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Novel reinforcement of corrugated nanofiber tissue-engineered

vascular graft to prevent aneurysm formation for arteriovenous

shunts in an ovine model
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ABSTRACT
Objective: Many patients who require hemodialysis treatment will often require a prosthetic graft after multiple sur-
geries. However, the patency rate of grafts currently available commercially has not been satisfactory. Tissue engi-
neering vascular grafts (TEVGs) are biodegradable scaffolds created to promote autologous cell proliferation and
functional neotissue regeneration and, accordingly, have antithrombogenicity. Therefore, TEVGs can be an alternative
prosthesis for small diameter grafts. However, owing to the limitations of the graft materials, most TEVGs are rigid and
can easily kink when implanted in limited spaces, precluding future clinical application. Previously, we developed a
novel corrugated nanofiber graft to prevent graft kinking. Reinforcement of these grafts to ensure their safety is
required in a preclinical study. In the present study, three types of reinforcement were applied, and their effectiveness
was examined using large animals.

Methods: In the present study, three different reinforcements for the graft composed of corrugated poly-ε-capro-
lactone (PCL) blended with poly(L-lactide-co-ε-caprolactone) (PLCL) created with electrospinning were evaluated: 1) a
polydioxanone suture, 2) a 2-0 polypropylene suture, 3) a polyethylene terephthalate/polyurethane (PET/PU) outer
layer, and PCL/PLCL as the control. These different grafts were then implanted in a U-shape between the carotid artery
and jugular vein in seven ovine models for a total of 14 grafts during a 3-month period. In evaluating the
different reinforcements, the main factors considered were cell proliferation and a lack of graft dilation, which were
evaluated using ultrasound examinations and histologic and mechanical analysis.

Results: No kinking of the grafts occurred. Overall, re-endothelialization was observed in all the grafts at 3 months after
surgery without graft rupture or calcification. The PCL/PLCL grafts and PCL/PLCL grafts with a polydioxanone suture
showed high cell infiltration; however, they had become dilated 10 weeks after surgery. In contrast, the PCL/PLCL graft
with the 2-0 suture and the PCL/PLCL graft covered with a PET/PU layer did not show any graft expansion. The PCL/PLCL
graft covered with a PET/PU layer showed less cell infiltration than that of the PCL/PLCL graft.

Conclusions: Reinforcement is required to create grafts that can withstand arterial pressure. Reinforcement with suture
materials has the potential to maintain cell infiltration into the graft, which could improve the neotissue formation of the
graft. (JVSeVascular Science 2022;3:182-91.)

Clinical relevance: In our basic science research study, we investigated tissue engineered vascular grafts for arteriovenous
shunts. Our grafts were created with poly-ε-caprolactone and poly(L-lactide-co-ε-caprolactone) and designed with
corrugated walls to avoid graft kinking. The grafts were implanted between the carotid artery and external jugular vein in
a U-shape using an ovine model. To withstand the high pressure of blood on the arterial system, two types of rein-
forcement were applied to these tissue engineering vascular grafts. Because reinforcement of the graft could interfere
with cell infiltration into the tissue engineering vascular grafts, the methods and material of reinforcement were inves-
tigated, in addition to the mechanical properties of the graft.

Keywords: Arteriovenous shunt; Corrugated nanofiber vascular graft; Large animal study; Smaller diameter prosthetic
grafts; Tissue-engineered vascular grafts
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ARTICLE HIGHLIGHTS
d Type of Research: A single-center study of prospec-
tively collected data

d Key Findings: Corrugated tissue-engineered vascular
grafts reinforced by two different methods (suture
reinforcement and extralayer reinforcement)
implanted between the carotid artery and the
external jugular vein in a sheep model (sheep, n ¼
7; grafts, n ¼ 14) had an average patency rate of
57.1%, and re-endothelialization was observed
1 month after surgery without graft rupture, calcifica-
tion, or aneurysmal changes.

