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There remains a need for large animal models to evaluate tissue-engineered vascular grafts (TEVGs) under
arterial pressure to provide preclinical data for future potential human clinical trials. We present a comprehensive
method for the interrogation of TEVGs, using an ovine bilateral arteriovenous (AV) shunt implantation model.
Our results demonstrate that this method can be performed safely without complications, specifically acute heart
failure, steal syndrome, and hypoxic brain injury, and it is a viable experimental paradigm. Our method allows for
a non-invasive evaluation of TEVGs in terms of graft flow, graft diameter, and graft patency, while also allowing
for graft needle puncture under ultrasound guidance. In addition, traditional pathological analysis, histology, and
immunohistochemistry may be performed with the contralateral side providing paired control data to eliminate
inter-subject variability while reducing the total number of animals. Further, we present a review of existing
literature of preclinical evaluation of TEVGs in large animal models as AV conduits.
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Introduction

There is a constant need for technological innovation
and advancement to combat the rising global burden of

cardiovascular disease1 and end-stage renal disease (ESRD).2,3

One such innovation that is beginning to revolutionize the field
of cardiovascular surgery is tissue-engineered vascular grafts
(TEVGs).4–6 The need for TEVGs is becoming increasingly
evident in reconstructive arterial surgery and bypass proce-
dures, as the gold standard autologous vessels are limited in
availability and existing synthetic grafts such as expanded
polytetrafluoroethylene (ePTFE) and polyethylene tere-
phthalate (Dacron�) are thrombogenic and exhibit compliance
mismatch.7 In addition, in the natural history of arteriovenous
(AV) grafts in ESRD patients,8 at 2 years postimplantation,
96% of AV grafts require at least one salvage procedure
(thrombectomy, angioplasty, or surgical revision) and 49% of
AV grafts experience permanent graft failure. There remains

an unmet clinical need for AV grafts with good long-term
patency rates. As TEVGs can undergo endothelialization and
remodeling to form functional vascular neotissue,9 there is
potential for TEVGs to increase existing long-term patency
rates of AV grafts for ESRD patients.

Before TEVGs can be used clinically, the grafts must be
preclinically evaluated in large animal models. Several TEVG
clinical trials have been conducted and many are currently
underway, prompted by the results from large animal studies. A
clinical trial has been completed for large-diameter vessels,
involving the implantation of both bone marrow cell-seeded
poly(glycolic) acid (PGA) and poly(lactide-co-caprolactone)
(PLCL) grafts as extracardiac cavopulmonary conduits.10,11

Shinoka et al. and Hibino et al. demonstrated that the biode-
gradable conduits exhibited endothelialization and were 100%
patent at 1 year of follow-up and 84% patent at 6 years of
follow-up, citing seeding techniques and previous preclinical
results from canine and ovine models.10–14 There have also

1Division of Cardiac Surgery, John Hopkins Hospital, Baltimore, Maryland.
2Nanofiber Solutions, Inc., Hilliard, Ohio.
3QTest Labs, Columbus, Ohio.

**These authors contributed equally to this work.

*This article is part of a special focus issue on Animal Models in Tissue Engineering. Part I.

TISSUE ENGINEERING: Part C
Volume 23, Number 11, 2017
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tec.2017.0217

728



been clinical trials for small-diameter TEVGs built on the
polymer synthesis and implantation techniques previously es-
tablished by using ovine, porcine, and canine models.11,15,16

Olausson et al. described a case of using decellularized donor
iliac vein as a venous bypass around an obstructed extrahepatic
portal vein that remained patent at 1 year of follow-up.17 Two
other clinical trials tested the potential of the Lifeline graft,
consisting of endothelial cell-seeded fibroblast sheets rolled
into a tube, as AV grafts in patients with ESRD.2,3 However,
these Lifeline grafts had low patency rates and were prone to
dilation and delamination. Therefore, although preliminary
human trials have yielded some success, it is evident that novel
TEVGs and more extensive preclinical testing are required.

TEVGs have classically been tested in interposition and
bypass models in large animals.18 In these models, the an-
imals are divided into a control group and an experiment
group, such that the control and test grafts are placed in
different individuals with potentially different vascular mi-
croenvironments. As studies involving large animals often
involve few subjects, the inter-subject differences could
confound the results. Further, the ability to implant both the
control graft and the experimental TEVG in the same animal
will reduce the cost of large animal models and overall,
TEVG testing, thus allowing for more TEVGs to enter
clinical trials.

