two vessel groups in the re‐
peated puncture tests and did not differ from natural 
rabbit carotid decellularized vessels (Fig. 3e). This in‐
dicated that their softness and tensile strength were 
similar to those of natural vessels because the PU fiber 
layer had a dense and compressed structure, providing 
elastic support and repeated puncture function for the 

vascular scaffold. SEM revealed cell growth and the 
ordered secretion of ECM fibers, and observed the 
structure of cells and the ECM after cell seeding, ad‐
herence, proliferation, and decellularization (Zhao et al., 
2010; Wang et al., 2012) (Fig. 3h). The DNA content 
detected in ECM-PCL-PU demonstrated that decellu‐
larization had been thoroughly accomplished ((0.060±
0.004) ng/mg dry weight) (Fig. 3f). Over time, cell 
growth on PCL-PU scaffolds was clearly visible through 
H&E staining. Various staining techniques, including 
Masson’s trichrome/van Gieson, elastic fiber, and re‐
ticular fiber stainings, were used to identify different 
components of the ECMs, such as collagen fibers, 
elastic fibers, and reticular fibers, respectively (Fig. 3i). 
Therefore, we conducted a 2–3-week dynamic culture 
(PCL-PU+HBX-LX2+mechanical force) of HBX-LX2 
cells on a PCL-PU scaffold to prepare a biomimetic 
blood vessel.

The ECM functions within a complex mechan-
ical framework in which various components are regu‐
lated by mechanical forces. These components pos‐
sess the capability of translating mechanical cues into 
corresponding biochemical responses (Wang and Tham‐
patty, 2006; Peyton et al., 2007). The transmembrane 
protein integrin functions as a mechanical shaker-
induced dynamic cultivation by being externally linked 
to collagen by fibronectin and internally connected to 
the actin backbone through an adhesive patch struc‐
ture, which results in the development of a complete 
mechanical conduction pathway (Huang et al., 2006; 
Kechagia et al., 2019). Mechanical force plays an inte‐
gral role in the behavior of cells. It not only encourages 
the secretion of ECM but also facilitates the cross-
linking of collagen in multiple directions. In this work, 
the high-frequency circular motion of the shaker pro‐
moted the longitudinal growth of cells along the direc‐
tion of the force in the vascular scaffold. This resulted 
in the production of ECM fibers that are cross-linked 
with the scaffold, making them more suitable for blood 
flow within the vessel. The product was a composite 
bionic blood vessel with high hydrophilicity, excep‐
tional tensile strength, and strong elastic recovery force. 
The elastic recovery force was especially evident in the 
puncture process, in which the needle created a path‐
way without damaging the structure of blood vessel 
wall. When the dialysis needle was inserted and re‐
moved, biological tissue quickly regained its shape, 
leading to fast hemostasis.

Table 1  Porosity testing of polycaprolactone-polyurethane 

(PCL-PU) bilayer vascular scaffolds

No.

1

2

3

4

5

6

7

8

9

10

Average

Length
(mm)

11.52

10.22

11.42

11.15

10.98

10.62

10.47

11.38

10.78

10.67

10.92

Width
(mm)

10.58

11.20

10.70

10.61

11.78

11.24

10.56

11.09

11.56

10.56

10.99

Thickness 
(mm)

0.21

0.24

0.20

0.22

0.19

0.24

0.24

0.23

0.22

0.22

0.22

V0 
(mm3)

25.60

27.47

24.44

26.03

24.58

28.65

26.54

29.03

27.42

24.79

26.45

V 
(mm3)

5.78

6.05

5.99

6.44

5.27

6.39

5.15

5.66

6.24

5.21

5.82

P (%)

77.42

77.98

75.49

75.26

78.56

77.70

80.59

80.50

77.24

78.98

78.01

V0: the volume of the material in its natural state of different sizes; 
V: the volume of the material in its extruded state of different sizes; 
P: porosity.

