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A B S T R A C T   

Electrospun fibre has shown great potential in tissue engineering and regenerative medicine due to its high 
specific surface area and extracellular matrix-mimicking structure. However, fabricating an electrospun fibrous 
scaffold with controllable complex 3D macroscopic configuration remains a challenge. In the present study, a 
novel method was designed to transform 2D electrospun poly (L-lactic acid) (PLLA) fibrous membrane to tubular 
PLLA fibrous scaffolds with 3D complex but tailored configuration. The electrospun PLLA fibrous membrane was 
rolled around a designed mould and then treated with acetone. Treated vascular grafts’ length, diameter, and 
shape can be tailored by the mould parameters. Moreover, treated vascular grafts achieve favourable mechanical 
properties (Young’s modulus = 155 MPa, tensile stress = 8.79 MPa and radial force = 2.2 N) and the mechanical 
properties could be engineered on demand. In addition, treated vascular grafts kept their initial structure and size 
during long-term in vitro experiments once they were formed. In addition, with the acetone-induced recrystal-
lization of PLLA, pristine solid PLLA fibres were changed to hierarchical porous PLLA fibres with ultra-high 
specific surface area (28.9 m2/g) and wettability (water contact angle = 101.32◦), which has positive effects 
on cell adhesion and proliferation ability. A7r5 in vitro experiment shows that the proliferation rate of treated 
vascular grafts increased 153% at day 4 and 170.6% at day 7 compared with pristine vascular grafts.   

1. Introduction 

Cardiovascular disease is the leading cause of all deaths in the UK 
and globally [1]. The essential mechanism of cardiovascular disease is 
due to atherosclerosis developed in the artery, a slow and progressive 
build-up of fatty deposits (plaques) that cause narrowing or blockages of 
blood to the heart muscle or brain. Vascular graft for vascular disease is 
mainly for replacement of the diseased arteries or arteries bypass 
through open surgeries. Vascular scaffolds include autograft, allograft, 
and synthetic material tubes. However, using autogenous blood vessels 
requires a second operation that can cause harm to the patient’s body. 
Also, due to insufficient harvesting or the patient’s health, suitable 
autologous grafts are not always available [2]. Besides, the use of allo-
grafts is also limited due to the lack of tissue donors [3]. Therefore, 
artificial blood vessel implantation in situ is regarded as one of the best 
choices and developing tissue engineering vascular graft (TEVG) is a 
pressing requirement. 

Tissue engineering is a strategy to fabricate TEVG. Its aim is the 
growth of extracellular matrix through seeding cells on synthetic scaf-
folds [4]. There are various methods for preparing tissue scaffolds, 
including self-assembly, template synthesis, phase separation, wet- 
spinning, and electrospinning. Tissue scaffolds prepared by nano-
fibrous materials are highly desirable as they can mimic the natural 
extracellular matrix (ECM) structure. Electrospinning enables the 
fabrication of fibres with diameters ranging from nanometres to 
micrometres, which have physical properties close to that of natural 
ECM [5]. Besides, electrospun fibrous scaffolds also have high porosity, 
good pore-interconnectivity and large surface areas [6]. Due to these 
advantages, electrospun fibre is an ideal material for fabricating in situ 
TEVG. Poly (L-lactic acid) (PLLA) is a renewable, bioresorbable, low- 
cost manufacturable synthetic material, that is approved for scaffold 
by the U.S. Food & Drug Administration and its counterparts in other 
countries [7,8]. It has been widely used in many fields such as tissue 
engineering scaffolds, food packaging, drug delivery systems, and many 
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more [9]. 
Several groups have reported on the fabrication of vascular grafts 

using electrospun PLLA nanofibres. For example, Hashi and co-workers 
reported a vascular graft constructed from PLLA nanofibres. In this 
research, they constructed a PLLA electrospun vascular graft via a 
rotating mandrel and a longitudinally moving spinneret [10]. In another 
effort, Peng and co-workers fabricated a self-rolling PLLA and poly-
caprolactone bilayered vascular graft. The formation of a 3D tubular 
structure is created by the temperature-induced relaxation of intrinsic 
stress of electrospun PLLA fibrous membrane [11]. Although these two 
methods can fabricate PLLA electrospun vascular grafts, there are some 
limitations. Firstly, due to the different layers of the vascular grafts not 
being bonded with each other or the detachment of hollow tubes from 
the collector, cracks may occur on the fibres or general structure of 
vascular grafts. These issues may cause liquid leakage from the gaps 
under blood pressure [11,12]. Secondly, compared with commercial 
polyethene terephthalate vascular grafts, electrospun vascular grafts 
have less strength and elasticity [13]. Under low blood pressure, the 
electrospun vascular grafts always collapse after implantation as they do 
not have sufficient shape-retaining performance [14,15]. Lastly, in 
almost all previous studies, electrospun vascular grafts can only be 
prepared as simple straight tubular structures [12,16]. However, native 
blood vessels have complicated geometric structures, such as branch and 
tapered structures [17–19]. The ideal vascular grafts should include 
bifurcation structures and taper structures to better suit different pa-
tients as well as to minimize the vascular hemodynamic impairments to 
the physiological conditions, which can decrease the incidence of 
restenosis and thrombosis [20,21]. 