In addition, interposition and bypass models do not re-
capitulate the mechanical microenvironment of shunted AV
circulation and, thus, are not ideal for the evaluation of their
potential use in AV grafts for hemodialysis access in pa-
tients with ESRD. A review of existing literature revealed a
paucity of studies exploring AV conduit grafts in large an-
imal models; previous studies will be outlined in the Dis-
cussion section. Here, we present a comprehensive protocol
for the interrogation of TEVGs, specifically PGA/PLCL
nanofiber grafts, using a bilateral AV conduit model in the
ovine system that allows us to better control for confounding
factors that are attributed to inter-subject differences and to
more accurately simulate AV hemodynamics.

Materials and Methods

TEVG creation

PGA/PLCL scaffolds are created by co-electrospinning as
previously described,19 with the differences being a cus-
tomized graft length of 5 cm and a customized inner diam-
eter of 5 mm (Fig. 1A). First, 10 wt% PGA and 5 wt% PLCL
were separately dissolved in hexafluoroisopropanol and
stirred with a magnetic stir bar for a minimum of 3 h at room
temperature. Using separate syringes for each solution, both
solutions were simultaneously electrospun onto a rotating
grounded mandrel (30 revolutions/min) that was positioned
20 cm from the syringe tips, with +25 kV charge applied.
The PGA solution (10 wt%) was dispensed at 2.5 mL/h,
whereas the PLCL solution (5 wt%) was dispensed at
5.0 mL/h, to create co-electrospun PGA and PLCL scaffolds
with a PGA:PLCL weight ratio of 1:1. After electrospun
nanofibers were deposited onto the grounded mandrel, the
electrospun scaffold was removed from the mandrel. The
wall thickness was then measured with a digital snap gauge
by placing the scaffold between two glass slides to ensure a
desired wall thickness of 0.4 mm was achieved. The scaf-
folds were sectioned into 5 cm lengths, packed into foil
pouches that were then placed in Tyvek pouches, and re-
ceived 25 kGy of gamma irradiation for sterilization.

Graft implantation

All sheep experiments received prior approval from the
Animal Care and Use Committee at QTest Labs (Columbus,
OH). On the day of the implantation, animals were pre-
medicated in their home cages with tiletamine-zolazepam
administered via an intramuscular injection. After sternal
recumbency was achieved, anesthesia was induced with in-
travenous fentanyl, ketamine, and supplemental tiletamine-
zolazepam. Anesthesia was maintained with isoflurane (1–2%
in 100% O2) and a continuous fentanyl infusion. Sheep were
positioned in dorsal recumbency for the duration of the

FIG. 1. Bilateral AV
shunts as a method for eval-
uating TEVGs in large ani-
mal models. (A) Schematic
illustration of electrospinning
process (PGA/PLCL) and
scaffold creation. (B) Sche-
matic illustration of bilateral
carotid artery-EJV AV shunt
creation in the ovine model.
AV, arteriovenous; EJV, ex-
ternal jugular vein; TEVGs,
tissue-engineered vascular
grafts. Color images
available online at www
.liebertpub.com/tec
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implantation procedure. The common carotid artery (CCA)
and external jugular vein (EJV) were exposed bilaterally.
Animals were then anti-coagulated with intravenous admin-
istration of heparin (100 IU/kg).

Vascular grafts were implanted as a CCA to ipsilateral EJV
AV grafts in sheep (n = 6; 5 female and 1 castrated male, body
weight: 51.4 – 3.9 kg), with nanofiber PGA/PLCL TEVGs on
the right and ePTFE (Bard IMPRA) on the left. Standard
vascular anastomosis was performed with running 7-0 Pro-
lene (Ethicon, Inc.) sutures, and the ePTFE graft and na-
nofiber PGA/PLCL TEVG (both 5 cm in length) were
implanted deep into the respective ipsilateral sternocepha-
licus muscle, as a straight horizontal vascular conduit, due to
a propensity to kink when tunneled in the subcutaneous
tissue (Figs. 1B and 2C, D, sternocephalicus muscle re-
flected out of view for graft visualization).

