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Abstract

Background: In a previous in vitro study, we confirmed that small-caliber nanofibrous polyurethane (PU) vascular
grafts have favorable mechanical properties and biocompatibility. In the present study, we examined the in vivo
biocompatibility and stability of these grafts.

Methods: Forty-eight adult male beagle dogs were randomly divided into two groups receiving, respectively,
polyurethane (PU) or polytetrafluoroethylene (PTFE) grafts (n = 24 animals / group). Each group was studied at 4, 8,
12, and 24 weeks after graft implantation. Blood flow was analyzed by color Doppler ultrasound and computed
tomography angiography. Patency rates were judged by animal survival rates. Coverage with endothelial and
smooth muscle cells was characterized by hematoxylin-eosin and immunohistological staining, and scanning
electron microscopy (SEM).

Results: Patency rates were significantly higher in the PU group (p = 0.02 vs. PTFE group). During the first 8 weeks,
endothelial cells gradually formed a continuous layer on the internal surface of PU grafts, whereas coverage of PTFE
graft by endothelial cells was inhomogeneous. After 12 weeks, neointimal thickness remained constant in the PU
group, while PTFE group showed neointimal hyperplasia. At 24 weeks, some anastomotic sites of PTFE grafts
became stenotic (p = 0.013 vs. PU group). Immunohistological staining revealed a continuous coverage by
endothelial cells and an orderly arrangement of smooth muscle cells on PU grafts. Further, SEM showed smooth
internal surfaces in PU grafts without thrombus or obvious neointimal hyperplasia.

Conclusions: Small-caliber nanofibrous PU vascular grafts facilitate the endothelialization process, prevent excessive
neointimal hyperplasia, and improve patency rates.
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Background
Diseases resulting from vascular atherosclerosis are
among the leading causes of death [1,2]. Vascular graft-
ing is a vital treatment option for severe diseases caused
by atherosclerosis, such as cardiovascular diseases. Cur-
rently, large-caliber vascular grafts made of polytetra-
fluoroethylene (PTFE) or polyethylene terephthalate
(PET) have been successfully used in the clinic [3-6].
However, synthetic vascular grafts with calibers of
<6 mm are associated with relatively low long-term po-
tencies and generally produce unsatisfactory results.
Therefore, small-caliber synthetic vascular grafts are
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reproduction in any medium, provided the or
more desirable for replacement of blood vessels blocked
by severe stenosis or occlusion, such as done during car-
diovascular bypass grafting or peripheral vascular bypass
grafting.
Synthetic vascular grafts have been studied for nearly

five decades. The principal candidate materials identified
as suitable for these grafts include PET, expanded PTFE,
silk, and polyurethane (PU). Among these, PU has
attracted the most interest because of its good antith-
rombogenicity and excellent compliance, beneficial
physical / mechanical properties, and biocompatibility.
Furthermore, the surface of PU can be biomimetically
modified to even further improve its blood compatibility
and, thus, increase the long-term graft patency. Indeed,
satisfactory blood compatibility is one of the most desir-
able features of a vascular graft.
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In a previous study [7], we prepared nanofibrous,
small-caliber PU vascular grafts by electrospinning.
Those grafts had the following advantages: favorable
fiber orientation, excellent tensile properties, and an
in vitro biocompatibility with human endothelial cells
[8]. In the present study, we further tested the in vivo
biocompatibility, blood compatibility, and stability of
these electrospun PU grafts. Our objective was to evalu-
ate the potential of these grafts for clinical applications.

Methods
Vascular grafts
Nanofibrous PU vascular grafts with an inner diameter
of 4 mm (Figure 1) were prepared in our laboratory by
electrospinning with MDI-polyester/polyether polyureth-
ane (CAS number: 68084-39-9; Sigma-Aldrich). PTFE
vascular grafts (inner diameter of 4 mm) were purchased
from WL Gore & Associates (Newark, USA).

Animals
The use of animals in this study was approved by the
Animal Ethics Committee of our Hospital. Forty-eight
adult male beagle dogs (9 – 10 month old, 10 – 12 kg
weight) were purchased from Guangzhou Institute of
Pharmaceutical Industry (Guangzhou, Guangdong,
China). Each dog was caged separately and maintained
in the Center of Experimental Animals of Sun Yat-sun
University. The dogs were fed with standard food, and
the cages were regularly disinfected by UV irradiation.
The dogs were randomly divided into two groups, 24

animals each, and implanted either PU or PTFE grafts.
Then, the dogs in each group were assigned to four
Figure 1 Electrospun small-caliber nanofibrous PU vascular graft (inn
experimental time points (4, 8, 12, and 24 weeks), with 6
dogs per each time point.

