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Abstract
Transplantation of pancreatic islets has been shown to be effective, in some patients, for the long-term treatment 
of type 1 diabetes. However, transplantation of islets into either the portal vein or the subcutaneous space can be 
limited by insufficient oxygen transfer, leading to islet loss. Furthermore, oxygen diffusion limitations can be magnified 
when islet numbers are increased dramatically, as in translating from rodent studies to human-scale treatments. To 
address these limitations, an islet transplantation approach using an acellular vascular graft as a vascular scaffold has 
been developed, termed the BioVascular Pancreas (BVP). To create the BVP, islets are seeded as an outer coating 
on the surface of an acellular vascular graft, using fibrin as a hydrogel carrier. The BVP can then be anastomosed as 
an arterial (or arteriovenous) graft, which allows fully oxygenated arterial blood with a pO2 of roughly 100 mmHg 
to flow through the graft lumen and thereby supply oxygen to the islets. In silico simulations and in vitro bioreactor 
experiments show that the BVP design provides adequate survivability for islets and helps avoid islet hypoxia. When 
implanted as end-to-end abdominal aorta grafts in nude rats, BVPs were able to restore near-normoglycemia durably 
for 90 days and developed robust microvascular infiltration from the host. Furthermore, pilot implantations in pigs 
were performed, which demonstrated the scalability of the technology. Given the potential benefits provided by the 
BVP, this tissue design may eventually serve as a solution for transplantation of pancreatic islets to treat or cure 
type 1 diabetes.
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Introduction

Type 1 diabetes results from the autoimmune destruction 
of pancreatic islets and is a growing and chronic health 
problem throughout the world.1,2 Monitoring of blood 
sugar levels, and recurrent intervention with exogenous 
insulin, allow many patients to lead relatively normal 
lives. However, diabetes still causes numerous short-term 
complications such as hyper- and hypo-glycemic episodes, 
and long-term complications such as cardiovascular dis-
ease and diabetic nephropathy.3,4 Transplantation of pan-
creatic islet cells can restore endocrine control of blood 
sugar levels and provides patients with improved glycemic 
control to avoid the debilitating side effects of diabetes.5 
Unfortunately, current strategies for clinical islet trans-
plantation suffer from issues such as islet inflammation 
from direct blood contact, hypoxia, and inadequate nutri-
ent transfer, leading to islet cell death due to limitations in 
nutrient transfer/oxygenation, and transplant failure.6–10

Native islets require high levels of oxygen to survive: 
islets utilize 5%–20% of the oxygen provided to the pancreas, 
despite making up only 1%–2% of pancreatic mass.11,12 
Given the high metabolic demands of islets, it is evident that 
islet transplant strategies require attention to oxygenation to 
achieve sufficient islet survival. Many islet therapies such as 
implantation of islets into the intra-abdominal cavity or into 
the sub-cutaneous space, transplant islets into environments 
where the local pO2 is typically only ~40 mmHg.13–16 This 
can lead to islet death during the early post-transplant period 
before revascularization of transplanted islets by the host. 
Islets transplanted into the portal vein of the liver using the 
Edmonton Protocol, where the pO2 of the portal blood is often 
near 40 mmHg, face local hypoxia as well as acute thrombo-
sis around the islets.5,17,18 Up to 50% of transplanted islets are 
immediately lost upon transplantation due to the instant blood 
mediated inflammatory reaction caused by a combination of 
acute thrombosis and leukocyte infiltration.19,20 The islets 
then face hypoxia, due to low oxygen levels in portal vein 
blood.21 This hypoxic environment can lead to eventual graft 
failure, if capillary ingrowth does not occur quickly enough to 
support islet survival.8 As a result, multiple injections of islets 
are required, and the success rate of the Edmonton Protocol 
after 5 years is only 25%–50%.22–26

To protect transplanted islets from immune recognition, 
microencapsulation is commonly used,27,28 wherein islet-
embedded microcapsules are implanted either subcutane-
ously or intraperitoneally.29–32 While each individual 
microcapsule is able to support enough diffusion for islet 
survival, combining tens to hundreds of thousands of 
microcapsules in the subcutaneous or intraperitoneal space 
can lead to clumping and local depletion of oxygen and 
nutrients.33 Low oxygen levels in islet encapsulation tech-
niques suggest that focusing on improving islet oxygen 
delivery and vascular integration may be a road toward 
better islet transplantation results.

Higher local oxygen levels increase the likely hood 
that islets will survive the early, avascular post-transplant 
period long enough to allow for revascularization. To 
facilitate oxygen delivery, some approaches utilize 
implantable devices with external oxygen ports or oxygen 
generating materials. However, these techniques have not 
yet demonstrated sustained islet viability in islet trans-
plant recipients.34,35 For vascular integration, directly con-
necting an islet transplant device with the arterial system 
of the host, to create a vascularized islet delivery device 
would allow islets to be in close proximity to constantly 
replenishing oxygen in the arterial bloodstream. Initial 
attempts to create such a vascular delivery device begun 
to take shape in the 1990s with work by Monaco and 
Sullivan.36,37 However, these perfused, vascular artificial 
pancreata were not successful in vivo, in part because of 
high rates of thrombosis of the synthetic materials used 
for the vascular conduit.38 Progressions in vascular engi-
neering, specifically in decellularized vessel engineering, 
have yielded vascular grafts with improved biocompati-
bility that allow us to re-examine this methodology for 
islet transplantation.

Vascular grafts made from acellular biological extracel-
lular matrices do not utilize oxygen from the bloodstream 
and have a lower rate of thrombosis than grafts made from 
artificial materials,39–47 and oxygen can diffuse from the 
bloodstream through the wall of the acellular matrices, 
thereby providing a means to oxygenate cells or tissues 
that are applied on the outer surface of the vascular con-
duits. An acellular vascular graft that is 40 cm in length 
and 6 mm in diameter – similar to that used as an arterio-
venous graft in the arm for dialysis access – could accom-
modate roughly 800,000 islets on its outer surface, which 
is approximately the normal total islet complement of an 
adult human.48,49 Therefore, clinically-relevant dimensions 
of acellular vessels could accommodate islet numbers that 
may be suitable for therapy in type 1 diabetes.50