After hemostasis, the muscle, subcutaneous tissue, and
skin were closed in layers. Antibiotics (cefazolin) were
administered intra-operatively, until the 7th postoperative
day. Postoperative analgesia was provided in the form of a
fentanyl patch applied to lateral thorax, intramuscular bu-
prenorphine, and intravenous flunixin meglumine at the
completion of surgery. Flunixin meglumine was continued

for at least 3 days, and the fentanyl patch was removed after
day 3. A compressive bandage was applied around the neck
to protect the surgical site from contamination. All sheep
were given oral aspirin (325 mg/day) and clopidogrel
(225 mg twice daily) until the end of the study.

Color Doppler ultrasound was performed weekly beginning
at least 7 days after implantation to determine graft patency
and to measure lumen diameter. In addition, both nanofiber
TEVGs and ePTFE grafts were punctured under ultrasound
guidance at 4 weeks. To facilitate imaging and graft punctures,
sheep were sedated with tiletamine-zolazepam (4 mg/kg IM).
Before graft puncture, the overlying skin was prepped with a
chlorhexidine scrub and alcohol to minimize the risk of in-
fection. Ultrasound images were collected by using a Philips
HD11 XE ultrasound and a probe of adequate frequency
(Philips L15-7io) to assess the vascular structures.

Animals were sacrificed by using pentobarbital sodium at
4 weeks after surgery, and grafts were explanted.

Histology and immunohistochemistry

Explanted TEVG and ePTFE samples were fixed in for-
malin (10% at 4�C for 24 h); embedded in paraffin for standard

FIG. 2. In vivo implanta-
tion of biodegradable nano-
fiber scaffolds in an ovine
model. SEM of PGA/PLCL
(1:1) nanofiber graft luminal
(A) and adventitia surface
(B). (C, D) SEM of ePTFE
graft luminal/abluminal sur-
faces. In vivo implantation of
PGA/PLCL (1:1) nanofiber
TEVG (E) in the ovine
model as a right-sided carotid
artery-EJV AV shunt, with
ePTFE control on the left
side (F). Scale bar: 100 mm
(A, C), 50 mm (B, D), 1 cm
(E, F). ePTFE, expanded
polytetrafluoroethylene;
SEM, scanning electron
microscopy. Color images
available online at www
.liebertpub.com/tec
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histology with hematoxylin and eosin (H&E), Masson’s tri-
chrome, Verhoeff-Van Gieson (VVG), and von Kossa (VK)
staining. For immunohistochemistry, tissue sections were de-
paraffinized, rehydrated, and blocked for endogenous peroxi-
dase activity and nonspecific staining, before incubation with
von Willebrand factor (vWF) primary antibodies (Dako;
1:2000). Biotinylated secondary antibodies and streptavidi-
nated HRP were then used before color development by
chromogenic reaction with 3,3-diaminobenzidine (Vector).
Nuclei counterstaining was performed with hematoxylin
(Gill’s formula; Vector).

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to visualize
pore size and fiber diameter in the tissue samples, using a
Hitachi S-4800 Scanning Electron Microscope (5.0–15.0 kV),
after dehydration with hexamethyldisilazane and gold sputter
coating. ImageJ (NIH) was used to quantify pore size and
fiber diameter (15 measurements from ‡5 random images of
either the luminal surface or a transverse section).

Statistical analysis

All data were presented as mean – standard deviation and
statistical significance was determined by Student’s t-test by
using GraphPad Prism (version 6; GraphPad Software, Inc.,
CA), with a p-value <0.05 considered statistically signifi-
cant. A paired t-test was used to compare ePTFE with
TEVG samples.

Results

Bilateral AV grafts can be successfully implanted,
evaluated, and assessed in large animals

The fiber diameter and pore size of the TEVGs were
determined to be 860.81 – 292.51 nm and 9.84 – 5.19 mm,
respectively, by SEM (Fig. 2A, B). We noted that the blood
seeping through the needle holes was less in nanofiber
TEVGs than in ePTFE grafts.