d Take HomeMessage: The corrugated nanofiber graft
reinforced with polypropylene suture successfully
prevented aneurysm formation andmaintained neo-
tissue formation of the biodegradable graft because
the space between sutures allowed the cells to infil-
trate into the graft. We suggest that the reinforced
corrugated tissue-engineered vascular graft could
be a useful prosthetic graft for arteriovenous shunt
procedures.
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The global estimated prevalence of chronic kidney
disease is 13.4% (range, 11.7%-15.1%).1 In 2017, 124,500
cases of end-stage renal disease (ESRD) were newly re-
ported. Of the patients with incident ESRD, 86.9% had
begun renal replacement therapy with hemodialysis
(HD), 10.1% had started peritoneal dialysis, and 2.9%
had undergone a preemptive kidney transplant. Pa-
tients treated with HD require creation of an arteriove-
nous fistula (AVF). These patients will often require
multiple AVF operations and require prosthetic arterio-
venous grafts for HD. A nationwide study performed in
Japan in 1998 indicated that the prevalence of AVF cre-
ation was 4.8%; however, this proportion had increased
to 7.1% by 2008.2 The demand for vascular grafts for the
AVF has been increasing. In general, the patency of syn-
thetic grafts has remained low, with primary and sec-
ondary patency rates of the polytetrafluoroethylene
(PTFE) graft at 1 year postoperatively reported as 43%
and 64%, respectively.3 A vascular graft with a high
patency rate has been much anticipated by patients
with ESRD, in part, because the low graft patency has
been attributed to graft stenosis. Graft stenosis occurs
most often at the graftevenous anastomosis and
juxta-anastomotic venous segments and, less
frequently, at the graftearterial anastomosis.4,5 This ste-
nosis almost always arises from progressive neointimal
hyperplasia. The cause of neointimal hyperplasia was
analyzed in an in vivo study using large animals and
thought to be due to a nonphysiologic inflammatory
response resulting from graft bioincompatibility.6

TEVGs are composed of bioabsorbable materials, and
the faster they are absorbed, the less of an inflammatory
response results.7 This has the potential to improve the
issues with the currently commercially available grafts.
Since Wystrychowski et al8 first proposed the idea,
several examples of TEVGs as arteriovenous grafts have
been reported.9,10 However, we have only reported
studies conducted using large animal models with the
acellular graft, which does not require cell seeding
before grafting.11,12 This method is low cost and can avoid
the risk of infection associated with cell seeding.13 In AVF
surgery, the graft is often placed in a U-shape to produce
many potential puncture sites. As described in our previ-
ous report, TEVGs can have low kink resistance, with ste-
nosis resulting from graft kinking. To avoid this, a
corrugated graft was created and reported.11 One of the
major remaining issues is potential graft dilation,
because our previous study had had a short-term
follow-up period, and the findings showed a tendency
for graft expansion at the end of follow-up.11

In the present study, we reinforced the poly-ε-caprolac-
tone (PCL)/poly(L-lactide-co-ε-caprolactone) (PLCL) grafts
using several methods to determine the best method to
prevent graft dilation and still allow for cell proliferation.
We tested a biodegradable polydioxanone (PDO) suture,
a nonbiodegradable 2-0 polypropylene suture, a
polyurethane/polyethylene terephthalate (PET/PU) as an
outer layer, and the PCL/PLCL graft alone as the control.
METHODS

Scaffold fabrication and suture additions. PLCL (6%w/
w), PCL (6%w/w), and an 8/2 ratio of PU and PET (5%w/w)
were dissolved separately in hexafluoroisopropanol. Each
solution was mixed for $48 hours before electrospinning
to ensure homogeneity. The PLCL and PCL solutions
were simultaneously electrospun at a flow rate to yield a
1:1 mass ratio of PLCL/PCL. The solutions were electrospun
withanapplied voltageofþ20kVon theneedle and�7 kV
on the collector, such that a stable Taylor cone was estab-
lished. Each polymer solution was electrospun onto a cy-
lindrical mandrel rotating at 150 rpm with an outer
diameter of 6 mm until the fiber deposition had gener-
ated a vascular scaffold with a wall thickness of
400 mm 6 10%. The inner diameter of the graft was
designed to be 5 mm, with a length of 5 cm.
For the grafts reinforced with PET/PU, the PET/PU solu-

tion was electrospun on the collector until a final wall
thickness of 800 mm6 10% had been achieved. The elec-
trospun scaffold was then removed from the mandrel
and corrugated with a medical grade monofilament to
improve the kinking radius and maneuverability.
For the grafts reinforced with suture, the helical suture