The current development of electrospun vascular grafts shows the 
following challenges: Firstly, electrospun vascular grafts require good 
structure integrity as well as higher mechanical properties and shape- 
retaining ability during and after the scaffold integration process; Sec-
ondly, electrospun vascular grafts should be able to mimic the geometric 
structures of real blood vessels instead being a simple tube. In our pre-
vious work, electrospun PLLA nanofibres were treated with acetone to 
generate a hierarchical porous structure. The mechanical properties of 
treated PLLA nanofibres also increased significantly [22,23]. Through 
further research, we found that PLLA nanofibres adhered together after 
the acetone treatment. These unique characteristics made it possible to 
develop an electrospun PLLA vascular graft. By our method, electrospun 
PLLA fibrous membranes were first collected and rolled around a 
designed mould. After that, they were treated with acetone. Through 
this method, acetone-treated vascular grafts have excellent structure 
integrity and mechanical properties. More than that, these grafts achieve 
various shapes, better cell adhesion and proliferation ability. 

2. Materials and methods 

2.1. Materials 

PLLA (Mw = 1.43 × 106) was obtained from PURAC Biomaterials, 
Netherlands. Acetone (99.70%) and dichloromethane (DCM) (99.80%) 
were bought from Merck Life Science. Dimethylformamide (DMF, 
99.80%) was bought from Fisher Scientific. Glass rods, needles, and 
ePTFE tubes were bought from VWR International and used as moulds. 
Ethanol was also bought from VWR International. The rat smooth 
muscle cell (SMC) line was purchased as A7r5 (ECACC 86050803) from 
the UK Health Security Agency. Dulbecco’s modified eagle medium 
(DMEM D5796) was purchased from Sigma Aldrich. 

2.2. Vascular graft fabrication 

PLLA fibrous membranes were prepared based on a protocol pub-
lished previously [22]. PLLA granules were dissolved by a dual-solvent 
system at 1.8 wt% concentration. The dual-solvents system included 
DCM and DMF at 19: 1 w/w. PLLA granules were added into DCM and 

stirred at 50 ◦C until all the PLLA was dissolved. After that, DMF was 
added dropwise into the solution. The electrospinning operation was 
conducted using an electrospinning unit by Tongli NanoTech. PLLA 
solution was transferred in a 20 ml Luer plastic syringe and loaded on a 
syringe pump. The injection speed was controlled at 5 ml/h during 
electrospinning. The distance between the nozzle tip and collector was 
kept at 20 cm and the voltage was set at 17 kV. Finally, the collected 
fibrous membrane was dried at room temperature in a fume hood for 24 
h. 

To prepare the vascular graft, electrospun PLLA fibrous membranes 
were cut into different rectangular strips by a scalpel. Then, these strips 
were manually rolled around various moulds. These moulds were ster-
ilized by soaking in 75% ethanol for 1 h before use. After that, vascular 
grafts with moulds were immersed in acetone for 5 min and then dried in 
the fume hood for another 10 min. Lastly, all vascular grafts were gently 
detached from the moulds and stored in clean Petri dishes before further 
characterization. To fabricate the 6 mm diameter straight tubular 
vascular graft with different wall thicknesses, different lengths of PLLA 
fibrous membrane strips were prepared. In this research, 3 vascular graft 
samples with different wall thicknesses were prepared. All samples are 
prepared according to Table S1 and most of the characterizations were 
focused on these samples. Samples with different wall thicknesses before 
acetone treatment were named as pristine-thin, pristine-medium, and 
pristine-thick. Samples with different wall thicknesses after acetone 
treatment were named TEVG-thin, TEVG-medium, and TEVG-thick. All 
other vascular grafts including different diameter straight tubular 
vascular grafts and different shape vascular grafts were fabricated by 
rolling different length strips around glass rods, needles or designing 
ePTFE moulds. 

2.3. Sample characterization 

SEM: The surface morphology of the electrospun nanofibers and 
cross-section of the pristine and treated TEVG samples were observed 
using scanning electron microscopy (SEM, Zeiss Ultra-55) with an 
accelerating voltage of 1.5 kV. 