It is this general approach for islet delivery that we 
sought to test in this report. We evaluated the delivery of 
pancreatic islets using an acellular vessel as a scaffold, to 
deliver islets in close proximity to, but not within, the arte-
rial blood circulation. We hypothesized that seeding islets 
on the outer surface of an acellular vessel would allow for 
improved islet survival and functionality compared to 
transplantation of islets without connection to the arterial 
circulation. We term this approach the “Biovascular 
Pancreas,” or BVP (Figure 1). To determine the ultimate 
utility of the BVP concept and to optimize parameters of 
its design, we performed in silico modeling (computer 
simulations) using finite element analysis. These results 
were validated by in vitro bioreactor studies designed to 
mimic oxygen levels in implanted BVP constructs. Finally, 
to demonstrate the therapeutic effect of the BVP, we per-
formed in vivo implantations into nude rats and piloted 
implantation studies into adult swine.
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Results

Device creation

The BVP consists of an acellular vessel wall, with islets 
coated on the outer surface using a fibrin hydrogel (Figure 
1(a)). Fibrin was selected as the hydrogel of choice due to 
the fact that it has shown success in islet transplantation 
studies, facilitates microvessel ingrowth, and has an easy-
to-use crosslinking mechanism achieved by combining 
fibrinogen with thrombin.51–55

Rat-sized BVPs were created using rat pancreatic islets 
coated around decellularized human umbilical arteries 
(DHUA) that were 1 mm in diameter and 1–1.5 cm in 
length, with a wall thickness of 300–500 μm.56,57 Pancreatic 
islets were isolated from adult rat pancreata using a series 
of enzymatic digestion steps, and then were coated onto 
the outer surface of DHUA by combining islets, fibrino-
gen, and thrombin together into a mold containing the 
DHUA (Figure 1(b)). Rat BVPs were seeded with ~1500 

islet equivalents (IEQs), resulting in a density of roughly 
15 IEQs/μL in the coating layer (Figure 1(c)). In compari-
son, a previous study performed seeded islets in fibrin at a 
density of roughly 12.5 IEQs/μL.52

Dithizone staining (Figure 1(d)) of circular cross sec-
tions of BVPs demonstrated that islets were fairly evenly 
coated on the DHUA, and the coating thickness was 
approximately 400 μm (Figure 1(e)). Live/dead staining 
using fluorescein diacetate (FDA) and propidium iodide 
(PI) showed that islets survived the coating procedure 
(Figure 1(f)).

Porcine BVPs were created using a similar molding tech-
nique, but around a larger human acellular engineered vessel 
that had been cultured in vitro from human vascular smooth 
muscle cells and then decellularized (Figure 1(g)). Human 
acellular vessels were of suitable dimensions for arterio-
venous grafting,47 and were 6 mm diameter and 40 cm in 
length, with a wall thickness of approximately 440 microns 
(gift from Humacyte Inc.). Porcine islets were isolated from 

Figure 1.  BioVascular Pancreas (BVP) tissue design and fabrication: (a) schematic of BVP tissue containing an acellular graft and 
pancreatic islets coated on the outer surface using a hydrogel carrier, (b) fabrication process of the rat-sized BVP using a molding 
technique, (c) rat-sized BVP shown under light microscopy (d) and shown with dithizone staining to indicate islet purity, (e) circular 
cross-section of the BVP stained using H&E, (f) fluorescent microscopy image of BVP coating with live/dead stain demonstrating 
islet survival after BVP creation, and (g) pig/human sized BVP.
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adult Yorkshire pigs using a standard collagenase digestion / 
histopaque gradient protocol. Similar to rat BVP creation, 
porcine BVPs were created using a molding procedure with 
the acellular graft, islets, fibrinogen, and thrombin.

Modeling of BVPs of varying dimensions

In silico modeling in COMSOL Multiphysics was used to 
investigate and predict diffusion properties of oxygen in 
the BVP, as well as to predict oxygen levels that would 
attend delivery of an equivalent number of islets as a sin-
gle spherical bolus or injection. Oxygen consumption rates 
were simulated using Michaelis-Menten equations, includ-
ing known parameters for islet oxygen consumption 
(described in detail in Methods section).58–60 The modeled 
geometry elements included a decellularized vessel of 
specified diameter and wall thickness, a hydrogel coating 
layer of known thickness that was seeded with a stochastic 
distribution of pancreatic islets, a lumen of the decellular-
ized vessel, and an interstitial space outside the vessel 
coating (Figure 2(a) and (b)). Specific dimensions of the 
model are shown in Figure 2(a) and (b).

To simulate the islets themselves, islet diameter is an 
essential parameter.7 Mammalian islet diameters can range 
from <50 to 500 μm, described by a positive skew Weibull 
distribution with a with most islets ranging from 50 to 150 
μm in diameter.61 Islets were stochastically assigned diam-
eters based on a Weibull distribution (Supplemental Figure 
1), and were assigned randomly distributed positions 
throughout the hydrogel coating layer.58,62

To simulate in vivo conditions, the oxygen level of the 
BVP lumen was set to 100 mmHg to mimic the pO2 of arte-
rial blood within an arterial or arteriovenous graft, while 
the interstitial space surrounding the BVP was set to 40 
mmHg. We compared predicted islet viability and oxygen 
diffusion levels in the BVP to those which might be seen in 
a spherical injection of a similar number of islets into the 
subcutaneous or intraperitoneal space, using matched islet 
numbers and density within the hydrogel carrier 
(Supplemental Table 1).33 The spherical volume control 
was chosen as a simplified representation of transplanted 
microspheres which tend to clump after transplantation and 
experience pericapsular fibrotic overgrowth.33

For characterization of oxygen levels, surface integra-
tion was performed to determine the area and volume of 
islet cells having oxygen levels below the hypoxia thresh-
old, 0.1 μM (0.07 mmHg) O2.

59 (While mitochondrial per-
formance and cellular functionality suffer below ~2 
mmHg, anaerobic respiration provides leeway for cell sur-
vival and definitive hypoxic cell death is commonly quoted 
to occur at ~0.1 mmHg61,63–66). The area of the BVP 
implant having O2 levels below 0.1 μM O2 was then com-
pared to the total islet area to determine the fractional area 
of islet survival. Visually, hypoxic areas below the 0.1 μM 
O2 threshold are shown in white (Figure 2(c) and (d)) 

(Supplemental Figures 2–4) and were quantified using sur-
face integration (Figure 2(e) and (f)). Since simulations 
were performed with randomly distributed islets and islet 
diameters following a Weibull distribution, multiple simu-
lations were performed per condition to account for varia-
bility between simulation runs. To verify that simulation 
results correlated with in vitro results, a simple experiment 
was performed where islets were seeded in fibrin in a 96 
well plate, an equivalent simulation was then created, and 
results showed that hypoxic areas below 0.1 μM O2 coin-
cided well with areas that stained positive for propidium 
iodide which indicates cell death (Supplemental Figure 2). 
In addition, since islet functionality and insulin secretion 
are negatively impacted below 3 μM O2 (2 mmHg) O2, 
simulations with a 3 μM O2 threshold were also performed 
to determine the percent of islet mass functionally capable 
of sustained insulin secretion (Figure 2(e) and (f)).