Surgical procedures
Before surgery, the dogs fasted for 24 hours and ceased
drinking for 6 hours. The dogs were anaesthetized by
intramuscular injection of 0.1 mg/kg of Sumianxin (Insti-
tute of Veterinary Medicine, Military Supplies University,
Changchun, Jilin, China), followed by intraperitoneal
injection of 30 ml/kg of 3% pentobarbital (Merck,
Darmstadt, Germany). The anesthesia was monitored
and, when necessary, maintained by infusions of 1 –
2 ml of 3% pentobarbital through the ear vein. An 8-
gauge endotracheal tube was inserted through a dog’
mouth, and vital parameters (e.g., breath rate, heart-
beat, body temperature) were closely monitored. Cefra-
dine (1 g) was intravenously infused 30 min before
surgery.
Restrained dogs were placed in supine position on the

operation table and continuously infused with 5% glu-
cose / saline solution until completion of surgery. The
abdominal area was shaved and disinfected with
Anduofu disinfectant (ADF, Shenzhen, Guangdong,
China). A 20-cm incision was made along the abdominal
midline, the intestines were pulled out and covered with
wet gauze, and the spleen was repositioned in the upper
left abdomen. The retroperitoneum was incised to ex-
pose the abdominal aorta. Second lumbar arteries were
severed with care to keep the inferior mesenteric artery
intact. In some cases, third lumbar arteries were also
severed. After separating and exposing the abdominal
aorta, 10 ml of heparinized saline solution (125 U/ml)
er diameter of 4 mm).
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were intravenously injected. The abdominal aorta was
clamped at the proximal and the distal ends (i.e., slightly
below the inferior mesenteric artery, or above the iliac
artery bifurcation, or at the level of third lumbar arte-
ries) with aortic clamps to stop the blood flow. An ap-
proximately 2-cm long segment of the abdominal aorta
was resected. A vascular graft was selected and anasto-
mosed to the proximal end and then to the distal end of
the artery, with both ends sutured with 6–0 Prolene
sutures (Johnson & Johnson, New Jersey, USA). The
proximal clamp was then released to allow blood to fill
the graft, and expel air and blood clots. During this, the
5% glucose-saline infusion rate was increased. Then, the
distal clamp was gradually released to restore the blood
flow (Figure 2). Finally, the wounds were closed in a
standard fashion.

Post-surgical care
The dogs were returned to their cages and maintained at
25°C. The next day after surgery, the dogs were treated
with analgesia and allowed free access to water and food.
They also received intramuscular injection of cefradine
(0.5 g/injection, twice daily) to prevent infection.
The dogs were not treated with any anticoagulant

drugs. Movements of the hind limbs were daily exam-
ined for the signs of spinal cord ischemia. The graft
patency was estimated by computed tomography angi-
ography (CTA; Toshiba Aquilion 64, Tokyo, Japan), as
well as by manual palpation of the femoral artery
pulsation.

Sample harvest
In each group, six samples were harvested at each time
point (i.e., 4, 8, 12, and 24 weeks) after the surgery.
Under general anesthesia, the grafts were retrieved along
with the host blood vessels 1 cm above from the graft,
labeled for anatomic orientation, and gently rinsed with
PBS to remove residual blood. Anastomotic sites were
photographed. The grafts were longitudinally dissected,
and the patency and tissue formation on the inner sur-
face were observed and photographed. Then, the grafts
were transversely cut into two parts. One part was used
Figure 2 Anastomoses of both ends. (A) A PU graft, (B) A PTFE graft.
for the subsequent histological examinations, while the
other for scanning electron microscopy observation.
After harvesting, the dogs were euthanized by pentobar-
bital overdose.