Roughness: Surface roughness was tested by a laser optical micro-
scope (µScan Nanofocus), a random 2 mm × 2 mm region from each 
sample was chosen to scan, and the resolution was set to 1 µm × 1 µm. 

Mechanical properties: The tensile properties, radial compression, 
and shape memory ability of the pristine and treated TEVG samples were 
measured using a mechanical testing instrument (Instron Model 3344L). 
For the tensile test, the instrument was set to a tensile test mode. The 
samples were cut into 5 mm × 50 mm shapes and the extension speed 
was 5 mm/min. For radial compression and shape recovery tests, the 
instrument was set to a compression test mode. Samples of 20 mm long 
were held on a flat surface. A probe pressed the sample from above at a 
displacement rate of 5 mm/min. When the sample was pressed to about 
50% of its original diameter, the pressing probe stopped and held for 10 
s. After that, the probe was returned to the original place at the same rate 
as pressing. 

Wettability: An optical contact angle equipment (Kruss DSA100) was 
used to calculate pristine and treated TEVG samples’ surface water 
contact angle, with a controlled 20 μL of water per drop. 

XRD: The crystallinity of pristine and treated TEVG samples was 
evaluated using an X-ray diffractometer (Panalytical XRD-5) with 
reflection mode Cu-Kα radiation and employing a scanning rate of 2◦/ 
min in a 2θ range from 10◦ to 40◦. 

DSC: Differential scanning calorimetry (TA Instrument Q-1000) was 
used for data acquisition. The temperature range was set from 20 ◦C to 
200 ◦C with a heating rate of 10 ◦C/min. Each of the samples was 
measured three times, and the results were analyzed based on the 
average data. 

BET: The specific surface area of pristine and treated TEVG samples 
was characterized by using a surface area analyzer (Micromeritics 
Gemini 2360). 
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Burst strength: The burst pressure of pristine and treated TEVG 
samples was measured by a self-designed apparatus consisting of a 
digital pump, a pressure sensor, and a sample holder. During testing, one 
end of the vascular graft sample was connected to a syringe loaded with 
PBS, and another end of the sample was connected to the pressure 
sensor. The PBS continued to be injected into the sample until it leaked, 
and the maximum pressure was recorded as the burst pressure. At least 
three replicates were measured for burst pressure. 

In vitro incubation: To verify the hypothesis that the acetone post- 
treated TEVG can maintain a well-defined and regular shape for a 
long period, treated TEVG samples were incubated in PBS solution for 
21 days, using pristine TEVG samples as controls. 

2.4. SMCs in vitro experiment 

A7r5 cells were cultured with about 15 ml of high glucose DMEM 
(D5796, Sigma Aldrich) supplemented with 10% fetal bovine serum and 
1% antibiotics in a T75 flask. The flask was stored at 37 ◦C in a hu-
midified air incubator containing carbon dioxide (5%). When cells 
reached over 90% confluency, they were trypsinized, harvested, 
washed, and re-suspended in DMEM medium [24]. 15 pristine TEVG 
samples and 15 treated TEVG samples were sterilized with 1 h exposure 
to UV light followed by a 5 min immersing with 70% ethanol solution. 
Then, all samples were washed with PBS buffer 3 times to remove 
ethanol. Subsequently, 60 μL cell suspension containing about 5x104 

cells was seeded on each sample. After an attachment window of 30 min 
of incubation, 1 ml cell culture medium was added for further growth in 
each well. The medium was changed every 3 days. 

AlamarBlue® solution (BUF012, BIO-RAD) was used to perform a 
Resazurin Assay. The working solution was prepared by adding 10% 
AlamarBlue to the DMEM medium and keeping it from direct light 
exposure. At 1, 4, and 7 days, 6 samples including 3 pristine TEVG 
samples and 3 treated TEVG samples were selected for this assay. The 
old medium in each well was drained and rinsed with PBS solution. 1 ml 
working solution is added into the wells followed by 2 h of incubation 
along with blank solution. After incubation, 100 μL of working solution 
per sample was transferred to a sterilized 96-well plate 3 times, giving 9 
trials for every sample. The same procedure was applied to the incu-
bated blank solution as well. After that, the 96-well plate was sent to a 
microplate reader (BMG FLUOstar Omega) for fluorescence intensity 
detection. 