Simulation results revealed that increasing islet seeding 
number up to 5000 islets (density = 180,000 islets/mL) for 
rat BVPs and 1,000,000 islets (density = 280,000 islets/
mL) for human BVPs resulted in relatively minimal losses 
in predicted survival. (Supplemental Figures 3 and 4 show 
model results in more detail). Given that it is estimated 
roughly 1500 rat islets are required to cure diabetes in rats, 
and 500,000 human IEQs are sufficient to cure diabetes in 
humans using the Edmonton protocol that has limited islet 
viability,50 the simulations demonstrate that the BVP can 
theoretically support a sufficient number of islets for a 
therapeutic effect (Figure 2(e) and (f)).

In contrast, for a 1500 islet rat BVP, only 65% of islet 
mass is above the insulin functionality threshold of 3 μM 
oxygen. For a 500,000 islet human BVP, 50% of islet mass 
is above 3 μM oxygen concentration. Assuming that the 
majority of islets are able to survive the initial environ-
ment of the BVP however, gradual microvascularization of 
the islets may increase the percentage of functional islets 
in the BVP over time, and thus improve BVP performance. 
To test this, simulations incorporating microvessels into 
the coating layer were performed. Microvessels 8 μm in 
diameter were scattered randomly into the coating layer 
using a simulation approach.67,68 These microvessels were 
assigned oxygen concentrations at 40 mmHg O2. Varying 
percent area coverages of microvessels were tested. In 
implanted fibrin tissues, microvascularization occurs with 
a percent area coverage ranging from 0.5% to 2% 
(Supplemental Figure 5).69 Results demonstrated that if the 
BVP could achieve 0.5% microvessel coverage, the per-
cent functional area for islets would increase to ~100% 
(Supplemental Figure 5). These simulations support the 
hypothesis that microvessel infiltration can be greatly ben-
eficial to ensuring seeded islets eventually get enough oxy-
gen to allow for their full insulin secreting capabilities.

Compared to the spherical volume controls, 1500 IEQs 
have a predicted survival <35% and insulin functionality 
<10%, while 500,000 IEQs have a predicted survival 
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<10% and insulin functionality <5%. Any configuration 
where large numbers of islets are transplanted in confined 
volumes within a low-O2 environment (i.e. subcutaneous 
space, intraperitoneal space) would be characterized by 
similar outcomes of low oxygenation for therapeutic doses 
of islets.

Parameters such as coating thickness and vessel wall 
thickness were varied to determine the effect on local 

oxygen concentrations. Areas below the hypoxic threshold 
of 0.1 μM O2 were then quantified to predict islet survival 
(Figure 2(g)). When varying wall thickness, survival rates 
for a 5000 IEQ rat BVP with a coating thickness of 400 μm 
were estimated to be 95%, 85%, and 75% with wall thick-
nesses of 200, 400, and 700 μm, respectively. Analogous 
relationships between survival and coating/wall thickness 
could also be seen for human sized BVPs (Figure 2(h)). 

Figure 2.  In silico characterization of oxygen concentrations and oxygen consumption by pancreatic islets in the BVP. Dimensions 
for Rat (a) and Human (b) sized BVPs and equivalent spherical volumes. (c) Oxygen concentration simulations performed using 
Michaelis-Menten equations of BVPs and spherical volumes seeded with islets for rat and (d) human (n = 5 stochastic simulations 
per parameter). (c) Shows a simulation performed using the dimensions shown in (a) with a total of 1500 IEQs while (d) shows a 
simulation performed using the dimensions shown in (b) with a total of 500,000 IEQs. Areas with oxygen concentration below the 
hypoxic threshold of 0.1 μM are shown in white. (e) Surface integration below the hypoxic threshold of 0.1 μM (left) and below 
the physiological functionality threshold of 3 μM (right) for varying islet numbers at rat and (f) human scales. (g) and (h) Stochastic 
simulations demonstrating the effect of varying coating thickness or wall thickness on islet survival rates (n = 5 stochastic 
simulations per parameter).
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The simulations also show that coating thickness has a 
greater effect on predicted islet cell survival than does ves-
sel wall thickness.

In vitro culture and bioreactor studies

Rat-sized BVPs were made from decellularized human 
umbilical arteries, fibrin, and 1500 rat IEQs. 1500 IEQs were 
used since modeling results demonstrated adequate survival 
for 1500 IEQs in the rat-scale results. In addition, multiple 
studies in the literature have utilized around 1500 IEQs for rat 
islet transplantation.70,71 Fibrin was used at 10 mg/mL since it 
provided favorable islet survival and acceptable mechanical 
properties (Supplemental Figure 6). DHUAs, approximately 
1–2 mm in diameter, were selected instead of decellularized 
rat vessels since large rat vessels such as the abdominal aorta 
and thoracic aorta all contain multiple branching arterioles 
that are difficult to ligate. Implantation of a BVP made using 
these vessels would be difficult due to blood leakage from 
these numerous side branches. Furthermore, branchless 
DHUAs have been implanted successfully as interposition 
aortic grafts in rats. For static culture glucose tolerance tests, 
insulin release was assessed by incubating freshly-constructed 
BVPs held at 160 mmHg pO2 in low-glucose media (<20 
mg/dL) for 60 min, followed by normal glucose (180 mg/dL) 
for 120 min. As expected, insulin release was low when the 
BVP was incubated in low-glucose media, but rapidly 
increased at 180 mg/dL glucose, showing responsiveness of 
the islets and BVP construct (Figure 3(a)). However, BVPs 
that were first statically incubated overnight at 40 mmHg O2, 
with no luminal flow of culture medium, displayed decreased 
insulin secretion compared to the BVPs that were tested 
immediately after creation (Figure 3(a)). This shows the dec-
rement in islet function after only 24 h of non-perfusion in 
conditions mimicking the interstitial space.