Histological examinations
The samples were observed for patency, compliance, for-
mation of aneurysm and aortic dissection, stenosis at the
anastomotic sites, and the interaction between the exter-
nal wall and the adjacent host tissues. The grafts were
longitudinally dissected to check the smoothness of the
anastomotic sites and the presence of mural thrombus
and neointimal hyperplasia.
The samples were fixed in 10% neutral formaldehyde

for 12–24 hours. Three smaller specimens were col-
lected from the proximal end, medium part, and distal
end of the specimen. The samples were embedded in
paraffin and serially sectioned into 10 slides, each 2 μm
thick. Slides were stained with hematoxylin / eosin and
examined under microscope (Nikon Eclipse 80i; Nikon,
Tokyo, Japan) to estimate neointimal thickness.
The slides were stained for von Willebrand factor

(vWF) and smooth muscle actin using UltraSensitive SP
kits (KeyGenTec, Nanjing, Jiangsu, China). The primary
antibodies were polyclonal rabbit IgG against human
vWF-associated antigen and monoclonal rat IgG against
human smooth muscle actin (both from Santa Cruz Bio-
technology, California, USA). The secondary antibodies
were biotin-labelled goat anti-rabbit IgG and goat anti-
mouse IgG (Cytodiagnostics, Burlington, Ontario,
Canada). Slides were stained with primary antibody
according to the manufacturer’s instructions, developed
with DAB, and counterstained with hematoxylin. Har-
vested host vessels served as positive controls.
Slides were examined under microscope (Nikon

Eclipse 80i) and images were captured using the Nikon
ACT-2U graphics program supplied with the micro-
scope. Endothelial cells in the intimal surface bearing
brown particles in the cytoplasm were classified as posi-
tive for Factor VIII. Smooth muscle cells inside the in-
tima bearing brown particles in the cytoplasm were
identified as positive for α-actin. The coverage of
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vascular endothelial cells and smooth muscle cells on
the internal surface of the graft was evaluated in a simi-
lar fashion.

Scanning electron microscopy
The samples were fixed in 2.5% glutaraldehyde for
4 hours, immersed in PBS overnight, followed by six
rinses with PBS. Samples were then dehydrated in series
of ethanol solutions of ascending concentrations (30%,
50%, 70%, and 90%; 2 × 15 min each), absolute ethanol
(2 × 15 min), tert-butanol (3 × 15 min), and freeze dried
for 3 hours. Dried samples were sputter-coated with gold
and studied with an FE Quanta 200 scanning electron
microscope (SEM). Samples were observed at low mag-
nifications to evaluate the growth of endothelial cells on
the internal surface of the graft, formation of neointima,
and the presence of mural thrombus. The morphology
and distribution of the endothelial cells were studied at
higher magnifications.

Statistical analysis
Data are shown as mean ± SD and analyzed by unpaired
t test and one-way ANOVA analysis using the Statistics
Software 18 (SPSS, Chicago, USA). Categorical data were
analyzed by chi-square test. Differences in patency be-
tween two groups were analyzed by survival analysis.
The p value of < 0.05 was considered statistically
significant.

Results
General observations
As described above, 48 adult male beagle dogs were ran-
domly divided into two groups which were implanted
with either PU or PTFE grafts. The dogs in each group
were assigned to four experimental time points (4, 8, 12,
and 24 weeks post-surgery), with 6 dogs per each time
point. Four weeks after the surgery, one dog with a PU
graft died due to rupture at the anastomotic site. The
post-mortem anatomical analysis revealed that the graft
was patent. Therefore, this dog was included in the ana-
lysis at the 4-week time point. Other dogs survived for
8 weeks. The operation time and cross-clamp time were
comparable between two groups. Table 1 summarizes
general conditions of the animals and surgical
procedures.
Table 1 General and surgical parameters of study groups

PU group PTFE group

Number of dogs 24 24

Age (months) 9.0 ± 0.3 9.0 ± 0.4

Weight (kg) 10.6 ± 0.4 10.7 ± 0.5

Operation time (min) 143.5 ± 30.1 145.4 ± 30.6

Cross-clamp time (min) 68.6 ± 17.6 71.2 ± 20.5
Graft patency
Graft patency was verified using a combination of CTA,
color Doppler ultrasound, and manual palpation of the
femoral artery pulsation (Figures 3 and 4). The dogs
were carefully monitored for mental conditions, food in-
take, hind limb temperature, and physical activity. In the
first week after the surgery, the dogs were palpated daily
for femoral artery pulsation. After that, the dogs were
palpated once a week. Further, experimental animals
were examined by color Doppler imaging 2 weeks after
the surgery, followed by examinations every 4 weeks.
The CTA was done shortly before the sample harvest.
The patency rates were quantified using the results from
color Doppler and CTA analyses. Table 2 shows the pa-
tency rates of two groups at given time point. The sur-
vival analysis revealed that the patency rate was
significantly higher in the group with PU grafts com-
pared with the group with PTFE grafts (p = 0.02;
Figure 5).