Cell attachment, distribution status, and morphology were assessed 
by DAPI and phalloidin stain [25]. After 1, 4, and 7 days, cell-seeded 
samples were fixed using 10% neutral buffered formalin for 1 h. After 
removing the fixing solution, 0.1% Triton X-100 PBT solution was added 
to permeabilize the cell membrane. After that, samples were rinsed 
twice in PBS. Finally, the samples were stained with phalloidin for 1 h 
and then rinsed twice in PBS before being secondarily stained with DAPI 
for 5 min. The whole staining process was done under room tempera-
ture, and the dilution factor for phalloidin and DAPI was 1:1000 and 
1:2000, respectively. Images were obtained on a laser confocal micro-
scopy (Leica TCS SP8). 

2.5. Statistical analysis 

All data were expressed as mean ± standard deviation. Statistical 
differences between different samples were evaluated by T-test in Excel. 
All data were analyzed by Origin 2018 software. The vascular graft’s 
wall thickness was measured by ImageJ using SEM images. Cell number 
was calculated by using QuPath software according to the DAPI stain 
results. 

3. Result and discussion 

3.1. Surface morphology 

In this research, a binary solvent system, including DCM and DMF, 
was used. DCM is a solvent and DMF is a non-solvent of PLLA. During 
electrospinning, the fast evaporation of DCM could cause phase sepa-
ration between the polymer (PLLA) and the non-solvent (DMF). After the 
remained DMF was completely evaporated from the fibres, its regions 
were left as pores or pits on the fibre surface as shown in Fig. 1a and b 
[26]. In addition, when the electrospun fibres reached the collector, due 
to the low solution concentration (1.8%), they were only half-dried with 
a soft polymer shell and some solvents inside the fibres. Meanwhile, the 
PLLA shell was not hard enough to maintain the round fibre shape [22]. 
Therefore, some fibres became flat, as shown in Fig. 1b. Moreover, for 
the pristine TEVG surface, all PLLA fibres are mutually independent with 
less crosslinking between them. Therefore, the pristine TEVG sample 
surface is very fluffy, as shown in Fig. 1b. 

After acetone post-treatment, PLLA fibres on the treated TEVG 
sample surface show a hierarchical porous structure, which is signifi-
cantly different from the pristine sample surface morphology. The 
reason for this change is that acetone could recrystallize PLLA polymer 
chains. To be specific, as the solvent evaporates very fast during elec-
trospinning, electrospun PLLA fibres are mostly in an amorphous state 
after reaching the collector. When PLLA fibres were immersed in 
acetone, acetone infiltrated quickly into the amorphous phase of PLLA 
and swelled the whole fibres. Therefore, amorphous PLLA chains were 
rearranged by solvent-induced recrystallization [27,28]. At the same 
time, numerous nano-pores were formed among the whole polymer 
fibre. Finally, the electrospun PLLA fibres were transferred from solid 
fibres to hierarchical porous ones. Moreover, the flat ribbon-shaped fi-
bres recovered to be round, as shown in Fig. 1d and f. With a hierarchical 
porous fibrous structure, treated TEVG samples have an ultra-high 
specific surface area of 28.986 m2/g, significantly higher than pristine 
TEVG (3.716 m2/g), as shown in Fig. S2. Further, there is obvious 
crosslinking between PLLA fibres after acetone post-treatment (Fig. 1c). 
PLLA fibres adhered together during solvent-induced recrystallization 
[26]. With this crosslinking, the treated TEVG sample surface became 
more compact and had lower general surface roughness than the fluffy 
pristine TEVG sample surface (Fig. S1). In conclusion, treated TEVG 
samples with hierarchical porous PLLA fibres have higher surface area 
and porous fibre structure which can absorb and retain more protein and 
nutrients. It is beneficial for cell attachment and proliferation. 

Fig. 1c and f show the cross-sectional morphology of the pristine- 
medium sample and TEVG-medium sample (other images for the 
cross-sectional morphology of pristine-thin, TEVG-thin, pristine-thick, 
and TEVG thick samples are shown in Fig. S3). The pristine-medium 
sample shows a loose inter-layer structure. Clear inner cavities could 
be observed between different rolling layers without cross-linking. After 
acetone post-treatment, as the adjacent rolling layers were merged, 
there were no inner cavities on the TEVG-medium sample’s cross- 
section. 