To evaluate insulin release under conditions of intralumi-
nal flow mimicking arterial or arteriovenous implantation, 
bioreactors were assembled with a circulating flow path 
through the lumen of the BVP at 100 mmHg pO2, and medium 
surrounding the BVP maintained at 40 mmHg pO2 (Figure 
3(b)). Flow rate in the bioreactor was set to 10 mL/min to 
mimic abdominal aortic flow in a rat.72 Glucose tolerance 
testing demonstrated that BVPs in flowing bioreactors 
trended higher in insulin release at later time points, perhaps 
due to the convective properties associated with the bioreac-
tor setup, including increased oxygen delivery and removal of 
secreted insulin. Quantitatively, a rat-sized BVP in the flow 
bioreactor could secrete approximately 25 μg of insulin in 2 
h. Given that a rat requires approximately 3–4 IU (102–136 
μg) of insulin per day to maintain normoglycemia, the biore-
actor studies showed that the rat-sized BVP should secrete 
enough sufficient insulin to meet rat daily requirements.73

To quantify the impact of the BVP design on islet viabil-
ity and function, bioreactor flow conditions were compared 
to static incubation of the rat-sized BVPs at either 160 
mmHg pO2 (hyperoxic) or 40 mmHg pO2 (interstitial 

oxygen levels). In silico simulations predicted that static 
incubation at 160 mmHg should result in some hypoxia 
(>50% survival) while static incubation at 40 mmHg should 
create a strongly hypoxic environment (<30% survival), 
and in vivo/bioreactor conditions should result in minimal 
hypoxia (>90% survival) (Figure 3(c) and (d)). Survival of 
islets in the bioreactor for up to 2 days was assessed using 
FDA/PI live/dead staining (Figure 3(c) and (d)). Islet sur-
vival rate for BVPs in the bioreactor was around 90%, and 
was considerably higher than for islets in BVPs that were 
incubated statically at 40 mmHg pO2, which had a survival 
rate around 50%. These observations were corroborated by 
HIF1-α immunostaining, showing increased HIF1-α in 
nuclei in the static 40 mmHg pO2 condition, indicative of 
functional cellular hypoxia (Figure 3(c)). In contrast, HIF1-
α staining was not evident in the static 160 mmHg pO2 con-
dition, nor in the bioreactor culture condition.

In vivo rat studies

Nude rats were induced with diabetes using intraperitoneal 
injections of streptozotocin, and were considered diabetic 
when consecutive daily blood glucose measurements 
exceeded 400 mg/dL (Supplemental Figure 7). For con-
text, normal blood glucose levels for nude rats are typi-
cally between 100 to 200 mg/dL.74 Nude rats were selected 
as graft recipients to avoid confounding factors of immu-
nosuppression which would be required to prevent rejec-
tion of the bovine fibrinogen and thrombin used to 
construct the coating layer of the BVP. Streptozotocin-
induced nude rats each received a 1 cm BVP containing 
1500 (1470 ± 160) IEQs as an end-to-end interposition 
graft in the rat abdominal aorta (n = 5, Figure 4(a)) 
(Supplemental Video 1). BVPs remained in situ for 90–
100 days, and blood samples were taken intermittently to 
document blood glucose and insulin levels. As controls, 
identical BVP constructs were placed adjacent to the 
abdominal aorta within the abdominal cavity, but without 
anastomosing to the arterial circulation (n = 3). In this 
way, the BVP was placed into the recipient without any 
direct vascularization – these were the “no flow” implants.

BVPs were explanted by repeat laparotomy after the 
prescribed implantation time. At time of explantation, 
anastomosed BVPs had extensive microvascular infiltra-
tion, which may have been supported by islet secretion of 
angiogenic factors, as well as the fibrin hydrogel carrier 
(Figure 4(b)).

Rats that received an anastomosed BVP implant dem-
onstrated a gradual decrease in blood glucose levels over 
the course of 1–2 months (Figure 4(c)). Rapid reversal of 
diabetes was not observed. This may be partially attribut-
able to the fact that modeling results showed that oxygen 
availability in the BVP is sufficient for islet survival but is 
not sufficient for maximal insulin secretion. We speculate 
that as microvascularization occurs around the implanted 
islets, the islets have improved oxygen availability and 
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functionality which then causes blood glucose levels to 
gradually decline over time. In contrast, rats that received 
“no flow” BVP implants maintained high blood glucose 
levels, averaging >400 mg/dL, throughout the entire 
experiment. Since “no flow” implants contained the same 
number of islets as BVPs implanted in the aorta, but lacked 
arterial blood flow through the lumen of the BVP, it is 
likely that the significant differences in blood glucose are 
attributable to islet survival in the setting of intra-arterial 
BVP implantation. Using two consecutive measurements 
below 250 mg/dL as a criterion for euglycemia,70 all 

intra-aortic BVPs restored euglycemia by day 80, while 
none of the “no flow” implants restored euglycemia 
(Figure 4(d)). Average blood plasma insulin levels were 
also statistically higher in anastomosed BVP rats as com-
pared to no flow BVP rats (Figure 4(e)).

Islet graft removal is oftentimes performed before 
animal sacrifice to verify a return to hyperglycemia and 
confirm that diabetes reversal is a result of transplanted 
islets as opposed to recipient recovery from streptozo-
tocin. Unfortunately, the difficulty of performing a sec-
ond graft insertion after BVP removal from the rat 

Figure 3.  Insulin release and survival percentages in BVPs tested in vitro. (a) Glucose tolerance test performed on BVPs exposed 
to luminal flow or on static BVPs either immediately after creation, or after overnight incubation at 40 mmHg O2. (b) Flow 
bioreactor setup for the BVP designed to mimic in vivo conditions. (c) Simulations (top), in vitro live/dead staining (middle) and 
HIF1-α staining (bottom) of BVPs statically incubated at 160 mmHg O2, statically incubated at 40 mmHg O2, or in the bioreactor 
setup shown in (b). (d) Quantification of survival percentages for simulations and in vitro live dead staining shown in (c). Statistical 
significance between experimental 40 mmHg Static and experimental bioreactor group determined using unpaired, two-tailed t-test 
(**p = 0.0072) (n = 3).
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abdominal aorta prevented this conventional graft 
removal approach. Instead, analysis of rat pancreata 
after BVP harvests were performed (Supplemental 
Figure 7). Staining results showed that there were no 
insulin positive cells in these pancreata, which demon-
strates that the reduction of blood glucose and increase 
in insulin were due to the BVP graft as opposed to 
endogenous recovery from streptozotocin.