Histological examinations
No aortic dissection or aneurysm was observed in any
graft. Various degrees of collateral circulation were
observed around the stenotic or occluded grafts. The PU
grafts appeared to be biocompatible, their external sur-
faces were encapsulated by a small amount of fibrous
tissue. By contrast, the PTFE grafts appeared yellowish,
moderately tangled, and substantially stiffer. Further,
their external surfaces were encapsulated by a much lar-
ger amount of fibrous tissue.
The grafts were dissected to reveal tissue formation on

their internal surfaces. Four weeks after the surgery,
both PU and PTFE grafts were covered by a thin layer of
tissue. Eight weeks after the surgery, both grafts were
lined by smooth neointima. Twelve weeks after the sur-
gery, the neointima on the PU grafts had a relatively uni-
form thickness. In contrast, the neointima on the PTFE
grafts was not uniform in thickness and showed regional
yellow dots. Twenty-four weeks after the surgery, the
thickness of the neointima on the PU grafts no longer
appeared thickened. In comparison, the PTFE grafts be-
came relatively stiff and the neointima covering them
appeared to become thicker with a various extent at dif-
ferent locations.
The endothelialization of the grafts was analyzed by

the hematoxylin / eosin and immunohistochemistry
stainings, and SEM. Overall, the results of these charac-
terizations indicated that endothelialization went faster
on the internal surfaces of the PU grafts compared with
the PTFE grafts. Four weeks after the surgery, endothe-
lial cells adhered to the PU grafts, yet the cell distribu-
tion still remained irregular. However, even fewer
endothelial cells adhered to the PTFE grafts at this time
point. Eight weeks after the surgery, a continuous



Figure 3 Color Doppler ultrasound images taken 12 weeks after the surgery. (A) A PU graft, (B) A PTFE graft.
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endothelial cell layer formed on the PU grafts, suggest-
ing the completion of endothelialization. By contrast,
while the PTFE grafts were covered by higher numbers
of endothelial cells, the endothelial layer remained
heterogenous. Twelve and 24 weeks after the surgery,
the endothelialization of both grafts was complete and
bilayer (i.e., intima-media) structure formed, similar to
host vessels. The PU grafts showed an insignificant
neointimal hyperplasia, in contrast to an obvious neoin-
timal hyperplasia inside the PTFE grafts (Figures 6, 7, 8,
9, 10, 11, 12, Table 3).

Discussion
Currently, synthetic vascular grafts produced from Dac-
ron or expanded large caliber PTFE are successfully used
in the repair of large vessels. However, synthetic grafts
with an internal diameter of less than <6 mm are asso-
ciated with high failure rates because of thrombogenesis
or neointimal hyperplasia and the resultant grafting
stenosis or occlusion [9-11]. Compared with synthetic
vascular grafts, autografts can provide a superior patency
rate [12] for two critical reasons: they have the best
mechanical / biological match with both recipient site
and monolayer of endothelial cells lining their internal
Figure 4 CT images taken 24 weeks after the surgery (i.e., shortly bef
smooth internal wall, and absence of stenosis. (B) A PTFE graft showing pa
white arrow).
surfaces. Endothelial cells not only act as a barrier be-
tween the vascular wall and the blood, but also prevent
platelet aggregation and thrombus formation and blood
coagulation. Rapid endothelialization of synthetic vascu-
lar grafts is expected to improve their patency after
grafting.
Different synthetic grafts vary in the time required

for endothelialization, typically ranging from 10 days to
6 months [13-16]. Endothelialization is affected by mul-
tiple factors, including patient’s ethnicity and age, and
presence of other disorders. It was found that, within
one week after grafting, intima is formed at the anasto-
motic site by cells migrating from the host vessel; this
intima then extends toward the center of the graft [17].
Four weeks after grafting, the graft is encapsulated by
the adjacent tissue and fibrous connective tissue, and
host endothelial cells penetrate the micropores of the
graft and form new capillary vessels providing endothe-
lial cells for formation of the neointima [18,19]. In
addition, blood cells may also sludge in the formation
of intima on the graft surface. After grafting, the sur-
face of vascular graft is initially covered with a thin layer
of thrombi, which then gradually transforms into a fibrous
membrane. Endothelial cells colonize this membrane,
ore the sample harvest.) (A) A PU graft showing excellent patency,
tency, yet clear stenosis at the distal anastomotic site (marked with