506



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(6):499-512    |

Fig. 3  Preparation and characterization of human-derived extracellular matrix-polycaprolactone-polyurethane 
(ECM-PCL-PU) composite bilayer bionic blood vessels. (a) Quantitative ECM analysis of human-derived ECM-PCL-PU 
composite vessels at 200 r/min. (b, c) Tensile force test: maximum tension (b) and maximum displacement (c). (d) Water 
absorption rate (Rs) test (hydrophilicity). (e) Repeated puncture test. (f) DNA content of ECM-PCL-PU. (g) Stress‒strain 
curve. (h) Scanning electron microscopy (SEM) showed that the growth of HBX-LX2 cells covered the surface of the 
scaffold after three weeks and large amounts of ECMs were retained after decellularization. (i) Hematoxylin and eosin 
(H&E) staining, Masson’s trichrome staining (collagen is blue), van Gieson (VG) staining (collagen is red), elastic fiber 
staining (elastic fiber is blue), and reticular fiber staining (reticular fibers are black and collagen is yellow) to evaluate 
the cell growth and ECM secretion on the surface of artificial blood vessels. Data in (a‒f) are presented as mean±standard 
error of the mean (n=3) and were analyzed by Tukey’s multiple comparisons test. ns: no significant difference; *P<0.05, 
**P<0.01. GAG: glycosaminoglycan; HA: hyaluronic acid.
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3.4 Bio-vascularization of rabbit neck graft using 
a composite of human-derived ECM-PCL-PU

After constructing the vascular access model 
(Fig. 4a), we used Doppler ultrasound inspection to 
scan the neck vessels of rabbits at the 1st, 2nd, and 
4th weeks. Our results showed that the ECM-PCL-PU 
bionic blood vessels in the experimental group had 
superior inner diameter, area, and blood flow velocity 
compared to the PCL-PU scaffolds in the control group. 
At the 4th week, we found that all bionic blood vessels 
in the experimental group remained patent, while the 
scaffolds in the control group were occluded (Fig. 4b).

In order to observe the formation of collateral 
circulation around the trans-planted vessels, we incised 
the right neck of the rabbits (Fig. 4c). In the control 
group, the boundary between the vessels and surround‐
ing tissues was blurry. In contrast, the boundary was 
clear in the experimental group, and the integration 
with normal rabbit tissues was better. We then removed 
the artificial vessels by stripping them from the sur‐
rounding tissues and analyzed their cross-sections. We 
found that most of the vessels in the control group 
were occluded with visible white transparent throm‐
bus (Fig. 4c, at the red arrow). Meanwhile, the vessels 
in the experimental group remained intact, with mostly 
patent lumens and a smooth inner surface. H&E stain‐
ing revealed that the control of vascular scaffolds had 
thin walls, small luminal inner diameter, and sparse 
cell arrangement. The composite bionic blood vessels 
in the treated group had thick walls with obvious hy‐
perplasia and tightly arranged cells (Fig. 4d). We then 
used SEM to observe the luminal surface of the artifi‐
cial vessel. The cellular coverage of the lumen surface 
of ECM-PCL-PU composite vessels was higher than 
that of PCL-PU (Fig. 4e), and the porous layer of 
ECM-PCL-PU vessels fused better with cells in vivo 
than that of PCL-PU, which was more favorable for 
maintaining the degradation of ECM-PCL-PU vascu‐
lar material and autologous angiogenesis simultan-
eously, whereas the rate of the degradation of PCL-PU 
was greater than that of the autologous angiogenesis, 
with the emergence of more fine voids on the surface. 
Eventually, it could produce circulating blood vessels 
that belonged entirely to the body itself.

Additional testing was performed to evaluate the 
efficacy of the transplanted blood vessels. The results 
of tensile testing indicated no significant changes in 
the maximum displacement of the PCL-PU scaffolds 

after implantation, while the ECM-PCL-PU vessels 
showed a notable increase in maximum displacement. 
Both groups exhibited an increase in the maximum 
load (Fig. 4f). To assess the inflammatory response, 
enzyme-linked immunosorbent assay (ELISA) was per‐
formed on samples of synthetic vascular material after 
implantation, revealing lower levels of the inflamma‐
tory cytokine (Rose-John et al., 2015) interleukin (IL)-6 
in the ECM-PCL-PU group compared to the PCL-PU 
group. In addition, the ECM-PCL-PU group exhibited 
higher levels of the anti-inflammatory factor (Kim et al., 
2023) IL-10 (Fig. 4g). Therefore, we concluded that 
PCL-PU scaffolds were more susceptible to inflam‐
mation reactions compared to ECM-PCL-PU bionic 
blood vessels when implanted into rabbits.

