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Corrugated nanofiber tissue-engineered vascular graft to prevent
kinking for arteriovenous shunts in an ovine model
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ABSTRACT

Objective: Prosthetic grafts are often needed in open vascular procedures. However, the smaller diameter prosthetic
grafts (<6 mm) have low patency and often result in complications from infection. Tissue-engineered vascular grafts
(TEVGs) are a promising replacement for small diameter prosthetic grafts. TEVGs start as a biodegradable scaffold to
promote autologous cell proliferation and functional neotissue regeneration. Owing to the limitations of graft materials;
however, most TEVGs are rigid and easily kinked when implanted in limited spaces, which precludes clinical application.
We have developed a novel corrugated nanofiber graft to prevent kinking.

Methods: TEVGs with corrugated walls (5-mm internal diameter by 10 cm length) were created by electrospinning a
blend of poly-e-caprolactone and poly(L-lactide-co-caprolactone). The biodegradable grafts were then implanted be-
tween the carotid artery and the external jugular vein in a U-shape using an ovine model. TEVGs were implanted on both
the left and right side of a sheep (n = 4, grafts = 8). The grafts were explanted 1 month after implantation and inspected
with mechanical and histologic analyses. Graft patency was confirmed by measuring graft diameter and blood flow
velocity using ultrasound, which was performed on day 4 and every following week after implantation.

Results: All sheep survived postoperatively except for one sheep that died of acute heart failure 2 weeks after implan-
tation. The graft patency rate was 87.5% (seven grafts out of eight) with one graft becoming occluded in the early phase
after implantation. There was no significant kinking of the grafts. Overall, endothelial cells were observed in the grafts
1 month after the surgeries without graft rupture, calcification, or aneurysmal change.

Conclusions: Our novel corrugated nanofiber vascular graft displayed neotissue formation without kinking in large an-
imal model. (JVS—Vascular Science 2020;1:100-8.)

Clinical Relevance: This basic science research article reported tissue-engineered vascular grafts for arteriovenous shunt
procedures. Nanofibrous grafts were electrospun with polyglycolic acid and poly-e-caprolactone with a corrugated wall
design to prevent graft kinking. The tissue-engineered vascular grafts were then implanted in U-shape between the
carotid artery and the external jugular vein of an ovine model. This graft had 87.5% patency rate and did not display
significant kinking. Overall, re-endothelialization was observed in the grafts one month after the surgeries without graft
rupture, calcification or aneurysmal change. This graft is a promising alternative to small diameter prosthetic grafts.

Keywords: Tissue-engineered vascular grafts; Smaller diameter prosthetic grafts; Large animal study; Corrugated nano-
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In patients with end-stage renal disease (ESRD),
vascular grafts are used to establish a direct arteriove-
nous (AV) shunt for hemodialysis (HD). Autogenous fis-
tulas are preferred for access whenever possible, for
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example, from the brachiocephalic vein of the arm. How-
ever, patients with kidney failure often have scant vessels
or suffer from stenotic arteries. Thus, autologous grafts
are not readily available and, when accessible, the grafts
are eventually exhausted after multiple HD procedures.
Sometimes, the grafts are made of synthetic materials
such as expanded polytetrafluoroethylene (PTFE) or
Dacron. However, synthetic grafts are only implanted
for middle to large diameter vessels. These synthetic
grafts have been found inadequate to replace small
diameter vessels for bypass or reconstruction operations.
Specifically, intimal hyperplasia and thrombosis owing to
foreign body reaction impede the use of these materials
in grafts.? Synthetic materials are also susceptible to
catheter-related blood stream infections in patients un-
dergoing HD.® In general, the patency of the synthetic
grafts remains low, with reported primary and secondary
patency rates of PTFE at 1 year after the operation of 43%
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and 64%, respectively.* Overall, because of the sus-
tained challenges with autologous and synthetic grafts
sources, alternative vascular prostheses are sought to
perform the AV shunt procedures for HD and cardio-
vascular operations.