structure was placed over the 400 mm 6 10% scaffold,
and electrospinning of the PCL and PLCL material was
continued until a final wall thickness of 800 mm 6 10%
was achieved (Fig 1, A). No corrugation was necessary
because the helical suture structure provided kinking
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Fig 1. A, Photograph showing reinforcement with a suture. B, Poly-ε-caprolactone (PCL) blended with poly(L-
lactide-co-ε-caprolactone) (PLCL) graft. C, PCL/PLCL graft reinforced with polyethylene terephthalate/poly-
urethane (PET/PU) layer. Comparison of circumferential tensile strength (D) and kink radius (E) for the PCL/PLCL
graft, PCL/PLCL graft with a polydioxanone (PDO) suture, PCL/PLCL graft with a 2-0 suture, and PCL/PLCL covered
with a PET/PU monolayer.
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Fig 2. Macroscopic images of tissue engineering vascular grafts (TEVGs) and arterial and venous anastomosis sites
and cross-sectional images of the TEVGs. A, and B, Poly-ε-caprolactone/poly(L-lactide-co-ε-caprolactone) (PCL/
PLCL). C,D, PCL/PLCL with a polydioxanone (PDO) suture. E, and F, PCL/PLCL with a 2-0 suture. G, and H, PCL/PLCL
covered with a polyethylene terephthalate/polyurethane (PET/PU) monolayer. I, Inner diameters measured
microscopically.
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resistance and maneuverability. The original wall thick-
ness of the PET/PU (800 mm) was larger than that of
the PCL/PLCL (400 mm) owing to the different reinforce-
ment method used.
Mechanical testing. The grafts (at both time 0 and
explanted) were tested for circumferential tensile
strength in accordance with the International Organiza-
tion for Standardization 7198:2016 guidelines. In brief,



A B

0 5 10
0

5

10

15

20

25

Weeks after the surgeries

m
m Carotid A

Jugular V
PCL/PLCL
PCL/PLCL w PDO suture
PCL/PLCL w 2-0 suture
PCL/PLCL+PET/PU

PC
L/P
LC
L

PC
L/P
LC
L w
PD
O
su
tur
e

PC
L/P
LC
L w
2-0
su
tur
e

PC
L/P
LC
L +
PE
T/P
U

0

2

4

6

8

N/
m
m

Fig 3. A, Inner diameter of grafts measured using serial ultrasound examinations of the tissue engineering
vascular grafts (TEVGs) from 1 to 12 weeks after surgery. B, Circumferential tensile strength measured after graft
explantation. A, Artery; PCL/PLCL, poly-ε-caprolactone/poly(L-lactide-co-ε-caprolactone); PDO, polydioxanone;
PET/PU, polyethylene terephthalate/polyurethane; V, vein; w, with.
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the grafts were stretched at 50 mm/min until a break
was detected by the software. The circumferential tensile
strength was defined as the maximum load divided by
twice the sample length.
Kink testing was completed using the method as

described in International Organization for Standardiza-
tion 7198:2016 guidelines for kink diameter and radius
(A.5.8). In brief, a cylindrical mandrel was used to deter-
mine the kink radius. This was accomplished by forming
a loop with the test sample and pulling the ends of the
sample in opposite directions to reduce the loop until a
kink was observed. The appropriately sized cylindrical
mandrel was placed within the loop to measure the
kink diameter, and the mandrel size was recorded.

Graft implantation. The Animal Care and Use Commit-
tee at Q-Test Laboratories (Columbus, Ohio) approved
the care, use, and monitoring of animals for the sheep
experiments. Fourteen custom-made nanofiber TEVGs
were implanted bilaterally as arteriovenous shunts be-
tween the common carotid artery to the ipsilateral
external jugular vein in seven sheep. Implantation was
accomplished as previously described.12 In brief, all sheep
were anesthetized with 1% to 2% isoflurane and posi-
tioned in the dorsal recumbency during surgery. Heparin
(100 IU/kg) was administrated intravenously after expo-
sure of the bilateral common carotid artery and external
jugular vein. An end-to-side vascular anastomosis was
performed with a 5-cm graft and a 7-0 Prolene (Ethicon,
Inc, Raritan, NJ) suture in the same fashion as described
previously.11 Hemostasis was obtained, and the muscle,
subcutaneous tissue, and dermal incision layers were
closed. Antibiotic treatment (cefazolin) was adminis-
trated intraoperatively and for 7 days postoperatively. All
the sheep were maintained with a daily oral dose of
aspirin (325 mg/d) until the end of the study. Serial color
Doppler ultrasound examinations were performed to
estimate graft patency andmeasure the lumen diameter
and blood flow velocity. The sheep were euthanized us-
ing pentobarbital sodium 12 weeks after implantation.