Table 2 Patency rates of vascular grafts

Week 4 Week 8 Week 12 Week 24

PU group 24 / 24 (100%) 18 / 18 (100%) 11 / 12 (92%) 5 / 6 (83%)

PTFE group 24 / 24 (100%) 16 / 18 (89%) 7 / 12 (58%) 2 / 6 (33%)

Footnote: At any given time point, the patency rate was defined as a ratio between the number of patent grafts and number of dogs alive at that particular time
point.
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differentiate, and finally completely cover the internal
surface of the graft, completing the endothelialization
[20,21].
Three mechanisms have been proposed to explain the

process of graft endothelialization. The first mechanism
is cell crawling; under this scenario, host vascular endo-
thelial cells and smooth muscle cells crawl across the
anastomotic site onto the graft to form the neointima.
The second mechanism is cell penetration, when capil-
lary vessels are supposed to penetrate into the micro-
pores of the graft and provide endothelial cells for
formation of neointima. Finally, the third mechanism is
cell precipitation-diffusion, when cells from blood circu-
lation precipitate on the internal surface of the graft to
form the neointima. These mechanisms may be comple-
mentary and may all contribute to the endothelialization.
However, some studies found that endothelial cells in
the adjacent host vessel were not able to migrate for
more than 1 cm and thus may not meet the requirement
for complete endothelialization of the graft. Additionally,
pores of excessively large sizes may permit exorbitant in-
growth of fibrous tissues and thus negatively affect the
patency. Currently, the optimal pore size is thought to
Figure 5 Comparison of patency rates of the PU and PTFE grafts.
be 60 μm for expanded PTFE vascular grafts, and 30 μm
for PU grafts [22].
In our previous work [7], we have successfully pre-

pared small-caliber (inner diameter of 4 mm) nanofi-
brous PU vascular grafts by electrospinning. We also
found that these grafts offer three advantages: favorable
fiber orientation and arrangement, excellent tensile
properties, and high in vitro compatibility with endothe-
lial cells.
In this study, we found that, as early as 4 weeks after

the surgery, internal surfaces of the PU grafts were cov-
ered by endothelial cells. Although the cell layer on the
PU graft was still irregular, this was still a substantial ad-
vancement compared with the PTFE grafts. Taken to-
gether, our findings suggest that endothelialization of the
PU grafts is at all times superior to the PTFE grafts. The
superior performance of the PU grafts may be attributed
to their nanofibrous structures, which is similar to the
host’s extracellular matrices (ECMs). Therefore, by effect-
ively simulating the host ECMs, the PU graft scaffolds fa-
cilitate the surface precipitation of endothelial progenitor
cells and their subsequent differentiation into mature
endothelial cells, thereby preventing thrombogenesis and



Figure 6 Anastomotic sites at various time points. (A, C, E, and G) PU grafts showing smoothness and patency at the anastomotic sites
without clear stenosis. (B, D, F, and H) PTFE grafts with clear stenosis at the anastomotic sites.
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neointimal hyperplasia and eventually resulting into an
increase in the patency rate.
It is generally accepted that proliferation of smooth

muscle cells underlying the endothelium is primarily re-
sponsible for neointimal hyperplasia following vascular
grafting. In our study, staining for α-SM actin indicated
that, about 12 weeks after the surgery, the proliferation
of smooth muscle cells inside the neointimas on the PU
grafts became relatively stable; the neointimas did not
Figure 7 Internal surfaces of vascular grafts harvested 24 weeks after
without thrombus or obvious neointimal hyperplasia. (B) A PTFE graft show
stiffer).
further thicken between weeks 12 to 24, and the smooth
muscle cells were orderly arranged with a high polarity
orientation. By contrast, in the PTFE group the smooth
muscle cells underlying the endothelium further thick-
ened between weeks 12–24, and appeared disordered
with a lower polarity orientation. These differences may
be explained by the fact that the electrospun PU nano-
fibers facilitate or induce the growth of smooth muscle
cells along the directions of the fibers.
the surgery. (A) A PU graft showing a smooth and intact surface
ing uneven surface and obvious neointimal hyperplasia (yellowish and