All sheep successfully underwent bilateral CCA-EJV AV
graft implantation procedures and recovered from anesthe-
sia. Follow-up examinations were performed the next day
and revealed a palpable thrill in all AV grafts. Only one
sheep had a positional graft that caused a weakened thrill
depending on head carriage. Three sheep had trace facial
edema, and only two sheep had marked facial edema. Two
sheep had prolapsed and erythematous nictitating mem-
branes. All facial edema and swelling had resolved by day 2
in all animals. Active hemorrhage was present in only one
sheep after removal of the compressive bandage (ePTFE
graft side), which resolved after the bandage was replaced.
Stertorous respiration was present in two sheep. A dull
mentation was only noted in one sheep after surgery, which
resolved within 24 h. No other neurologic deficits were
noted. Although each sheep had bilateral distention of the
EJVs, there were no symptoms of right-sided congestive
heart failure. Only one animal revealed dyspnea due to
pharyngeal edema, which ultimately resulted in the death of
the sheep due to asphyxia after unsuccessful rescue attempts
on the day after implantation. Two sheep were lost during
the first week of the study due to TEVG graft rupture (days 4
and 7). The remaining three sheep survived until the end of

the study. On necropsy, TEVGs appeared to rupture as if
torn longitudinally from neck bending and stretching, rather
than rupturing from exceeding the TEVG burst pressure.

Beginning 1 week after implantation, the three sheep that
survived to the 4-week end-point underwent weekly ultra-
sound examination of the grafts. For nanofiber TEVGs, two
were patent at 4 weeks (Fig. 3A, C), with one occlusion at 2
weeks. For ePTFE, all grafts were patent (Fig. 3B, D).
Weekly evaluation of lumen diameter, graft wall thickness,
and blood flow by ultrasound was feasible.

Nanofiber TEVGs had increasing lumen diameter over 4
weeks postimplantation, as compared with the control
ePTFE grafts that had an unchanging lumen diameter, with
statistically significant differences between control and ex-
perimental TEVG lumen diameter at 2 weeks ( p = 0.038), 3
weeks ( p < 0.001), and 4 weeks ( p < 0.001) after implanta-
tion (Fig. 3E). In addition, nanofiber TEVGs had a higher
flow rate, compared with control ePTFE grafts, at 2, 3, and 4
weeks ( p < 0.001).

Finally, both TEVG and ePTFE grafts were punctured at
4 weeks under ultrasound guidance without complications
such as hemorrhage and nervous injuries (Fig. 3G, H).

Explantation of vascular grafts

All tissue samples (nanofiber TEVGs, ePTFE grafts, CCAs,
EJVs) were harvested without tissue damage (Fig. 4A, B), and
they were evaluated by representative staining (Fig. 4C–F).
Even though in the nanofiber TEVGs, scaffolds remained
(Fig. 4C) at 4 weeks, they are in the process of remodeling
(Fig. 4D, E) without vascular calcification (Fig. 4F). At 4
weeks, endothelialization of nanofiber TEVGs was satisfac-
tory as demonstrated by vWF staining (Fig. 4G). There were
no monolayer cells in the internal lumen of the ePTFE graft on
H&E staining, suggesting that positive staining for vWF
showed pseudointimal layer formation (Fig. 4G).

Discussion

In developing a method for bilateral AV implantation of
vascular grafts in ovine models, we have established a new
protocol for the preclinical evaluation of TEVGs. Although
there are many pre-existing testing methods, few have ad-
dressed the need for an experimental control that considers
inter-subject differences in vascular physiology. Our model
allows for the implantation of both the ePTFE control graft
and the experimental TEVG into the same animal at the
same anatomic location, essentially eliminating any con-
founding factors derived from variations in vascular mi-
croenvironments.

Here, we report the first use of a bilateral AV shunt as a
testing algorithm for evaluation of TEVGs in ovine models.
This procedure did not result in acute heart failure, steal
syndrome, or hypoxic brain injury, providing support for the
use of bilateral AV shunts as a viable experimental paradigm.
We also punctured our grafts with a 16-gauge dialysis needle
and found that our method allows for preclinical simulation
of actual puncture of AVGs/AVFs for hemodialysis access.