Ultrasound examination. Color Doppler ultrasound
was performed every week after implantation to deter-
mine graft patency according to the lumen diameter of
the TEVG. Both the anastomosis site and the middle of
the grafts were measured. If blood flow was observed
at all the sites, the graft was determined to be patent. Ul-
trasound images were assembled using a Philips HD11 XE
ultrasound machine and a probe of adequate frequency
(model no. L15-7io; Philips, Amsterdam, Netherlands) to
assess the vascular structures.

Histologic and immunohistochemistry examinations.
The middle parts of the explanted TEVG samples were
fixed in 10% formalin for 24 hours at 4�C and then
embedded in paraffin for standard histologic analysis
with hematoxylin and eosin, Masson’s trichrome,
Verhoeff-van Gieson, and von Kossa staining. For immu-
nohistochemistry, the tissue sections were deparaffi-
nized, rehydrated, and blocked for endogenous
peroxidase activity and nonspecific staining. The primary
antibodies used included von Willebrand factor (1:2000;
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Fig 4. Histologic analysis of tissue engineering vascular
grafts (TEVGs). Hematoxylin and eosin (H&E) stain (A, C, E,
G, I, and K) and Masson’s trichrome (MT) stain (B, D, F, H, J,
and L). Original magnification �1.25. Scale bar ¼ 2 mm.
CCA, Common carotid artery; EJV, external jugular vein;
PCL/PLCL, poly-ε-caprolactone/poly(L-lactide-co-ε-capro-
lactone); PDO, polydioxanone; PET/PU, polyethylene tere-
phthalate/polyurethane; w, with.
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Dako, Agilent Technologies, Santa Clara, Calif), a-smooth
muscle actin (a-SMA; 1:500; Dako), and CD68 (1:200;
Abcam, Cambridge, UK). Biotinylated secondary anti-
bodies and horseradish peroxidase bound with strepta-
vidin were then used before the color development of
the chromogenic reaction with 3,3-diaminobenzidine
(Vector Laboratories, Burlingame, Calif). Nuclei counter-
staining was performed using Gill’s hematoxylin (Vector
Laboratories). The number of cells was measured by
magnifying the number of nuclei under hematoxylin and
eosin staining and the number of a-SMAepositive cells
under immunohistochemical staining 20-fold from the
intima to the tunica media tissue. The four samples were
then averaged.

Statistical analysis. For all experiments, the data are
presented as the mean 6 standard deviation.

RESULTS
Graft morphology. The PCL/PLCL grafts (Fig 1, B), PCL/

PLCL grafts covered with a PET/PU layer (Fig 1, C), and
PCL/PLCL grafts with a suture could be bent 180� without
kinking because of the corrugation.

Mechanical properties of preimplanted grafts. The
circumferential tensile strength of the implanted PCL/
PLCL graft (1.444 6 0.224 N/mm) was lower than that of
the reinforced grafts. Among the reinforced TEVGs, the
PCL/PLCL graft with a 2-0 suture was the strongest
(10.433 6 1.520 N/mm), followed by the PCL/PLCL graft
with a PDO suture (8.977 6 0.715 N/mm). The PCL/PLCL
graft covered with a PET/PU layer was stronger than
the PCL/PLCL graft (3.496 6 0.304 N/mm) but less than
that of the other two reinforced groups (Fig 1, D). The
original wall thickness of the reinforced TEVGs (800 mm)
was larger than that of the PCL/PLCL graft (400 mm)
resulting from the different reinforcement methods. The
kink radius of the corrugated PCL/PLCL graft (1.633 6

0.152 cm) was less than that of the noncorrugated PCL/
PLCL graft (18.033 6 0.802 cm). No differences were
found in the kink radius among the reinforced grafts
(PCL/PLCL graft reinforced with suture, 0.933 6 0.153 cm;
PCL/PLCL graft covered with a PET/PU layer, 1.633 6

0.153 cm; Fig 1, E).