Tissue-engineered vascular grafts (TEVGs) have been
proposed as an alternative to address the challenges
with current vascular prostheses.>'° TEVGs are a biode-
gradable graft template serving as a temporary scaffold
that transforms into and regenerates vascular tissue.
The materials that have been used for TEVGs include
synthetic biodegradable polymers and blends with
natural proteins such as collagen, elastin, gelatin, and
albumin.>'© TEVGs are mainly used as venous conduits
and are exposed to lower pressures than in AV shunts,
even though AV shunts are not under high pressure un-
less there is outflow stenosis."" Wystrychowski et al'?
have reported implantation of TEVGs in high pressure
circulation for HD access. Several other clinical trials
also assessed TEVGs under pressures suitable for AV
shunts.*'* In all cases, these TEVGs were seeded with
cells before implantation, which is a costly additional
step that increases the risks of infection.” Additionally,
the TEVGs were implanted as a straight conduit, which
is not akin to AV shunt procedures in patients wherein
the graft needs to be implanted at an angle to have
adequate puncture sites for HD.'® These TEVGs are at
risk of kinking if bent, for example, into a U-shape.!” The
addition of corrugations throughout the graft structure
has been suggested as a strategy to decrease the risk
of kinking.'® In addition, the grafts made from a blend
of the biodegradable polymers poly(L-lactide-co-
caprolactone) (PLCL) and polyglycolic acid (PGA) dilated
and degraded quickly.”®

In this study, we used a poly-e-caprolactone (PCL)/
PLCL polymer blend and developed TEVGs with corru-
gations that were implanted with a U-shape in a
sheep model. We then assessed the performance.
PCL degraded at a slower rate than the previously
used PGA.'®'® Thus, the inclusion of PCL in the blend
with PLCL is hypothesized to slow the graft degrada-
tion rate such that the prosthesis can withstand the
high-pressure arterial system. The corrugations of the
TEVGs were made during graft fabrication by electro-
spinning. Using an anatomically accurate mandrel
during this process can be used to further develop
patient-matched scaffolds.® The previously estab-
lished bilateral AV shunt procedure for the large ani-
mal model had to be adapted to accommodate
implantation with the new graft configuration. The
grafts were then implanted into the cervical region
of the sheep and tested for biocompatibility. This
step was followed by validation of biomechanical
properties, and proliferation of endothelial and
smooth muscle progenitor cells. Taken together, these
assessments and changes to graft morphology,
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ARTICLE HIGHLIGHTS

- Type of Research: Single-center,
collected data

- Key Findings: Tissue-engineered vascular grafts
implanted between the carotid artery and the
external jugular vein in a sheep model (h = 4,
grafts = 8) had an average patency rate of 87.5%,
and re-endothelialization was observed 1 month af-
ter surgery without graft rupture, calcification, or
aneurysmal change.

- Take Home Message: Our novel corrugated nano-
fiber vascular graft, developed by electrospinning a
blend of poly-e-caprolactone and poly(L-lactide-co-
caprolactone), displayed neotissue formation
without kinking in a large animal model. It is a prom-
ising alternative for vascular surgery procedures
requiring a small diameter prosthetic graft, and the
achieved results warrant further research.

prospectively

material, and implant configuration serve toward un-
derstanding the applicability of TEVGs as small diam-
eter vascular prostheses.