3.2. Acetone post-treatment mechanism 

During the acetone treatment, as PLLA and acetone have similar 
Hansen solubility, PLLA fibres were strongly swollen by acetone 
providing more free spaces for polymer chains. The swelling degree of 
PLLA could be up to 150% [29]. The stretched polymer chains relaxed 
and shrunk during acetone treatment, which could shorten the length of 
PLLA fibre, resulting in a significant overall contraction of the PLLA 
fibrous membrane [23]. Fig. 2c shows the force change on the PLLA 
fibrous membrane while it was immersed in acetone at room tempera-
ture. Initially, as the PLLA fibres were swollen by acetone and polymer 
chains relaxed, the membrane expanded rapidly. After that, the rear-
rangement of polymer chains gave a shrinkage force to the fibrous 
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membrane. The maximum shrinkage force was about 0.54 N on a 5 mm 
width rectangular stripe. Pristine PLLA fibrous membrane shrunk about 
50% after acetone post-treatment (Fig. 2a and b). When a vascular graft 
was fabricated, a piece of electrospun PLLA fibrous membrane was 
rolled around a glass rod. Then the rolled membrane with the glass rod 
was immersed in acetone. The shrinkage force was changed to be a 
radial pressure to press the multi layers on the glass rod (Fig. 2d). 
Generally, for PLLA with lower Mw, acetone works as a solvent for PLLA 
[30]. However, for PLLA with ultra-high Mw (Mw = 1.43 × 106), 
acetone can only swell and slightly dissolve PLLA fibres. After acetone 
was completely evaporated, fibres were adhered together by those 
slightly dissolved PLLA. Due to the adhesion of PLLA fibres and a radial 
pressure caused by the rearrangement of polymer chains, fluffy PLLA 

fibres became compact on TEVG samples after acetone treatment. 
Consequently, the outer diameter and thickness of the TEVG samples 
were smaller than the pristine samples after acetone treatment (Fig. S4). 
By this method, the final TEVG had excellent structural integrity. 

3.3. Materials properties 

3.3.1. Water contact angle 
PLLA is a kind of hydrophobic polymer. With a fluffy surface, the 

pristine samples had a higher water contact angle at 138.4◦ [26,31]. 
However, after acetone treatment, the treated TEVG sample’s water 
contact angle was reduced to 101.3◦ (Fig. 3a). The big difference in 
hydrophilicity before and after acetone treatment was caused by the 

Fig. 1. SEM images of pristine TEVG samples and TEVG samples. a) Pristine TEVG samples (low magnification); b) Pristine TEVG samples (high magnification); c) 
Cross-section of pristine TEVG samples; d) Acetone-treated TEVG samples (low magnification); e) Acetone-treated TEVG samples (high magnification); f) Cross- 
section of acetone-treated TEVG samples. 

Fig. 2. a,b) Electrospun PLLA fibrous membrane’s change after acetone treatment; c) Shrinkage force during acetone treatment; d) Mechanism of acetone treatment.  
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change in surface roughness and porosity [32,33]. Acetone-treated 
surface became compact and smooth. The average roughness of the 
pristine sample was 2.631 μm. After acetone treatment, the average 
roughness of the TEVG sample reduced to 0.857 μm. Therefore, the 
water contact angle decreased and treated TEVG samples became a little 
bit hydrophilic after acetone treatment. Generally, treated TEVG sam-
ples with improved hydrophilic properties are advantageous for cellular 
nutrient supply, cell adhesion, growth, and waste removal. 

3.3.2. XRD 
During the electrospinning process, polymer molecule chains are 

stretched while the charged jet of the polymer fluid is elongated by the 
electric field. Meanwhile, the solvent evaporates quickly, leaving behind 
a polymer fibre with stretched polymer chains. As this process happens 
in a very short time, it leaves not enough time for an orderly molecular 
chain arrangement. Therefore, most of the electrospun PLLA fibres are 
still amorphous with low crystallinity [27,34]. Fig. 3b shows the XRD 
result of pristine TEVG and treated TEVG samples. Firstly, for the pris-
tine TEVG samples, only a wide weak peak at about 16.9◦ was detected, 
which means that PLLA fibres were in a low crystallization status. 
Compared with previous research [22,24], there is no difference in the 
XRD results between electrospun PLLA fibres and PLLA fibres from 
pristine TEVG samples. This shows that the hand-rolling process didn’t 
change the crystallinity of the PLLA fibres. After acetone treatment, four 
peaks were observed in the XRD graph. The most remarkable peak of 
treated TEVG samples is at about 16.9◦, which refers to the (200/110) 
plane [35]. Moreover, the other three relatively weak peaks located at 

14.7◦, 19.0◦, and 22.3◦ are referred to as (010), (203) and (015) 
planes, respectively. Considering the crystallization conditions, PLLA 
fibres were crystallized into α formation [22,27]. 