Graft assessment after explantation. All seven sheep
survived postoperatively. Because of difficulty in evalu-
ating graft patency over time using ultrasound, we
evaluated the patency using direct measurement of
the explanted grafts (Fig 2, A-H). No graft obstruction
was found in the PCL/PLCL grafts without reinforce-
ment. The average graft patency rate of the PCL/PLCL
graft with a 2-0 suture and the PCL/PLCL graft covered
with a PET/PU layer was 50% (two of four grafts) and
that of the PCL/PLCL graft with a PDO suture was
33.3% (one of three grafts). The inner diameter
measured microscopically in the explanted TEVGs was
smallest for the PCL/PLCL graft covered with a PET/PU
layer (6.025 6 0.568 mm), followed by the PCL/PLCL
graft with a 2-0 suture (6.700 6 3.203 mm) and the
PCL/PLCL graft with a PDO suture (12.767 6 2.120 mm).
In contrast, the PCL/PLCL grafts had the largest diam-
eter (14.867 6 2.829 mm; Fig 2, I).

Serial ultrasound examinations. The sheep were
observed for 12 weeks postoperatively. At 6 weeks after
surgery, the PCL/PLCL graft and PCL/PLCL graft with a
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Fig 5. Histologic analysis of tissue-engineered vascular grafts (TEVGs), common carotid artery (CCA) and external
jugular vein (EJV) 12 weeks after surgery. Hematoxylin and eosin (H&E) staining (A, F, K, P, U, and Z), Masson’s
trichrome (MT) staining (B, G, L, Q, V, and a), Verhoeff-van Gieson (VVG) stain (C, H, M, R, W, and b), von Kossa (VK)
staining (D, I, N, S, X, and c), von Willebrand factor (vWF) immunostaining (E, J, O, T, Y, and d): 10� magnification
for H&E, MT, VVG, and VK staining; 20� magnification for vWF and a-SMA staining. Scale bar ¼ 350 mm for �10
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PDO suture showed a tendency toward an increased
lumen diameter. The diameters were approximately
consistent with the jugular vein’s degree of enlargement.
However, the PCL/PLCL graft with a 2-0 suture and the
PCL/PLCL graft covered with a PET/PU layer did not
show a clear increasing trend (Fig 3, A).

Mechanical properties of the explanted grafts. The
circumferential tensile strength of the explanted PCL/
PLCL covered with a PET/PU layer (4.606 6 1.550 N)
was greater than that of the PCL/PLCL graft (0.867 6

0.252 N), PCL/PLCL graft with a PDO suture (1.700 6

0.200 N), and PCL/PLCL graft with a 2-0 suture
(2.567 6 1.680 N; Fig 3, B).
Histologic analysis of the TEVG. The results from the
histologic and immunohistochemistry analyses are pre-
sented in Figs 4 to 6. In all the grafts, no apparent calci-
fied tissue was seen with von Kossa staining (Fig 5, D, I, N,
S, X, and c). Elastin enhancement was observed with
Verhoeff-van Gieson staining (Fig 5, C, H, M, R, W, and b). A
single cell layer positive for von Willebrand factor was
observed with von Willebrand factor staining (Fig 5, E, J,
O, T, Y, and d). The number of cells found on hematoxylin
and eosin staining in 20� magnification images was
lower for the PCL/PLCL graft covered with a PET/PU layer
(560.0 6 180.6) than for the PCL/PLCL graft (1258.3 6 63.3;
Fig 7, A). However, no apparent difference was found in
the number of a-SMAepositive cells (Fig 7, B).
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vascular grafts (TEVGs). Hematoxylin and eosin (HE)
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lactone); PDO, polydioxanone; PET/PU, polyethylene tere-
phthalate/polyurethane; w, with.