METHODS

Scaffold fabrication. PCL/PLCL scaffolds are created by
co-electrospinning method as previously described?®
with a customized graft length of 10 cm and inner
diameter of 5 mm. Initially, 6 wt% PCL and 5 wt% PCL
were dissolved in hexafluoroisopropanol and stirred with
a magnetic stir bar for at least 24 hours at room tem-
perature. In separate syringes, the PLCL solution was
dispensed at a flow rate of 5.0 mL/h, whereas the PCL
solution was dispensed at a flow rate of 42 mL/h to
create a graft scaffold with a PCL:PLCL weight ratio of 1:1.
Both solutions were simultaneously electrospun onto a
grounded mandrel that was positioned 20 cm from
needle tip and rotated at 100 revolutions per minute,
with a +25-kV charge applied. After electrospinning,
nanofibers were deposited onto the ground mandrel
until the desired wall thickness was achieved. The elec-
trospun scaffold was then removed from the mandrel,
and the wall thickness was measured with a laser
micrometer (Keyence, Osaka, Japan). The scaffolds were
then corrugated by wrapping a 260-pm diameter
monofilament around the scaffold at a specified threads
per inch count and specified thread tension. The scaffold
was then longitudinally compressed to 30% to 45% of its
original length and allowed to set for 24 hours. It was
then elongated to 50% to 65% of its original length and
the monofilament was removed. The scaffolds were
sectioned into 10-cm lengths, plasma treated, packaged
in Tyvek pouches, and terminally sterilized with gamma
irradiation.
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Mechanical testing. Compliance and burst pressure
data were acquired with the samples immersed in PBS
using a universal mechanical testing machine (MTS Sys-
tem Corporation, Minn) as previously described.?® Put
briefly, data were acquired using a load frame fitted with a
50-pound load cell with a force resolution of 10~* pounds
and a linear displacement resolution of 1078 inches.
Compliance testing was performed using a displacement
velocity of 1.5 mm per minute and an acquisition rate of 4
data points per second using Laplace’s law?° to correlate
linear force and displacement to compliance. Burst pres-
sure testing was performed using a displacement velocity
of 50 mm/min and an acquisition rate of 4 data points per
second using Laplace’s law?° to correlate linear force and
displacement to burst pressure. Samples were placed
around two parallel L-shaped steel rods; one rod was
attached to the base of the universal testing machine and
the other to the load cell. The samples were strained
perpendicularly to the length of the samples. Compliance
was calculated using systolic and diastolic pressure of
120 mm Hg and 80 mm Hg, respectively. The burst pres-
sure was calculated as the maximum force immediately
before failure. Kink testing was completed the same way
as described in I1SO 7198 (2016) A5.8 — Kink diameter/
Radius. Briefly, a cylindrical mandrel is used to determine
the kink radius. This test is accomplished by forming a
loop with the test sample and pulling the ends of the
sample in opposite directions to decrease the loop until a
kink is observed. The appropriately sized cylindrical
mandrel is placed within the loop to measure the kink
diameter and that mandrel size is 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 sheep exper-
iments. Four custom-made nanofiber TEVGs were
implanted bilaterally as AV shunts between the common
carotid artery (CCA) to the ipsilateral external jugular vein
(E3V) in four sheep. Implantation was accomplished as
previously described.'® Briefly, all sheep were anesthetized
with 1% to 2% isoflurane and positioned in the dorsal re-
cumbency during surgery. Heparin (100 1U/kg) was
administrated intravenously after exposure of the bilateral
CCA and EJV. Standard vascular anastomosis was per-
formed with a 7-0 Prolene suture (Ethicon Inc, Somerville,
NJ). Hemostasis was obtained, and the muscle, subcu-
taneous tissue, and dermal incision layers were closed.
Antibiotic treatment (cefazolin) was administrated intra-
operatively and for 7 days postoperative. All sheep were
maintained on a daily oral medication of aspirin (325 mg/
d) until the end of the study. Serial color Doppler ultra-
sound examinations were performed to estimate graft
patency and to measure the lumen diameter and the
blood flow velocity. Animals were humanely killed by
pentobarbital sodium one month after implantation.
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Ultrasound examination. Color Doppler ultrasound
was performed every week after implantation to deter-
mine graft patency, the lumen diameter of TEVG, the
wall thickness of TEVG, and the blood flow velocity of
TEVG. Both the anastomosis site and the middle of grafts
were measured. If blood flow was observed at all of the
sites, the graft was determined to be patent. Ultrasound
images were assembled by using a Philips HD11 XE ultra-
sound machine (Philips, Amsterdam, the Netherlands)
and a probe of adequate frequency (Philips L15-7i0) to
assess the vascular structures.

Histology and immunohistochemistry. The middle
parts of 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 (VVG),
and von Kossa (VK) staining. For VK staining, human
placenta tissue was used as a positive control. For immu-
nohistochemistry, the tissue sections were deparaffinized,
rehydrated, and blocked for endogenous peroxidase ac-
tivity and nonspecific staining. The primary antibodies
used included von Willebrand Factor (1:2000; Dako,
Glostrup, Denmark), a-smooth muscle actin (1:500; Dako),
and CD68 (1:200; Abcam, Cambridge, UK). Biotinylated
secondary antibodies and streptavidinated horseradish
peroxidase were then used before the color development
of chromogenic reaction with 33-diaminobenzidine
(Vector Laboratories, Burlingame, Calif). Nuclei counter-
staining was performed with Gill's hematoxylin (Vector
Laboratories).