Glucose tolerance tests were performed at 3 months to 
quantify transplant efficacy. Rats with aortic-implanted 
BVPs (n = 3), “no flow” BVP rats (n = 3), and non-diabetic 
healthy rats (n = 3) were injected with 2 g/kg glucose into 
the intraperitoneal space. Blood was then sampled from the 
tail vein at 15, 30, 45, 60, 90, 120, 150, 210, and 300 min. 
Rats that received an anastomosed BVP demonstrated graft 
functionality by restoring near-normoglycemia, while 

Figure 4.  Demonstration of rat BVP therapeutic potential in streptozotocin induced diabetic nude rats. (a) BVP implanted into rat 
as an end-to-end abdominal aorta graft. (b) After 3 months, the BVP (green dotted circle) demonstrates robust microvascularization 
on the surface. (c) Blood glucose curves demonstrating restoration of euglycemia from BVP implants anastomosed as end-to-
end grafts, no flow implants did not restore euglycemia. Statistical analysis between the anastomosed and no flow BVPs was 
performed using a t-test analyzing mean values for each group (****p < 0.0001). (c) Survival plot demonstrating percent euglycemic 
(two consecutive blood glucose measurements <250 mg/dL) rats. (d) Blood plasma insulin levels for rats after transplantation. 
Statistical analysis was performed using a t-test with mean values (****p < 0.0001). (e) Blood glucose levels and (f) insulin levels for 
intraperitoneal glucose tolerance test performed on day 90+ after implantation. (h) Staining for BVPs before implantation and after 
explantation demonstrating islet survival in the BVP. Islets are still found in vicinity of vessel outer surface after explantation.
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glucose levels in no flow BVP rats remained elevated for the 
duration of the glucose challenge (Figure 4(f)) (Supplemental 
Figure 8). A rise in blood plasma insulin was also detected 
in the anastomosed BVP group, with an upward trend 
extending to 300 min post injection (Figure 4(g)). Similar 
insulin trends were not observed in “no flow” BVP rats. It is 
interesting that the rate at which blood glucose decreases 
was noticeably slower than the native non-diabetic control, 
implying that the number of viable islets in the small BVP 
implant may not have been sufficient to completely restore 
normal insulin reactivity. Slow transport of insulin through 
the BVP graft may be another potential reason for the delay 
in graft functionality.

Insulin staining on explant cross sections showed long 
term survival of implanted rat islets in the BVP for up to 3 
months (Figure 4(h)). Microvascular infiltration (Figure 
4(b)) was confirmed by CD31 staining for endothelial cells 
(Figure 4(h)), providing evidence that islets were able to 
integrate into the vascular system of the host. The occur-
rence of microvascularization may explain why the BVP 
gradually restored normoglycemia over the course of 2 
months: insulin secretion from islets is limited when local 
oxygen concentrations are low,58 but as microvessels grow 
into the BVP, islets may become vascularized and be 
exposed to higher oxygen levels, thereby improving their 
insulin reactivity. Taken together, these results demonstrate 
that the anastomosed BVP is capable of restoring normo-
glycemic conditions in nude rats with streptozotocin-
induced diabetes phenotype.

In vivo pig studies

To determine whether larger-scale BVPs could be pro-
duced, implanted, and show evidence of function, large 
BVPs were produced for diabetic, immunosuppressed 
pigs. Yucatan miniature swine, weighing ~30 kg, were ren-
dered diabetic by injections with streptozotocin. Porcine 
islets were harvested from freshly excised pancreata 
obtained from adult Yorkshire swine, and were suspended 
in fibrin gels and coated around the outside of tissue engi-
neered human acellular blood vessels, 6 mm in diameter 
and 20 cm in length (Figure 5(a)). Porcine islet isolation 
procedures proved technically challenging, and only lim-
ited total numbers of islets were utilized in porcine BVPs. 
Fibrin coatings were approximately 400 μm in thickness, 
and harbored roughly 10,000–25,000 porcine islets, 
whereas approximately 375,000 islets are required to 
restore normoglycemia in a 30 kg pig.75

To quantify potential BVP performance and insulin pro-
duction resulting from the limited islet complement of the 
porcine BVPs, 1-cm segments of the BVPs were sampled 
prior to implantation. Assessment of porcine BVP segments 
predicted that the entire BVP could secrete 0.36 U of insulin 
each day, but since swine typically requires 0.6–1 IU/kg of 
insulin each day, we did not expect complete reversal of the 
diabetic phenotype in these animals receiving BVP 

implants.76,77 Nonetheless, we undertook the experiments to 
determine whether any physiological effects of the BVP 
could be measured, and whether islet viability could be 
maintained by the BVP in a large animal model.

Since the recipient Yucatan miniature swine were 
immunocompetent, immunosuppression using tacrolimus 
(ranging from 0.25 mg/kg twice daily to 0.75 mg/kg twice 
daily), mycophenolate mofetil at 20–40 mg/kg each day, 
and a single dose of solumedrol 250 mg IV was given on 
the day of BVP implantation. A total of three diabetic pigs 
received BVP implants. Doses of tacrolimus and mycophe-
nolate mofetil were increased in the latter two pigs after an 
observation of sub-therapeutic tacrolimus levels in the first 
animal.

Two BVPs were implanted into the neck (as side-to-side 
arteriovenous grafts from the right common carotid artery 
to the left external jugular vein; first and third animals) 
(Figure 5(b)), while one BVP was implanted into the abdo-
men as an end-to-side arteriovenous graft from the iliac 
artery to the contralateral iliac vein. The abdominal implant 
displayed some decrease of blood glucose for one week 
after implantation (Figure 5(c)), but was complicated by 
intra-abdominal bacterial sepsis. The third animal received 
an implant in the neck, with a BVP containing 10,000 islets 
and this animal also had therapeutic serum levels of tacroli-
mus (trough tacrolimus level of 8.6 ng/mL). This third ani-
mal also showed a short-term decrease in blood glucose for 
several days (Figure 5(d)). Immunosuppression for this 
third animal was initiated 5 days prior to transplantation.

Glucose tolerance tests were performed in the third ani-
mal. Despite having a subtherapeutic number of islets, 
implanting the BVP caused a detectable therapeutic effect 
by lowering blood glucose levels for the glucose tolerance 
test to pre-immunosuppression levels (Figure 5(e)). (The 
glucose tolerance test after BVP implantation was com-
pared to pre- (7 days prior to transplantation) and post- (2 
days prior to transplantation) initiation of immunosuppres-
sion, since immunosuppression itself can affect blood glu-
cose levels and insulin sensitivity78–80). While the small 
number of islets delivered did not restore normoglycemia 
in these diabetic swine, there was a measurable decrease in 
blood glucose after implanting the BVP in the third ani-
mal, and 2/3 animals displayed decreases in blood glucose 
for several days after BVP implantation (Supplemental 
Figure 9).

Immunofluorescent staining of the BVP implant 
showed fragments of porcine islets (Figure 5(f)). 
Explantation of the porcine BVPs at 2 weeks show sur-
vival of these implanted islet fragments and persisting 
presence of insulin (Figure 5(f)) H&E results showed min-
imal to no fibrosis was detected on the explant surface, 
indicating lack of fibrotic encasement that could limit 
nutrient transfer (Figure 5(g)). The H&E staining showed 
some fibrin on the outer surface of the acellular vessel with 
cells that match the size of the implanted islet fragments. 
While the fibrin coating was initially intended (via 
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molding dimensions) to be 400 μm, Figure 5(f) and (g) 
show fibrin layers thinner than 400 μm.