188 Matsushita et al JVSeVascular Science
--- 2022
DISCUSSION
At present, the commercially available small-diameter

arterial grafts often do not provide adequate patency af-
ter AVF creation. The use of TEVGs has the potential to
solve this problem. When a prosthetic graft is used in
arteriovenous shunt surgery, it is often implanted in a
U-shape14; however, the TEVGs often have a low kink
resistance, which can cause graft occlusion. Therefore,
we previously created a high kink resistant TEVG and
studied its effects using large animals. Our previous study
had short-term follow-up and the grafts had shown a
tendency for graft expansion at the end of the follow-
up period.11 In the present study, we added reinforce-
ments to the graft and for a longer follow-up period.
When we began to reinforce the PCL/PLCL graft, a
concern was expressed regarding the effects grafting
would have on kink resistance. However, we found little
differences between all groups.
In previous studies of carotid graft implantation in a pig

model, the reported graft patency was 60% to 80%.15

Our results showed a lower patency of 50% to 70%
because the graft was implanted in a U-shape in our
study. In contrast, other studies had used a straight graft.
The U-shape implantation would have caused higher
wall shear stress, which would eventually lead to lower
patency in our model compared with others.
Many researchers have worked to reinforce acellular

grafts to make them more resistant to high-pressure cir-
culation. At the in vitro level, numerous possibilities have
been explored in recent years, including bilayer scaffolds
of a PCLecollagen blend,16 a bilayer scaffold of an
aligned fibrous poly(lactic acid) outer layer with a
randomly oriented elastic PCL inner layer scaffold,16

PCL/collagen and PCL/silica bilayers,17 and silk-fibroin/
polyurethane three-layer scaffold.18 In addition, many
in vivo studies using small animals have been
reported.19e23 However, when we studied reports of small
diameter grafts using large animals, the number of
studies was significantly smaller. Izhar et al24 reported
that 6-mm-diameter elastomeric poly(ether urethane)
scaffolds coated with poly(ethylene glycol)/poly(lactic
acid) block copolymer were implanted in the carotid ar-
tery of mongrel dogs and evaluated after 12 weeks. No
apparent thrombus formation or dilatation was
observed.24 Guang et al25 reported that 2.5-mm-diam-
eter, 4-cm-long, double-layer composite grafts of
heparin-conjugated polycaprolactone and PUecollagen
type I were implanted into the femoral artery of Beagle
dogs showed no apparent stenosis or dilatation at
8 weeks after surgery. Both studies had used a combina-
tion of bioabsorbable and nonabsorbable materials.24,25

Therefore, although differences were found in the exper-
imental systems used, considering the results of our ex-
periments against those of the cited studies, we believe
the use of nonbioabsorbable materials is necessary to
withstand the arterial pressure.
In the present study, extended graft diameters were

observed in the PCL/PLCL and PCL/PLCL with PDO grafts.
It is common for the shunt vein diameter of mature AVFs
to dilate by 4 to 7 mm, and it is necessary to consider
whether this dilation is a pathologic dilation.26

Significant venous dilation of AVFs can be diagnosed as
aneurysms of the AVF and can require surgical interven-
tion. However, the exact definition of aneurysms of AVFs
has not yet been established, and the criteria have varied
from study to study, such as a venous diameter more
than three times the diameter of the adjacent veins
and >2 cm or an enlargement of all three vessel layers
with a diameter >18 mm or approximately three times
the diameter of the outflow vein of a mature AVF.26,27

Thus, the PCL/PLCL graft and PCL/PLCL graft with a
PDO suture could be considered pathologic extensions.
In contrast, the PCL/PLCL graft with a 2-0 suture and
PCL/PLCL graft covered with a PET/PU layer were judged
to be within the normal range. To discuss the causes of
TEVG enlargement, it is necessary to consider the patho-
genesis of shunt aneurysms in the arteriovenous shunt.
The degradation of elastin, collagen, and other constitu-
ents of the arterial extracellular matrix has been thought
to be the cause. These are mediated by angiotensin II,
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Fig 7. A, Graph showing number of nuclei counted on hematoxylin and eosin stain. B, Graph showing area of
smooth muscle actin (SMA)epositive cells counted on SMA stain. Original magnification �20 for both. PCL/PLCL,
Poly-ε-caprolactone/poly(L-lactide-co-ε-caprolactone); PDO, polydioxanone; PET/PU, polyethylene terephthalate/
polyurethane; w, with.