Histologic and quantitative analyses. The remaining
scaffold area was measured by using polarized light
and analyzed with Image J software (Image Processing
and Analysis in Java; National Institutes of Health,
Bethesda, Md). The macrophages that were identified
by positive CD68 expression were quantified for each
explanted scaffold. Four sections of each individual sam-
ple were counted at 40 x (high powered field) and then
averaged.

Statistical analysis. For all experiments, data are repre-
sented as mean = standard deviation. Ultrasound data
(lumen diameter and wall thickness) and diameter
measured with macrograph and mechanical property
(burst pressure and compliance) were analyzed via one-
way analysis of variance with Tukeys multiple-
comparisons test. A t-test was performed and a P value
of less than .01 was considered statistically significant.

RESULTS

Graft morphology. In comparison with a commercial
vascular prosthesis (Fig 1, A), the TEVG graft (Fig 1, B)
could be bent 180° without kinking because of its
corrugated anatomy (Fig 1, C). This property was
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Fig 1. A, Image of EXXCEL SOFT vascular graft (Maquet Cardiovascular, Wayne, NJ) that exhibits kinking upon a
180° bend. B, The TEVG graft that has corrugations to maintain flexibility and conformability upon a 180° bend.
Scale bar = 10 mm. C, Close-up of the TEVG graft corrugations. Scale bar =1 mm. D, A comparison of the kink
radius for the noncorrugated and corrugated grafts. E-G, Demonstration of electrospinning with a different dye

used in each polymer. Scale bar = 50 pm.

demonstrated by measuring the kink radius for both
noncorrugated and corrugated TEVGs made from the
PLCL-PGA blend (Fig 1, D). The noncorrugated TEVG had
a kink radius that was approximately 16 times larger than
the corrugated graft. Fluorescent imaging highlighted
the different polymer components of the graft with one
stained with fluorescein isothiocyanate dye (Fig 1, E) and
the other with the rhodamine dye (Fig 1, F). This
morphologic assessment established that the graft is a
blend of both these components (Fig 1, G).

Serial ultrasound examinations. One sheep died owing
to acute heart failure 2 weeks after surgery. Ultrasound
analysis showed that one out of the eight implanted
grafts was occluded 1 week after implantation. The

lumen diameter and the wall thickness of the TEVGs
did not statistically significantly increase throughout
the 4-week period (Fig 2, A B). The blood flow velocity
did not change significantly and the blood flow by
velocity-time integrals slightly increased (Fig 2, C, D).

Graft assessment upon explantation. There was no
thrombus on gross examination of the grafts, aneu-
rysmal formation or rupture (Fig 3, A). Furthermore,
the arterial (Fig 3, B) and venous (Fig 3, C) anastomosis
sites of TEGVs displayed no apparent stenosis or
thrombus. The intraoperative picture is shown in Fig 3,
D, and represented as a schematic in Fig 3, E. Overall,
the inner diameters, measured macroscopically, at both
anastomosis site and the middle of graft ranged from
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Fig 2. Serial ultrasound parameters of the tissue-engineered vascular graft (TEVG) at 4 days, 1 week, 2 weeks,
3 weeks, and 4 weeks after the surgery. (A) Lumen diameter and (B) wall thickness of TEVC. (C) Peak blood flow
velocity measured by velocity-time integrals and (D) blood flow analysis.

approximately 5 to approximately 6.5 mm (Fig 3, F). The
primary patency was 100% for about 4 days and 87.5%
for the 28 days.