Discussion/Conclusion

Though many variations of techniques for islet transplan-
tation exist, few are able to support islets through the ini-
tial avascular period after islet transplant to enable long 
term graft functionality in a clinical setting. The Edmonton 
Protocol is currently the only clinically approved method 
for islet transplantation. However, only 25%–50% of all 
islet transplantation recipients remain insulin-independent 
after 5 years, due in part to the detrimental effects of 
hypoxia on transplanted islet survival.22,23 In addition, due 

to significant islet loss after transplantation, many islet 
transplantation procedures require multiple donor organs 
to produce sufficient islets for a single patient (2–12 
donors)24–26 which places a significant strain on the donor 
pool. Considerable improvements in islet survivability 
during and after transplantation are required before the 
Edmonton Protocol can become a widely accepted treat-
ment for T1D.22

Immunoisolation technologies such as alginate micro-
capsules, or macrocapsule devices such as the Viacyte and 
Theracyte implants, have shown promise in rodent studies 
but fail to perform when scaling up to clinically relevant 
sizes for human patients.81–83 In addition, the majority of 
these technologies are transplanted into the subcutaneous 

Figure 5.  Scaled-up BVP implantations into immunosuppressed, streptozotocin induced diabetic pigs: (a) BVP 20 cm in length 
with an inner diameter of 6 mm and outer diameter of 8 mm, (b) BVP implanted as a side-to-side arteriovenous graft from the 
right common carotid artery to the left external jugular vein, (c) blood glucose levels for second pig that received a BVP implant, 
(d) blood glucose levels and (e) glucose tolerance test for third pig that received a BVP implant, (f) implant with pancreatic islet 
fragments containing beta cells in the implant (left) and explant (right), and (g) H&E image of explanted BVP demonstrating no 
fibrosis on the BVP surface.
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or intraperitoneal spaces which only have local oxygen 
levels around 40 mmHg O2. Low device surface area, sub-
optimal local oxygen tensions, and a lack of vasculariza-
tion adjacent to islets eventually lead to deficiencies in 
oxygen and nutrient transfer and islet graft failure.9

Other technologies aim to directly aid in islet survival 
by increasing local oxygen availability for transplanted 
islets. The beta air device houses microencapsulated 
islets connected to an external subcutaneous oxygen port. 
By injecting oxygen into the port, islets are directly sup-
plied with oxygen to decrease the risk of hypoxia.84,85 
Though promising results have been achieved in pre-clin-
ical studies, the burden of patient compliance is shifted 
from blood glucose monitoring/insulin injections toward 
daily injections of oxygen into the beta air’s oxygen 
port.34 Post-transplant administration of hyperoxic 
inhaled air has also been tested to improve islet transplant 
survival. Results indicated that supplying rats with 50% 
oxygen increased interstitial oxygen tension from 40 to 
140 mmHg O2 and improved survivability for islets 
implanted in the subcutaneous space. A major downside 
to this method is oxygen toxicity, which can occur when 
inhaling oxygen at a concentration only slightly greater 
than that of normal air.86,87 Other technologies aim to 
seed islets with oxygen-generating scaffolds to improve 
oxygen availability immediately post-transplantation.35,88 
Development of these types of techniques to improve 
oxygen availability highlights the need to prevent 
hypoxia in transplanted islets.

Transplantation into highly vascularized areas of the 
body represents another way to increase oxygen availabil-
ity to improve islet survival. For example, sites such as the 
kidney capsule and omentum are being investigated for 
islet transplantation.89–91 While transplanting islets into 
these sites has been shown to quickly reverse diabetes in 
animal models, using these sites may not be clinically 
practical in human patients, due to the invasiveness of the 
procedure and difficulty of graft removal.

Engineering a new vascular site for islet transplantation 
is a less explored approach but may offer the greatest ben-
efits for islet transplantation. One group is pursuing repop-
ulation of decellularized rat pancreata with islets to create 
an artificial pancreas.92 Though this strategy reintroduces 
islets to their native niche, the majority of a pancreas is 
comprised of exocrine ECM rather than endocrine ECM. 
Another approach is to seed islets into the trachea of a 
decellularized lung.70 Results from this approach showed 
increased survival of islets thanks to the high density of 
microvessels present in alveoli. Both these approaches 
require anastomosis to the patient for full vascular integra-
tion, however, and can be limited by thrombosis of 
microvessel structures within the decellularized organ. 
Encouraging vessel ingrowth using prevascularization or 
angiogenic factors can also be used to further encourage 
vascular integration of islets with the patient.52,93

The BVP utilizes a large diameter vascular graft with a 
diameter of 6 mm to support blood flow to transplanted 
islets. Grafts of this size are far less prone to thrombosis 
due to laminar flow and high flow rates.47 Islets seeded on 
the BVP are in close proximity to blood flow but do not 
directly contact blood, which mitigates the risk for instant 
blood mediated inflammatory reactions against the islets. 
Surgically, BVPs may be implanted as an arterial or an 
arteriovenous graft in the arm: arteriovenous grafting is 
typically a simple outpatient procedure. Previous trials 
using tissue engineered large diameter grafts utilized 75–
325 mg of orally administered aspirin per day for anti-
coagulation.47 Blood flow rates through an arteriovenous 
graft are typically on the order of 1 liter/minute, providing 
abundant oxygen delivery to islet situated just outside the 
graft wall.47 As such, the BVP design represents a safe and 
effective vascular technique for islet transplantation.

The BVP is also capable of extensive remodeling due to 
the biocompatible components used in its construction. 
Cellular infiltration with the graft may impact O2 kinetics 
but this may be offset by the gradual integration of islets 
with the host’s microvascular system.

To help to overcome the challenges of delivering a suf-
ficient number of islets to treat humans, the BVP maintains 
a consistent volume to surface area ratio for a monolayer 
of islets disposed on the outer surface of an acellular arte-
rial or arteriovenous conduit (Supplemental Table 1). We 
selected fibrin as the coating hydrogel since it is naturally 
involved in the wound healing and revascularization pro-
cess. As a tradeoff, however, this means that BVP implants 
do not directly incorporate immune-isolation. Thus, BVP 
graft recipients are required to take immunosuppres-
sants,94,95 which would be a tradeoff for the deleterious 
effects uncontrolled type 1 diabetes. Future work on the 
BVP may aim to integrate new technologies being devel-
oped such as conformational islet coating or immune-priv-
ileged beta cells that are derived from human embryonic 
stem (ES) or induced pluripotent stem (iPS) cells, that may 
limit the need for immune suppression for BVPs in the 
future.96–98

Taken together, this work represents an intersection of 
in silico modeling, in vitro bioreactor testing, and in vivo 
tissue implantation studies to evaluate the efficacy of a 
potentially improved islet transplantation therapy.