Figure 8 Neointima on grafts harvested 4 weeks after the surgery (× 400). White arrows indicate endothelial cells, black arrows vascular
grafts, and red arrows smooth muscle cells. (A) A PU graft stained for von Willebrand factor (vWF) showing continuous endothelial layer. (B) A
PTFE graft stained for vWF showing discontinuous endothelial layer. (C) A PU graft stained for α-SM-actin showing an orderly arrangement of
smooth muscle cells. (D) A PTFE graft stained for α-SM-actin showing disordered arrangement of smooth muscle cells.

Figure 9 Neointima on grafts harvested 24 weeks after the surgery (× 400). White arrows indicate endothelial cells, black arrows vascular
grafts, and red arrows smooth muscle cells. (A) A PU graft stained for von Willebrand factor (vWF) showing continuous endothelial layer. (B) A
PTFE graft stained for vWF showing continuous endothelial layer. (C) A PU graft stained for α-SM-actin showing an orderly arrangement of
smooth muscle cells without further increase of neointimal thickness. (D) A PTFE graft stained for α-SM-actin showing disordered arrangement of
smooth muscle cells and increased neointima thickness.
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Figure 10 Interaction of vascular grafts with the host tissue (× 200). Black arrows indicate vascular grafts, and white arrows indicate in-
grown tissue. (A) A PU graft harvested 4 weeks after the surgery showing limited ingrowth of fibrous tissue. (B) A PTFE graft harvested 4 weeks
after the surgery showing more extensive ingrowth of fibrous tissue. (C) A PU graft harvested 24 weeks after the surgery still showing limited
ingrowth of fibrous tissue and no neointima thickening. (D) A PTFE graft harvested 24 weeks after the surgery showing substantially increased
tissue infiltration and increased thickness of neointima.
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An optimal level of porosity is critical for the perform-
ance of vascular grafts. It is generally believed that opti-
mal porosity of the internal surface can facilitate the
anchoring of the neointima, while porosity of the exter-
nal surface allows the tissue ingrowth leading to pos-
itional stability, prevention of graft distortion, facilitation
of tissue ingrowth on the intimal surface, and promotion
of neointimal formation [23]. In addition, pores also
Figure 11 Endothelial cells on the internal surfaces of grafts harveste
endothelial cells. (A) A PU graft showing complete and continuous endoth
direction of blood flow. (B) A PTFE graft showing complete endothelial lay
allow capillary vessels to form and penetrate the graft
wall to accelerate the endothelialization of the internal
surface [24].
On the other hand, excessive tissue ingrowth in the

graft wall may lead to over-thickening of the neointima,
or even severe stenosis or occlusion of the graft [24]. In
our study, tissue extensively grew on the internal sur-
faces of the PTFE grafts, and neointimas gradually
d 8 weeks after the surgery (× 2000). Red arrows indicate
elial layer lining the inner surface of the graft, well-oriented along the
er with disordered arrangement and lack of polarity orientation.



Figure 12 Neointimal thicknesses at different time points
(× 200). Black arrows indicate vascular grafts, white arrows ingrown
tissue, black double arrows neointimal thicknesses, and black stars
the graft lumens. (A), (C), (E), and (G): A PU graft showing
insignificant neointimal hyperplasia. (B), (D), (F), and (H): A PTFE graft
showing obvious neointimal hyperplasia.
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thickened suggesting an increase in tissue ingrowth on
the walls. The lumens eventually became stenotic and
even occluded. By comparison, at the early stage only a
limited amount of tissue grew onto the walls of the PU
grafts. This may be expected to delay early endotheliali-
zation, which, however, was not observed in this study.
Similarly, at the late stage, only limited amount of tissue
grew on the walls of PU grafts, and the neointimal thick-
ness became constant, possibly limited by the connective
tissues support and nutrition for proliferation of the
Table 3 Comparison of thicknesses of neointimas
between the PU and PTFE vascular grafts

Time point (weeks) PU group (μm) PTFE group (μm) p

4 27.3 ± 1.8 24.5 ± 4.8 0.075

8 63.2 ± 3.7 67.4 ± 6.2 0.274

12 71.0 ± 3.5 98.3 ± 13.5 0.103

24 82.2 ± 4.5 170.3 ± 40.5 0.013
smooth muscle cells, and thereby contributing to the
relatively reduced neointimal hyperplasia and improved
graft patency. It remains to be elucidated whether this
comparative lack of tissue ingrowth onto the PU graft
wall may cause other complications (e.g., inadequate
mechanical strength on the long-term, formation of
aneurysm / dissection, initiation of rupture). It is, in-
deed, important to find an optimal balance between the
wall tissue ingrowth and long-term patency.