3.3.3. DSC 
The DSC results are exhibited in Fig. 3c. For pristine TEVG samples, 

peaks of glass transition temperature [36], cold crystallization temper-
ature (Tcc), and melting crystalline phase were obvious, which were 
noted at 58 ◦C, 74 ◦C, and 180 ◦C, respectively [22]. It is proposed that 
the Tcc of the pristine TEVG sample corresponds to the amorphous state 
of polymer chains having mobility above their Tg and recrystallization. 
After acetone treatment, treated TEVG samples’ peak of Tcc dis-
appeared, indicating their higher crystallinities. The DSC results also 
matched those of XRD, further confirming the increased degree of 
crystallinity after treatment. 

3.4. Mechanical properties 

The tensile test results are shown in Fig. 4a, and b. The data are 
shown in the bar chart (Fig. 4c). The ultimate tensile stresses of pristine 
TEVG samples were 3.13 MPa (pristine-thick), 2.78 MPa (pristine-me-
dium) and 2.49 MPa (pristine-thin) with a similar elongation value of 
about 60%. It is observed that all pristine TEVG samples have relatively 
lower mechanical properties. Although Young’s modulus and tensile 
stress of the different pristine PLLA samples increased with the change in 
wall thickness, the increment was not significant. However, after 
acetone treatment, all TEVG samples exhibited better mechanical 

Fig. 3. a) Water contact angle results; b) XRD results; c) DSC results.  

Fig. 4. a) Tensile test results of pristine TEVG samples. b) Tensile test results of TEVG samples. c) Young’s modulus and tensile stress of pristine TEVG and TEVG 
samples. d) Compress force and recovery of pristine TEVG samples. e) Compress force and recovery of TEVG samples. f) Burst pressure of pristine TEVG and TEVG 
samples. “*” represents the significance of the t-test (p < 0.05). 
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properties than pristine samples, with the tensile strengths increased to 
8.79 MPa (TEVG-thick), 6.91 MPa (TEVG-medium), and 5.67 MPa 
(TEVG-thin). Firstly, after acetone treatment, TEVG samples show 
higher crystallinity which increases the rigidness of the PLLA fibres on 
treated TEVG samples. Secondly, the treated TEVG samples with 
different wall thicknesses showed different shrinkage degrees. There-
fore, unlike the pristine TEVG samples, different TEVG samples had 
obvious differences in tensile strength So, it is convenient to meet me-
chanical requirements by changing the number of layers. For example, 
native blood vessels have various mechanical properties, such as the 
human internal mammary artery (tensile stress and elongation to break 
are 4.3 MPa and 59%), human saphenous vein (tensile stress and elon-
gation to break are 6.3 MPa and 17%), and human femoral artery 
(tensile stress and elongation to break are 1–2 MPa and 63–76%) 
[37–39]. In this study, the treated TEVG samples can be tailored to 
mimic the mechanical properties of native vessels according to the 
specific needs of different patients. This allows them to withstand he-
modynamic forces both immediately upon implantation and over the 
long term, while also remaining resistant to permanent deformation that 
could potentially lead to aneurysm formation [40]. 

The results of radial compressive and shape-retaining ability are 
given in Fig. 4d and e. Pristine samples showed lower radial compressive 
force with 0.27 N (pristine-thick), 0.13 N (pristine-medium), and 0.035 
N (pristine-thin) and all pristine samples showed almost no shape- 
retaining ability. Pristine TEVG samples were prone to collapse and 
had a lower ability to recover from deformation (Fig. S5a–c). After 
acetone treatment, the resistance to radial deformation of treated TEVG 
samples increased sharply (p-value < 0.05), with 2.2 N (TEVG-thick), 
1.9 N (TEVG-medium), and 0.8 N (TEVG-thin). In addition, the shape- 
retaining ability of treated TEVG samples showed a significant 
improvement as the shape recovery ratio of TEVG samples was about 
70%-80%. Treated TEVG samples could restore their original shape 
almost completely after being pressed (Fig. S5d–f) [41]. After acetone 
post-treatment, PLLA fibres have a higher degree of crystallinity, which 
increases the stiffness and elastic modulus of the TEVG samples. 
Therefore, TEVG samples have better circular shape-maintaining prop-
erties. In vascular design and development, the artificial blood vessel 
always suffers a collapse after implantation such as the right ventricular 
outflow tract, and collapsing of vascular walls can cause immediate 
clogging [14,42,43]. Previous research about electrospun fibrous 
vascular grafts does not provide sufficient shape memory performance 
in small-diameter arterial substitutes and venous prostheses of any 
diameter. Thus, electrospun vascular grafts with improved radial 
compressive force and shape-retaining ability should be privileged [15]. 