Materials and methods

In silico modeling in COMSOL multiphysics

Finite element analysis modeling was performed in 
COMSOL Multiphysics® (Version 5.4-5.5) (Burlington, 
MA). The Transport of Diluted Species Module was used 
to simulate islet behavior and diffusion with respect to 
oxygen consumption. The module was governed by Fick’s 
First Law (Jo2 = Do2∇Co2), where Jo2 is the molar flux of 
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oxygen [mol/(m2s)], Do2 is the diffusion coefficient of oxy-
gen [m2/s] and Co2 is oxygen concentration [mol/m3]. 
Parameters used for islet modeling were obtained from 
previous work done by Buchwald et al.58–60 For Buchwald’s 
studies, islet oxygen consumption was simulated using a 
Michaelis-Menten equation [R = −Rmax (Co2/Co2+Km)] 
where Rmax is the maximal O2 consumption rate per unit 
volume [mol/(m3*s)], Co2 is the concentration of oxygen 
[mol/m3], and Km is the half maximal concentration [mol/
m3]. He parameterized the equation to fit in vitro data col-
lected using high resolution quantitative monitoring of 
islet secretion over time and the oxygen consumption of 
islets (Rmax) was determined to be 0.034 mol O2/s/m3 while 
the half-maximal concentration (Km) was 0.001 mol/m3. 
Diffusion coefficients for islets were utilized as previously 
reported (for oxygen. Diffusion coefficients of oxygen for 
islets (2.0 × 10−9m2/s) decellularized vessels (1.25 × 
10−9m2/s), fibrin (1.7 × 10−9m2/s), and culture media (2.86 
× 10−9m2/s) were obtained from literature.99,100

Geometrical representations of a BVP cross section 
including the lumen, decellularized vessel, and hydrogel 
coating were generated to simulate the BVP construct in 
silico. To create an accurate geometrical representation of 
islets the BVP, islet diameters were stochastically assigned 
utilizing a Weibull Distribution to replicate real world var-
iations in islet diameter. In addition, islets were randomly 
distributed throughout the hydrogel layer to replicate the 
randomness of islet positions in the hydrogel layer of real 
BVP constructs. Running the COMSOL simulation with 
these properties allowed for stochastic simulations to 
account for the potential variations in islet diameter and 
position in the BVP.

To determine islet survival of the BVP construct, sta-
tionary solver studies were performed to determine the 
steady state oxygen levels experienced by islets in the 
BVP. Boundary conditions were assigned to mimic the 
conditions of the BVP in vivo – to replicate fully oxygen-
ated arterial blood, the pO2 of the vessel lumen was set to 
100 mmHg O2 (1.4 mol/m3) while the interstitial space 
outside the hydrogel coating was set to 40 mmHg O2 (0.5 
mol/m3).101–103 With regard to the lumen PO2 level, since 
blood flow can be >1 L/min in the lumen of arteriovenous 
fistulas, longitudinal location of the cross section was 
determined to not be a rate limiting factor affecting oxygen 
concentration in the lumen. In silico islet survival was then 
quantified by calculating the surface integral of the simu-
lated islets and determining the percent area below a criti-
cal oxygen threshold of 0.071 mmHg (0.1 μM) O2 or 
functional threshold of 2 mmHg (3 μM) O2.

58–60

Acellular grafts.  Umbilical cords categorized as discarded 
tissues were acquired from Yale New Haven Hospital 
through the Vascular Biology and Therapeutics Program at 
Yale School of Medicine. Following procurement, umbili-
cal arteries were separated from the umbilical cord using 

forceps to tear away the Wharton’s jelly and artery adven-
titia. The isolated artery lumens were then flushed with 
phosphate-buffered saline (PBS) to remove any residual 
blood. Decellularization was performed as previously 
described.104 Briefly, arteries were placed in CHAPS 
buffer (1 M NaCl, 25 mM EDTA, 8 mM CHAPS, PBS) 
and rocked overnight. Following PBS rinsing, the arteries 
were then placed in sodium dodecyl sulfate (SDS) buffer 
(1 mM NaCl, 25 mM EDTA, 1.8 mM CHAPS, PBS) and 
rocked overnight at 37°C. Extensive PBS washes were 
used to remove all residual detergents from the arteries. 
The vessels were then incubated in 10% fetal bovine serum 
(FBS)/1% Penicillin-Streptomycin (P/S) at 37°C for 48 h 
to remove residual DNA. Finally, the decellularized ves-
sels were stored at 4°C in sterile PBS with 1% P/S solu-
tion. Decellularized umbilical arteries were used for all in 
vitro and rat implantation experiments.

For pig studies, Humacyte® (Durham, NC) acellular 
vessels were obtained directly from Humacyte® and stored 
at 4°C in sterile PBS with 1% P/S. Humacyte vessels are 
manufactured by culturing human smooth muscle cells 
(SMCs) on polyglycolic acid (PGA) tubular scaffolds in 
state-of-the-art bioreactors. During bioreactor culture, 
SMCs deposit extracellular matrix while the PGA 
degrades. The resultant vessel is then decellularized and 
made ready for use.

Animals.  Sprague Dawley rats (3–6 months old; 250–400 
g) served as islet donors for rat islet in vitro experiments 
and implantation studies. Male nude rats between 50 and 
56 days old (200–300 g) were purchased from Charles 
River Labs (Wilmington, MA) served as transplant recipi-
ents. Yorkshire pigs (150–250 kg) were obtained from Oak 
Hill Genetics (Ewing, IL) and were used as pancreatic islet 
donors. Sinclair Bioresources (Auxvasse, MO) provided 
streptozotocin induced diabetic Yucatan pigs (25–30 kg) to 
serve as BVP recipients. All pigs were housed at Syn-
chrony Labs (Durham, NC). All pig husbandry was man-
aged by Synchrony Labs in accordance to The Guide for 
the Care and Use of Laboratory Animals. Protocols involv-
ing rats were approved by Yale Institutional Animal Care 
and Use Committee (IACUC) while protocols involving 
pigs were approved by Synchrony IACUC. All animal 
work complied with the NIH Guide for the Care and Use 
of Laboratory Animals.