Conclusions
In the present study, we confirmed that small-caliber
nanofibrous PU vascular grafts exhibit good mechanical
properties and in vivo biocompatibility, accelerate
endothelialization process to prevent excessive neointi-
mal hyperplasia, and lead to improved patency. These
results indicate that these grafts may become promising
vascular substitutes and warrant further studies and
development.

Abbreviations
CTA: Computed tomography angiography; ECMs: Extracellular matrices;
PU: Polyurethane; PTFE: Polytetrafluoroethylene; PET: Polyethylene
terephthalate; SEM: Scanning electron microscopy; vWF: von Willebrand
factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
ZH and SW conceived this study, participated in developing the study
design and coordination, and helped to analyze the data and draft the
manuscript. ZL participated in developing the study design, carried out the
experiments, and analyzed the data. RL, YQ, LH, and WH performed the
statistical analysis and helped to draft the manuscript. All authors read and
approved the final manuscript.

Acknowledgements
This work was supported by the National 863 Plan Key Projects of China
(grant number 2007AA021904), The Scientific Research Foundation for the
Returned Overseas Chinese Scholars, State Education Ministry (SRF for ROCS),
SEM (2010–609), Key Induction Project of Science and Technology of
Guangdong Province (grant numbers 2011B031300002, 2010B031600055,
2006B35801010, 2005B31201001), ZSU-Med-project 5010–200801, and The
Doctorate Funding Program for Higher Education, the Ministry of Education
of China (grant number 20050558053).

Author details
1Department of Vascular Surgery, The First Affiliated Hospital of Sun Yat-Sen
University, No. 58 Zhongshan 2nd Road, Guangzhou 510080, China.
2Guangzhou Women and Children’s Medical Center, Guangzhou 510080,
China.

Received: 14 September 2012 Accepted: 28 November 2012
Published: 3 December 2012

References
1. Stehouwer CD, Clement D, Davidson C, Diehm C, Elte JW, Lambert M,

Sereni D: Peripheral arterial disease: a growing problem for the internist.
Eur J Intern Med 2009, 20:132–138.

2. Muller-Buhl U, Szecsenyi J, Laux G: Increased health care utilization by
patients with peripheral arterial disease in primary care: data from the
CONTENT study. Vasa 2011, 40:228–234.

3. Conte MS: Understanding objective performance goals for critical limb
ischemia trials. Semin Vasc Surg 2010, 23:129–137.



Hu et al. BMC Cardiovascular Disorders 2012, 12:115 Page 11 of 11
http://www.biomedcentral.com/1471-2261/12/115
4. Schrijver AM, Moll FL, De Vries JP: Hybrid procedures for
peripheral obstructive disease. J Cardiovasc Surg (Torino) 2010,
51:833–843.

5. Roll S, Muller-Nordhorn J, Keil T, Scholz H, Eidt D, Greiner W, Willich SN:
Dacron vs. PTFE as bypass materials in peripheral vascular surgery--
systematic review and meta-analysis. BMC Surg 2008, 8:22.

6. McQuade K, Gable D, Hohman S, Pearl G, Theune B: Randomized
comparison of ePTFE/nitinol self-expanding stent graft vs prosthetic
femoral-popliteal bypass in the treatment of superficial femoral artery
occlusive disease. J Vasc Surg 2009, 49:109–115. 116.

7. He W, Hu ZJ, Xu AW, Yin HH, Wang JS, Ye JL, Wang SM: Assessment of
the mechanical properties and biocompatibility of a new electrospun
polyurethane vascular prosthesis. Nan Fang Yi Ke Da Xue Xue Bao 2011,
31:2006–2011. in Chinese.