The burst pressure measurement was carried out using PBS. The 
maximum pressure that caused PBS leakage was recorded as the burst 
pressure since it indicated the failure of the graft. All results are shown in 
Fig. 4f. It was found that the treated TEVG samples had much higher 
burst pressure than the pristine TEVG samples. This was because after 
acetone treatment, the adjacent rolling layers were adhered together 
and there was no gap between them. In this situation, there was no PBS 
leakage under low pressure. The treated TEVG samples showed the 
highest burst pressure of about 840 mmHg, which was still lower than 
native saphenous veins. This was because PBS liquid was easy to pene-
trate the highly porous structure of electrospun PLLA grafts under 
pressure. Although the TEVG samples’ burst pressure was lower than 
native saphenous veins, normal blood pressure is 120/80 mmHg, and 
maximum blood pressure for hypertension patients is 180 mmHg [44]. 
Thus, the burst pressure of the TEVG samples developed in this study 
should be high enough to bear the native hemodynamic load [45]. 

3.5. Structural stability 

To verify the hypothesis that TEVG after acetone treatment can 
maintain a well-defined and regular structure for a long period. Pristine 
TEVG samples and treated TEVG samples were incubated in 50 ml PBS in 

a shake incubator. The temperature was set at 37 ◦C with a rotational 
speed of 80 rpm. At the beginning of the incubation, the pristine TEVG 
samples and the TEVG samples all showed regular and compact struc-
tures. After 1 day of incubation, the pristine TEVG’s structure tended to 
collapse (Fig. S6a and b). Pristine TEVG gradually swelled. Part of the 
fibrous membrane recovered to a flat stripe because there is no physical 
crosslinking between adjacent layers. However, for treated TEVG, the 
inner diameter and general structure remained constant without layer 
detachment. Fig. 5a, b, and c show SEM images of the treated TEVG 
sample’s cross-section after 7 days, 14 days, and 21 days of incubation. 
Compared with the cross-section morphology in Fig. 1f, all the sample 
cross sections are still tightly bonded without any inner cavities, and the 
wall thickness also doesn’t show obvious change. Moreover, the digital 
images also show that the TEVG sample maintains well general structure 
after long-term in vitro incubation (Fig. S6). When attempts were made 
to unroll the scaffolds by hand, a strong adhesive force was felt between 
PLLA fibres. These results strongly demonstrate that TEVG samples have 
good structural stability. With good structural stability, the treated 
samples could show excellent shape maintenance and good patency 
after implantation, demonstrating the promising potential of this study 
in blood vessel engineering. 

Immersing the sample in PBS or equivalent buffer solution at 37 ◦C is 
a common method for the assessment of polymer degradation [46]. No 
significant morphological changes were observed after 4 days of incu-
bation despite some small breakdowns on PLLA fibres. After 10 days of 
degradation, the fibres started to break down into small pieces (Fig. S7). 
Although PLLA fibres break down, the treated TEVG sample maintains 
well general structure, as mentioned above. Therefore, the treated TEVG 
samples could maintain original shape during degradation. More than 
that, after 4-, 7- and 10-days degradation, the treated TEVG samples 
could also maintain their mechanical performance (Fig. S8). 

3.6. Variable shape 

Various 3D complex configurations of fibrous tubular structures 
could be fabricated by this method, including straight tubes with 
different inner diameters, and bifurcated, and tapered macrostructures, 
as shown in Fig. 5d to 5f. The fabricated 3D fibrous vascular grafts 
accurately replicated the expected parameters of the mould used. The 
replication quality of the tubular scaffold produced through this 
moulding-assisted acetone treatment is expected to be maintained until 
the feature size decreases to less than 1 mm. Although several research 
reported electrospinning with 3D collectors to fabricate complex fibrous 
tubular structures, there are still several difficulties. Firstly, collecting 
fibrous tubes from the collector may result in the occurrence of cracks in 
the fibrous structures. Secondly, as a collector with a complex structure 
is prone to the accumulation of electric charges during electrospinning, 
it is difficult to prepare small complex fibrous tubes. Thirdly, the 3D 
electrospinning collectors are expensive and difficult to fabricate 
[18,47,48]. In this study, the fabrication method could significantly 
increase the degree of freedom in designing a 3D nanofibrous macro-
structure. Firstly, after acetone treatment, the fluffy cotton-like fibrous 
structure becomes compact with higher mechanical strength, and the 3D 
moulds are easily removed [49]. Secondly, 3D moulds are more cost- 
effective and readily available for purchase or fabrication. Accord-
ingly, various fibrous tubular macrostructures could be fabricated by 
this method to mimic the 3D configurations and sizes of native vascular 
networks [50]. In addition, this method could easily fabricate 3D fibrous 
multi-bifurcated and/or curvilinear tubular structures, broadening the 
utilization of fibrous tissue scaffolds [51]. 