Table. Characteristics of each tissue-engineered vascular graft (TEVG)

TEVG Resistance to expansiona Cell infiltrationb

PCL/PLCL þ þþþ
PCL/PLCL with PDO þþ þþ
PCL/PLCL with 2-0 suture þþþ þþ
PCL/PLCL with PET/PU layer þþþ þ
PCL/PLCL, Poly-ε-caprolactone/poly(L-lactide-co-ε-caprolactone); PDO, polydioxanone; PET/PU, polyethylene terephthalate/polyurethane.
aResistance to expansion: þþ, expansion >5 mm but <10 mm; þ, expansion >10 mm but <20 mm; þ, expansion >20 mm.
bCell infiltration: þþ, number of cells >1000; þ, number of cells >750 but <1000; þ, number of cells, $0 but <750.
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transforming growth factor-b signaling, and inflamma-
tion. Matrix metalloproteinases (MMPs), which are pro-
duced by vascular smooth muscle cells and
inflammatory cells, are upregulated in the walls of aneu-
rysms and seem central to the pathogenesis of aneurysm
formation.28-30 Tara et al31 reported that when PLCL scaf-
folds reinforced by polylactic acid were implanted into
the abdominal aorta of mice, the precedent was aneu-
rysmal dilatation, and the gene expression of MMP-9
and Itgam, a marker for macrophages, was upregu-
lated.31 We suggest that activation of MMPs could have
occurred in our study, in addition to inadequate forma-
tion of the arterial extracellular matrix.
The requirements for tissue engineering vascular graft

material include matched mechanical properties, blood
compatibility, endothelium friendliness, and biodegrad-
ability.32 Many studies have emphasized the importance
of biodegradability.8,33,34 In a study of rats, bioabsorbable
and nonabsorbable materials were seen as patches in
the right ventricular outflow tract.34 The nonabsorbable,
expanded PTFE patch showed deposition of endothelial
cells and collagen only on the surface, without cellular
infiltration into the material. Patches with polyglycolic
acid and a co-polymer of ε-caprolactone and L-lactic
acid reinforced with poly-L-lactide showed good cell
infiltration.34 Therefore, the PET/PU layer, which is a
nonabsorbable material, appears to inhibit cell invasion.
Long-term persistence of materials will result in a non-
physiologic inflammatory response.8 The development
of anastomotic stenosis in PTFE grafts has been thought
to result from this inflammatory response.35 The accu-
mulation of T lymphocytes in this inflammatory response
has been confirmed, and it has been reported that the
release of interferon-g inhibits smooth muscle cells and
fibroblast proliferation.36,37 Although PDO and 2-0 poly-
propylene reinforcements are not dense and might not
mechanically inhibit cell invasion, these inflammatory re-
sponses could inhibit cell invasion.
The grades of resistance of the reinforced grafts to

expansion and cell infiltration are presented in the
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Table. The replacement of TEVGs with autologous tissue
through cellular infiltration is of paramount importance,
because the mechanically stronger grafts with reinforce-
ment tend to be less invasive. However, the mechanical
properties of the graft in adapting to the high-pressure
AVF shunt ensures the safety of the graft. Our data
have shown that the two are incompatible. Therefore,
the balance between the two and the mechanical prop-
erties required by the circulatory system to be trans-
planted should be fully considered when adapting the
graft for application.
The present study had some limitations. These included

the small number of large animals used, and the limited
number of samples, although the grafts were implanted
bilaterally. Furthermore, the follow-up period was short.
In addition, the hemodynamics of the grafts trans-
planted between the carotid artery and vein in sheep
could differ from the hemodynamics between the arte-
riovenous veins in the forearm of AVFs performed in
humans.

CONCLUSIONS
The PCL/PLCL graft is an ideal material for TEVGs

because it promotes positive cell invasion. However, im-
plantation into the arterial system can lead to a trend to-
ward diameter expansion in the long term.
Reinforcement with suture materials has the potential
to maintain cell infiltration into the graft, which could
improve the neotissue formation of the graft.

The vascular grafts used in the present study were pro-
vided by Nanofibersolutoins.
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