Our experimental TEVGs exhibited dilation and significant
longitudinal strain from lateral flexion of the neck, predis-
posing the grafts to rupture (n = 2), and suboptimal flow of
blood through the venous system, increasing the risk of ste-
nosis. Accordingly, of the three surviving animals, one
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FIG. 3. Graft diameter, blood flow rate, and puncture under ultrasound guidance. Ultrasound images of nanofiber TEVGs
(A, C) and ePTFE grafts (B, D) at 2 weeks (A, B) and 4 weeks (C, D) after surgery. (E, F) Lumen diameter and blood flow
rate of TEVGs versus ePTFE grafts. Asterisk indicates statistical significance between the two groups ( p < 0.05). (G, H)
Successful needle puncture of grafts at 4 weeks after AV shunt surgery under ultrasound guidance. Arrows refer to the
needle within the grafts. Color images available online at www.liebertpub.com/tec

FIG. 4. Macrographs, histology, and immunohistochemistry of explanted vascular grafts. Photographs of TEVG AV shunt
(A) and ePTFE AV shunt (B) 4 weeks after surgery. H&E (C), Masson’s trichrome (D), VVG (E), VK staining (F), and vWF
immunostaining (G) of explanted vascular grafts. Scale bar (C–F) 200mm, (G) 50mm. H&E, hematoxylin and eosin; VK, von
Kossa; VVG, Verhoeff-Van Gieson; vWF, von Willebrand factor. Color images available online at www.liebertpub.com/tec
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experienced eventual occlusion of the graft within 2 weeks
postimplantation as determined by ultrasonography, whereas
two animals had patent grafts at 1 month postimplantation.
As a result of these findings, the TEVG material is currently
being modified to address the shortcomings identified in this
study. Graft remodeling was also imperfect as a histological
examination revealed elastin layers that were not native like.
However, this is likely attributed to the fact that the short
implantation period did not allow enough time for compre-
hensive graft remodeling.

Regarding the vessels for graft anastomosis, we chose to
implant a cervical AV graft, instead of an extremity AV
graft, as the extremity vessels are too small in diameter. The
only other site where we might technically be able to im-
plant an AV graft in the sheep is between the femoral artery
and the femoral vein, but both vessels are also too small to
keep patency in the sheep (*3 mm in diameter). In addition,
it is hard to keep a femoral AV graft in position when the
sheep recovers from anesthesia and becomes mobile, which
may lead to graft tension.

As TEVGs remodel in vivo after implantation, it is pos-
sible for the vascular neotissue to be weak and for punctures
to cause excessive bleeding and create wounds that do not
heal. To assess the strength of the vascular neotissue, we
punctured our grafts with a 16-gauge dialysis needle,
without bleeding or wound complications. Other possible
complications, including nervous injuries, AV graft stenosis,
thrombosis, aneurysm formation, and rupture, can be as-
sessed by physical examination (such as in cases of nervous
injuries), direct visualization (such as in cases of large an-
eurysm formation), and ultrasound imaging (Fig. 3). We
suggest that our model, by allowing for these assessments,

will aid in the long-term goal of creating optimized TEVGs,
which are amenable to hemodialysis access.

The small animal models will not be able to provide
necessary preclinical data with human-scale hemodynamic
flow dynamics and appropriately sized vascular graft char-
acteristics. Puncturing these grafts in small animal models
will also be technically difficult and clinically less relevant
than in large animal models. Further, our model could also
be used to assess grafts that are designed for bypasses,
vessel replacements, and congenital heart defects. Our
model can also be customized to modify the way the graft is
implanted, for example, straight graft between two vessels, a
U-shape graft, side-to-side anastomosis, end-to-side anas-
tomosis, etc. Stability and patency in an AV implantation
model could translate to greater clinical success as the grafts
are able to tolerate more adverse conditions than the phys-
iological settings that they were intended for.

There has been a dearth of literature on the study of AV
grafts in large animals (Table 1). The commonly used control
ePTFE graft has been evaluated in the sheep model and dis-
played neointima hyperplasia, thrombosis, and only 25% pa-
tency at 12 weeks postimplantation, highlighting the massive
room for improvement in vascular graft technology.20 There
have been two general approaches in the development of
vascular grafts tested as AV conduits in large animal models:
treated ePTFE grafts and vascular grafts made of biodegrad-
able polymers. ePTFE grafts treated with factors to recruit host
endothelial cells have been largely successful in increasing
endothelialization compared with untreated ePTFE grafts that
are currently the mainstay of prosthetic grafts in AV grafts, but
there have been conflicting data on the degree of intimal hy-
perplasia.21,22 Success of the biopolymer AV grafts study has