Furthermore, it was evident that the ECM-PCL-PU 
bionic blood vessels implanted into the rabbits newly 
produced more collagen and elastin proteins than the 
PCL-PU scaffolds by ECM assay kits. However, there 
was no significant difference in the production of GAG 
or HA between the two groups (Fig. 4h). We were 
pleasantly surprised to find that the initial ECM content 
would affect the host cell tensor and ECM production 
after implantation. Therefore, ECM-PCL-PU bilayer 
bionic vessels were more likely to fuse with surround‐
ing tissues and form autologous tissues in rabbits.

Due to their excellent hydrophilicity and inner 
layer compactness, PCL-PU scaffolds had excellent 
sutures and could absorb extensive amounts of hepa‐
rin solution and maintain smooth blood flow after im‐
plantation into rabbits without clotting. However, when 
the heparin levels depleted, PCL-PU scaffolds strug‐
gled to integrate with the surrounding tissues of rab‐
bits and form autologous blood vessels in a short amount 
of time, which increased the risk of clotting. Conversely, 
ECM-PCL-PU composite bionic blood vessels offered 
a unique solution. When implanted into the neck of 
rabbits, they could effectively form autologous blood 
vessels, prevent inflammatory reactions, and guarantee 
smooth blood flow. Some rabbits might even experience 
heart failure due to excessive smoothness. ECM-PCL-PU 
bionic blood vessels could fuse with surrounding tissue 
cells, promote continuous growth, and increase the 
content of ECM, such as collagen and elastin. As the 
PCL-PU scaffold material degraded, it was replaced 
by the rabbit’s own tissue. Therefore, ECM materials 
could not only improve the stiffness of artificial blood 
vessels but also promote the metabolic process.
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Fig. 4  Human-derived extracellular matrix-polycaprolactone-polyurethane (ECM-PCL-PU) composite bio-vascular graft. 
(a) Implantation of artificial blood vessels in the neck of rabbits. (b) Statistics of vessel diameter, area, and blood flow 
velocity by color Doppler ultrasound. (c) Results of neck incisional exploration. The white arrows point to the successful 
junction of the PCL-PU/ECM-PCL-PU vascular scaffolds. The red arrow shows the inner layer where newly produced 
fibers from the rabbit itself merge with the material. (d) Cross-sectional morphology of artificial blood vessels investigated 
by hematoxylin and eosin (H&E) staining. (e) Artificial blood vessel intima observed by scanning electron microscopy 
(SEM). (f) Tensile force testing of artificial blood vessels. (g) Enzyme-linked immunosorbent assay (ELISA) for interleukins
(ILs), IL-6 as a pro-inflammatory factor and IL-10 as an anti-inflammatory factor. (h) Detection of regeneration in the 
ECM of artificial blood vessels. Data are presented as mean±standard error of the mean (n=3) and were analyzed by 
Tukey’s multiple comparisons test. ns: no significant difference; *P<0.05, **P<0.01. GAG: glycosaminoglycan; HA: hyaluronic 
acid; BI: before implantation.

509



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(6):499-512

4 Conclusions 

In summary, we constructed a novel artificial blood 
vessel model for dialysis that features large numbers 
of ECM fibers. Firstly, inspired by the fibrotic effects 
of HBV infection, we prepared cells secreting large 
amounts of ECMs, especially collagen. Secondly, we 
fabricated bilayer vascular scaffolds (PCL-PU) suitable 
for cell growth and adhesion, which contained large 
amounts of ordered ECM fibers (ECM-PCL-PU) under 
co-culture of HBX-LX2 and mechanical forces. Finally, 
the excellent performance of ECM-PCL-PU was dem‐
onstrated in an experimental model of rabbit carotid 
artery graft. We found that the initial ECM content 
would affect the production of ECM after implanta‐
tion. Our findings form a basis to produce standard‐
ized processes, with the potential to overcome the limi‐
tations of artificial vessels currently used for clinical 
dialysis.
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