8. He W, Hu Z: The preparation and performance of a new polyurethane
vascular prosthesis, PhD Thesis; 2011. Chinese Master's theses full-text
database. in Chinese.

9. Kannan RY, Salacinski HJ, Butler PE, Hamilton G, Seifalian AM: Current status
of prosthetic bypass grafts: a review. J Biomed Mater Res B Appl Biomater
2005, 74:570–581.

10. Tofigh AM, Warnier De WG, Rhissassi B: Comparing vein with collagen
impregnated woven polyester prosthesis in above-knee femoropopliteal
bypass grafting. Int J Surg 2007, 5:109–113.

11. Xue L, Greisler HP: Biomaterials in the development and future of
vascular grafts. J Vasc Surg 2003, 37:472–480.

12. de Mel A, Bolvin C, Edirisinghe M, Hamilton G, Seifalian AM:
Development of cardiovascular bypass grafts: endothelialization and
applications of nanotechnology. Expert Rev Cardiovasc Ther 2008,
6:1259–1277.

13. Bergmeister H, Plasenzotti R, Walter I, Plass C, Bastian F, Rieder E, Sipos W,
Kaider A, Losert U, Weigel G: Decellularized, xenogeneic small-diameter
arteries: transition from a muscular to an elastic phenotype in vivo.
J Biomed Mater Res B Appl Biomater 2008, 87:95–104.

14. Wang XN, Chen CZ, Yang M, Gu YJ: Implantation of decellularized small-
caliber vascular xenografts with and without surface heparin treatment.
Artif Organs 2007, 31:99–104.

15. Yang D, Guo T, Nie C, Morris SF: Tissue-engineered blood vessel graft
produced by self-derived cells and allogenic acellular matrix: a
functional performance and histologic study. Ann Plast Surg 2009,
62:297–303.

16. Bergmeister H, Boeck P, Kasimir MT, Fleck T, Fitzal F, Husinsky W, Mittlboeck
M, Stoehr HG, Losert U, Wolner E, et al: Effect of laser perforation on the
remodeling of acellular matrix grafts. J Biomed Mater Res B Appl Biomater
2005, 74:495–503.

17. Greisler HP: Arterial regeneration over absorbable prostheses. Arch Surg
1982, 117:1425–1431.

18. Golden MA, Hanson SR, Kirkman TR, Schneider PA, Clowes AW: Healing of
polytetrafluoroethylene arterial grafts is influenced by graft porosity.
J Vasc Surg 1990, 11:838–844.

19. Xu W, Zhou F, Ouyang C, Ye W, Yao M, Xu B: Mechanical properties of
small-diameter polyurethane vascular grafts reinforced by weft-knitted
tubular fabric. J Biomed Mater Res A 2010, 92:1–8.

20. Shi Q, Wu MH, Hayashida N, Wechezak AR, Clowes AW, Sauvage LR: Proof
of fallout endothelialization of impervious Dacron grafts in the aorta and
inferior vena cava of the dog. J Vasc Surg 1994, 20:546–556.

21. Zhang Z, Briana S, Douville Y, Zhao H, Gilbert N: Transmural
communication at a subcellular level may play a critical role in the
fallout based-endothelialization of dacron vascular prostheses in canine.
J Biomed Mater Res A 2007, 81:877–887.

22. Zhang Z, Wang Z, Liu S, Kodama M: Pore size, tissue ingrowth, and
endothelialization of small-diameter microporous polyurethane vascular
prostheses. Biomaterials 2004, 25:177–187.
23. White RA: The effect of porosity and biomaterial on the healing and
long-term mechanical properties of vascular prostheses. ASAIO Trans
1988, 34:95–100.

24. Clowes AW, Kirkman TR, Reidy MA: Mechanisms of arterial graft healing.
Rapid transmural capillary ingrowth provides a source of intimal
endothelium and smooth muscle in porous PTFE prostheses. Am J Pathol
1986, 123:220–230.

doi:10.1186/1471-2261-12-115
Cite this article as: Hu et al.: The in vivo performance of small-caliber
nanofibrous polyurethane vascular grafts. BMC Cardiovascular Disorders
2012 12:115.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Vascular grafts
	Animals
	Surgical procedures
	Post-surgical care
	Sample harvest
	Histological examinations
	Scanning electron microscopy
	Statistical analysis

	Results
	General observations
	Graft patency
	Histological examinations

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