Table 1. Preclinical Evaluation of TEVGs in Large Animal Models as Arteriovenous Conduits

Authors
and year

Large
animal
model Vascular graft

Site of
implantation Result

Kohler et al.
(1999)20

Sheep PTFE Unilateral carotid
artery to EJV

Venous stenosis reliably
produced within 4 weeks

Rotmans et al.
(2005)22

Pig Anti-CD34-coated ePTFE
grafts; uncoated ePTFE
grafts as control

Bilateral carotid
artery to IJV

Increased endothelialization
and intimal hyperplasia at
4 weeks after implantation
compared with controls

Li et al.
(2005)21

Sheep P15 cell-binding
peptide-treated ePTFE
grafts; untreated ePTFE
as control

Unilateral carotid artery
to jugular vein

Reduced intimal hyperplasia
and higher degree of
endothelialization
compared with controls

Dahl et al.
(2011)23

Baboon Decellularized bioreactor
vessel derived from
cadaveric allogenic
smooth muscle cells
seeded onto PGA

Unilateral axillary artery
to brachial vein

88% of grafts were patent at
6 months and did not
display dilatation,
calcification, and intimal
hyperplasia

Tillman et al.
(2012)24

Sheep Decellularized arterial
scaffold seeded with
ovine endothelial cells

Unilateral carotid
artery to EJV

All grafts developed venous
outflow stenosis

Present study Sheep PGA/PLCL 1:1 nanofiber Bilateral carotid
artery to EJV

Remodeling and
endothelialization of
TEVG noted without
calcification or stenosis

EJV, external jugular vein; ePTFE, expanded polytetrafluoroethylene; IJV, internal jugular vein; TEVGs, tissue-engineered vascular grafts.
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been inconsistent, as one group demonstrated positive results
while using collagen matrix tubes in baboons whereas another
group experienced stenosis in all grafts.23,24 The only differ-
ence between the two studies was that the latter group seeded
their grafts before implantation but no further conclusions can
be drawn at this time, due to the paucity of literature.

Although different animal species have been used as large
animal models of cardiovascular disease,25,26 including pigs,
sheep, cattle, horses, and non-human primates, there are lim-
ited data directly comparing these large animal species with
each other, and comparing these large animal models with
humans. Comparing the present ovine study with the previous
porcine study,22 there is less intimal hyperplasia in the ovine
model than in the porcine model. In addition, there are ana-
tomical differences in between the ovine jugular vein and the
porcine jugular vein. The ovine internal jugular vein (IJV) is
deep, small, and often absent,27 as compared with the porcine
jugular vein.28 Thus, although we anastomosed the CCA to the
EJV in the ovine model, the previous porcine study22 used the
IJV to create the AV graft implantation model.

The clinical importance of developing TEVGs that reca-
pitulate the properties of autologous vessels is particularly
salient in the growing population of patients with ESRD
requiring vascular access for hemodialysis.29 Where autol-
ogous grafts are unavailable, acute hemodialysis catheters
and prosthetic grafts serve as less-than-ideal alternatives;
acute hemodialysis catheters are associated with a high risk
of infection and mortality; and synthetic grafts are prone to
stenosis and thrombosis.30,31 Many TEVGs are currently in
the translational stage of development whereby they are
evaluated in large animal models for possible use for he-
modialysis access in ESRD.

There remains a need for an animal model that will
simulate the supraphysiological flow rates and turbulence in
AV fistulas. The implantation of grafts as AV shunts would
allow for TEVGs to undergo more rigorous testing under
conditions of increased mechanical forces generated by
turbulent flow, akin to AV grafts currently approved for
clinical use in ESRD.

Conclusion

Bilateral AV implantation allows for the direct compari-
son of the experimental graft and the control graft as con-
founding factors derived from inter-subject differences in
vascular physiology are eliminated. Although there has been
concern that bilateral implantation may exert increased
strain on the animal and lead to complications such as heart
failure and tissue hypoxia, our study has provided prelimi-
nary data abating this concern. Therefore, bilateral AV
shunts constitute a good method for the preclinical evalua-
tion of vascular grafts and TEVGs for use in hemodialysis
and even in broader applications in the vascular surgery
field, such as bypasses and vessel replacements.
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