Mechanical properties of the TEVG. The burst pressure
of implanted TEVGs (2126 = 1027 mm Hg) was signifi-
cantly lower than the preoperative TEVGs (11,997 =
2236 mm Hg), the carotid artery (8155 = 780 mm Hg),
and the jugular vein (9119 * 1403 mm Hg) (Fig 4, A).
Compliance of the TEVGs (5.1 = 1.6% mm Hg) was signif-
icantly lower than the carotid artery (13.7 = 2.5% mm Hg)
and the jugular vein (8.1 = 2.7% mm Hg) (Fig 4, B). How-
ever, the compliance of implanted TEVGs is not signifi-
cantly different from the preoperative TEVGs (4.8 + 0.2%
mm Hg) (Fig 4, B).

Histologic analysis of the TEVG. Hematoxylin and eosin
staining revealed extensive cellular infiltration in the
TEVGs. Therefore, the scaffold parameters, such as pore
size and fiber diameter, allowed host cell infiltration. In
addition, the VVG staining demonstrated that the elastin
composition of the TEVG was comparable to that of
native CCA (Fig 5, I and K). The VK staining (Fig 5, N)
showed no evidence of ectopic calcification. On the
luminal surface of the grafts, a cellular monolayer was
positively stained with von Willebrand factor, which is an
indication of presence of endothelial cells. This was also
the case for the native vessels (Fig 5, R and S). Smooth
muscle cells (SMCs) are one of the imperative constitu-
ents for vascular function.?"?? Mature contractile vascular
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SMCs were identified using a-smooth muscle actin

antibody. A multilayered population of a-smooth muscle
actin—positive cells was present under the endothelial
layer. CD68-positive macrophages are the main cell
population in the inflammation-mediated process of
vascular remodeling in biodegradable scaffolds.?>?*
Substantial CD68-positive macrophages were detected
in our TEGVs (Fig 6, C).

Scaffold biodegradation. The remaining graft scaffold
was quantified by polarized microscopy (Fig 6, D).
Although the scaffold did not completely degrade over
the follow-up term, the positive area of polarized light
after 1 month was 1610 = 139%. The TEVG scaffold
remained mainly in the external side.

DISCUSSION

Demands for TEVGs that promote small diameter
vessel regrowth with a high patency rate, durability and
resistance to infection are increasing with cardiovascular
disease and ESRD."?>?° |n this study, we assessed cell-
free PCL/PLCL electrospun scaffolds to develop TEVGs
for bilateral AV shunts in the neck region of a sheep
model. The procedure was expanded here to accommo-
date the implantation of grafts in a configuration that
mimics those in HD procedures, in which the graft is
implanted with a U-shape. It has also been suggested
that using a pleated morphology decreases the risk of
graft kinking.'®
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Fig 3. A, Macrograph of the tissue-engineered vascular graft (TEVG), the carotid artery, and the jugular vein.
Cross-sectional images of anastomosis site with (B) the jugular vein and (C) the carotid artery. D, Image of the
surgical implantation with arrows indicating (a) the arterial side and (b) the venous side of anastomosis sites. E,
Schema of TEVG implantation surgery. F, Largest inner diameters measured with the unaided eye. No signifi-
cant difference was observed across the graft arterial anastomosis site and venous site.
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Fig 4. Mechanical property of the tissue-engineered vascular graft (TEVG). (A) Burst pressure and (B) compli-
ance. Asterisk indicates statistical significance between the two groups. *P < .001; *P < .0l

TEVGs in this study were made with corrugations,
which is a novel approach in biodegradable graft design.
When we create a U-shape with a PTFE graft, this graft
showed kinks (Fig 1, A). Therefore, the PTFE graft was
not used as a control because this kinking leads to occlu-
sion. Given the kink radius data (Fig 1, D), the same TEVG
without corrugation likewise could not serve as a control
owing to kinking. The primary patency during this term