3.7. Cell proliferation ability 

Laser confocal images were employed to show details of the cell 
shape and distribution at three time points after cell culture, as shown in 
Fig. 6a–f. For clear observation, the cells were stained by both DAPI and 
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Phalloidin. Cell nuclei were navigated by DAPI, and cell cytoskeleton 
was conjugated by Phalloidin to examine cell density and morphology 
[52]. After 1 day of culturing, the cells exhibited rounded morphology 
on the pristine TEVG while some cells that are attached to the TEVG 
spread and exhibit a flat morphology. Cells on the pristine TEVG samples 
exhibited a rounded morphology with few filopodia indicating that most 
cells were poorly adhered to the sample surface. In contrast, cells 
cultured on treated TEVG samples exhibited stretched cytoskeleton and 
filopodia indicating genuine adhesion of the cells to the sample surface. 
As time progressed, although increases in cell density could be observed 
in both pristine TEVG and treated TEVG samples, the number and 
spreading of cells appeared greater in the treated TEVG samples 
compared with the pristine TEVG samples. These differences are due to 
the hierarchical porous fibre structure on the treated TEVG samples 
enhancing cell attachment and proliferation in comparison to solid and 
smooth fibre structure on the pristine TEVG samples [53]. What’s more, 
the enhancement in wettability and structural integrity may also benefit 
cell attachment and viability during cell seeding [26]. 

To investigate the cell proliferation rate of pristine TEVG samples 
and treated TEVG samples, Alamar blue assay and cell number were 
examined. Alamar blue assay could directly investigate the proliferation 
rate of viable cells grown on the samples at each time point as this 
method detects the metabolism reaction via monitoring the fluorescence 
intensity (FI) from oxidation-reduction reactions toward growth me-
dium [26,54]. The assay result is shown in Fig. 6g. Regarding the test 
results, the cellular metabolic activity of the A7r5 cell increased with the 
culture time for both pristine TEVG and TEVG samples, indicating that 
they were both non-cytotoxic and able to support smooth muscle cell 
adhesion and growth. More importantly, as the FI value is proportional 
to the number of metabolically active cells, treated TEVG samples 
showed higher FI values than pristine TEVG samples, which indicated 
that TEVG samples had better cellular biocompatibility [25]. The cell 
count test on day 1 (24 h after seeding) evaluated the cell adhesion rate 
(CAR) of A7R5 cells on pristine and treated TEVG samples (Fig. 6h). 
According to the result, CAR for the TEVG samples was better than that 
of the pristine TEVG samples. Furthermore, there were more cells on 
TEVG samples than on pristine TEVG samples after 4 days and 7 days of 
culturing. The average increments of cell number on treated TEVG 
samples were 74.6% at day 4 and 253.8% at day 7. These results sug-
gested that treated TEVG samples had better cellular biocompatibility, 
more cell attachment and proliferation than pristine TEVG samples. 

These improvements could be attributed to the treated TEVG samples 
having higher specific surface area as well as higher wettability which 
could absorb and retain more protein and nutrients in the culture 
medium. 

3.8. Limitations and future work 

Firstly, blood compatibility tests are being planned in the future. 
Secondly, more in-depth biological experiments such as cell infiltration, 
functional validation, and endothelial cell evaluation, as well as in vivo 
studies, are also directions for future research. 

4. Conclusion 

In conclusion, a rapid and facile strategy has been developed to 
fabricate vascular grafts using biodegradable electrospun PLLA fibrous 
membranes and acetone treatment. By designing different 3D moulds, 
cell-free vascular grafts with different macroscopic configurations 
(length, diameter, shape) can be fabricated. Furthermore, this method 
does not rely on any complex equipment, manipulations, and moulds. 
After acetone treatment, PLLA vascular grafts are recrystallized to be a 
highly porous structure with enhanced mechanical properties. More-
over, by changing the initial layer numbers or wall thickness during the 
fabrication process, the final vascular graft’s tensile strength and/or 
compressive strength and/or burst pressure could be engineered on 
demand. This method provides a rapid tool to fabricate tailored tubular 
scaffolds with designed architectures and mechanical properties. The 7- 
day in vitro cell culture with smooth muscle cells revealed that acetone- 
treated TEVG samples with highly specific surface area and wettability 
have better cell adhesion and proliferation performance. Due to these 
advantages, this method provides attractive opportunities in the design 
and fabrication not only for vascular grafts but also for other 3D fibrous 
tubular scaffolds such as nerves, oesophagus, and urethra. This novel 
method has significant potential for the development of tubular 
scaffolds. 
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