was 87.5%, which is promising and exceeds the patency
of grafts implanted in a swine model for same duration
in a different study."” The latter study used grafts made
from the small intestinal submucosa and still outper-
formed commercial Gortex controls.!” The burst pressure
of the TEVG (2126 = 1027 mm Hg) was high enough for
the graft to withstand normal blood pressure and was
close to that of human saphenous vein (1673 =
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Fig 5. Immunohistochemistry of vascular grafts, carotid artery and jugular vein 4 weeks after surgery. H&E
(A and F-H), VWG (B and I-K), VK staining (C and L-N), SMA immunostaining (D and 0-Q) and VWF immuno-
staining (E and R-T). Magnification is x4 (A-E). Magnification is x10 (F-Q). Magnification is x20 (R-T). Scale bar is
750 pm for x4 magnification, 350 wm for x10 magnification, and 150 pm for x20 magnification. CCA, Common
carotid artery; EJV, external jugular vein; H&E, hematoxylin and eosin; SMA, a-smooth muscle actin antibody;
TEVG, tissue-engineered vascular graft; VK von Kossa; VWG, Verhoeff-Van Gieson; VWF, von Willebrand factor.

306 mm Hg).?” However, the decrease in burst pressure
and increase in graft diameter may be the beginning of
a trend toward expansion as the lumen diameter of
the graft increased 20% between weeks 3 and 4, and
wall thickness tended to increase in ultrasound examina-
tion. Our sample size was small, and the follow-up term
was only 4 weeks, meaning long-term follow-up with
an appropriate sample size is essential.

The remaining scaffold area 1 month after implantation
was 16.1 *= 1.39%. The degradation rate of our previous
study® for a small animal (rat) model was faster, with
9.1 * 54% remaining 6 months after implantation. The
latter was made from a different PCL/Chitosan polymer
blend.”> Our TEVG scaffolds may be preferable because
longer degradation rates could lead to poor neotissue for-
mation and hamper vascularization of the graft wall.?2°
Overall, further work is needed to evaluate the optimal
degradation rate and to determine the mechanical integ-
rity of the TEVG scaffolds so as to avoid surgical complica-
tions such as stenosis or occlusion owing to a low
degradation rate or dilatation or aneurysmal formation
owing to a high degradation rate. Histologically, the
luminal surface of the TEVG had a confluent layer of

endothelial cells stained positively with the von Wille-
brand factor. Although this factor is not specific to endo-
thelial cells, there is no specific marker for endothelial
cells in sheep, and so the von Willebrand factor has been
used in many studies as a sufficient alternative.>'¢93>
We need further functional testing for typical cellular
functions of the endothelial layer, such as secretion of tis-
sue plasminogen activator, to assess whether there has
been true endothelialization of the graft.

In this ovine model, we could observe feasible endothe-
lial cells of TEVG, but it is not certain if this will occur in
humans to the same extent. The TEVGs had contractile
vascular SMCs. Extracellular matrix deposition was repre-
sented by Masson’s trichrome staining and moderate
elastin composition was assessed through VVG staining.
The TEVG histologic analysis paralleled the native CCA,
suggesting that the biodegradable grafts underwent
vascular remodeling. SMCs also play a vital role in main-
taining and remodeling the extracellular matrix of blood
vessels.>® Still, excessive SMC proliferation may lead to
intimal hyperplasia, eventually resulting in vascular ste-
nosis or complete occlusion*’ Our 1-month follow-up
study is insufficient to confirm if the vascular SMCs in
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Fig 6. Histologic findings of CD68-positive macrophage. (A) Common carotid artery (CCA), (B) external jugular
vein (EJV), and (C) tissue-engineered vascular graft (TEVG) are x20. Scale bar is 20 pm. D, Polarized light mi-
croscopy of the remaining TEVG graft scaffold. Scale bar: 100 pm.

the TEVG serve the same function as SMCs in native ves-
sels or would eventually lead to occlusive stenosis.”®*“°
Thus, future studies should focus on longer term assess-
ments of the TEVGs. Last, the CCA-EJV shunt in sheep
is subject to a larger blood flow than the AV shunts in pa-
tients with ESRD. Thus, prospective translational efforts
to human clinical trials should consider the differences
and limitations of this study, particularly with respect to
the site of implantation.

CONCLUSIONS

A biodegradable PCL/PLCL polymer blend was used to
electrospin corrugated TEVGs that were then assessed
under high pressure and while bent in the AV shunt of
a large animal model. TEVGs with corrugations demon-
strated kink resistance and endothelialization and neo-
tissue formation. This novel design of a cell-free
nanofiber graft has great potential for future applications
as the AV shunt graft for the management of patients
with ESRD.
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