Rat islet isolation and culture.  Protocol for islet isolation 
was performed based on a previously published 
method.105,106 Sprague Dawley rats were euthanized using 
ketamine/xylazine. After the pancreas was separated from 
the surrounding tissue, it was cut into pieces <0.5 cm to 
better facilitate collagenase digestion and was placed into 
a vial containing 10 mL of 1.5 mg/mL collagenase P (2.1 
U/mg) with HBSS (HBSS, 1% P/S, 3.25% HEPES). The 
vial was then agitated at 200 RPM at 37°C for 18–20 min. 
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The resultant solution was then filtered through a 500 μm 
nylon mesh and the solution was centrifuged at 1000 RPM 
for 1 min. Washes with HBSS were performed. Following 
the final wash, the pellet was resuspended in histopaque 
1077 (Sigma-Aldrich; Cat. #10771) and a layer of basal 
RPMI 1640 (ThermoFisher Cat. #72400120) was carefully 
added on top of the histopaque solution. Centrifugation at 
2500 RPM for 20 min at 4°C was used to purify islets 
away from exocrine cells/tissue. Islets purified into the 
boundary between the histopaque and RPMI were care-
fully extracted and placed into a separate centrifuge tube. 
Islets were then cultured with RPMI media with 10% FBS 
and 1% P/S at 50 islets/mL in suspension culture petri 
dishes. Culture media was changed once every 2 days.

Live/Dead characterization.  To determine survival in various 
conditions, rat islets and rat BVP constructs were character-
ized using fluorescein diacetate (FDA) (Sigma-Aldrich; 
Cat. #F7378)/propidium iodide (PI) (Sigma-Aldrich; Cat. 
#4170). Tissues were incubated in 0.25 μM FDA 15.7 μM 
PI for 5 min at 37°C. Images were taken using a Lecia 
DMI6000B microscope and images were processed in 
ImageJ.

Fibrin hydrogel studies.  Fibrin was created by mixing bovine 
fibrinogen (Sigma-Aldrich; Cat. #F8630) with thrombin 
(Sigma-Aldrich; Cat. # T4648) at a 100 mg:1 U ratio. 
(Bovine fibrinogen and thrombin were used to avoid the 
prohibitive cost of utilizing rat fibrinogen). Fibrinogen 
was prepared at varying concentrations in basal (serum 
free) RPMI media while thrombin was prepared at 2 U/mL 
in 0.1%BSA (Sigma-Aldrich; Cat. #A9418) in PBS. 10 
mM CaCl2+ (Sigma-Aldrich; Cat. #449709) was added to 
fibrinogen to facilitate fibrin crosslinking while tranexamic 
acid (Cayman Chemical; Item #19193) was added at 160 
µg/mL to prevent fibrin degradation. Testing survival of 
islets in fibrin was performed by suspending 500 islets in 
300 μL of fibrin in 24 well plates. After allowing the fibrin 
20 min to polymerize, 500 μL of full RPMI media was 
added above the fibrin gel. Media was changed at day 2 
and live/dead staining with FDA/PI was performed at day 
1 and 3 to assess viability.

BVP creation process.  BVPs were created using a combina-
tion of an acellular graft, fibrin hydrogel, and pancreatic 
islets. To start, bovine fibrinogen was prepared at 10 mg/
mL in basal RPMI media with CaCl2+ and tranexamic 
acid as described above. To create rat sized BVPs, a 
14-gauge blunt metal syringe was cannulated through the 
lumen of a decellularized human umbilical artery. A cylin-
drical polypropylene mold (inner diameter: 2 mm) was 
then coated with 5% pluronic F-127 (Sigma-Aldrich; Cat. 
# P2443) to prevent the fibrin hydrogel from sticking to 
the mold. A pellet of ~1500 IEQs was then resuspended in 
fibrinogen and thrombin. The resultant mixture was then 

pipetted into the mold and the decellularized vessel on the 
metal syringe was then quickly added into the center of the 
mold and gently agitated in order to evenly distribute 
throughout the coating. Following 5 min of agitation, the 
mold was then placed into a 37°C incubator for 15 min to 
allow for the fibrin to fully polymerize. The mold was 
intermittently rotated during the incubation period in order 
to prevent islets from unevenly settling during the polym-
erization process. After the fibrin polymerized, the man-
drel is gently removed from the mold. Since the mold was 
previously coated with pluronic F-127, the fibrin stuck 
solely onto the decellularized vessel and was successfully 
coated on the outer surface of the decellularized vessel. 
The BVP was then carefully pushed off the metal syringe 
using tweezers and kept in full RPMI media before being 
used for in vitro testing or in vivo implantation.

For pig sized BVPs, a Humacyte® human acellular ves-
sel (HAV) was used as the primary scaffold for the BVP. A 
custom sized glass tube with 8 mm inner diameter created 
by Yale’s Scientific Glassblowing Laboratory was used for 
the mold and a 6.0 mm OD metal mandrel was used to hold 
the HAV. A similar procedure to the rat BVP was then fol-
lowed in order to coat the acellular vessel with fibrin and 
islets. One notable difference was that the HAV surface 
was smoother than umbilical artery surface which some-
times resulted in the fibrin coating slipping off of the HAV. 
To counteract this, the HAV was incubated in 50 µg/mL 
fibronectin for 30 min prior to the coating protocol to 
ensure coating integrity.

In vitro BVP testing.  Insulin secretion capabilities of the 
BVP were assessed using a static incubation experiment. 
Following the creation of the BVP, it was then incubated 
(37°C, 20% O2, 5% CO2) in glucose free media (<20 mg/
dL glucose) for 60 min and then switched to glucose media 
(180 mg/dL glucose) for 120 min. Media was sampled 
every 15 min and samples were assessed using a High 
Range Rat Insulin ELISA kit (Mercodia; Cat. # 
10-1145-01).

Survival studies were performed to compare the BVP in 
static incubation settings versus bioreactor settings. For 
static incubation, BVPs were created and left either in a 
normal incubator (160 mmHg O2) or a hypoxia chamber 
(40 mmHg O2) in a 100 mm × 20 mm petri dish with 20 
mL of media to fully submerge the BVP. For bioreactors, 
the BVP was carefully cannulated into a bioreactor with 
separate lumen and interstitial reservoirs. The interstitial 
reservoir surrounds the BVP and a hypoxic oxygen mix-
ture (5% O2) is used to keep the interstitial reservoir media 
at a pO2 of ~40 mmHg. The lumen reservoir was attached 
to a pump that pumps media through the lumen of the BVP 
and was attached to a 100 mmHg oxygen tank (12.5% O2). 
Both static incubations and bioreactors were run for 2 
days. Results were analyzed using both FDA/PI staining 
and histology.
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Implantation in diabetic rats.  Streptozotocin injections (65 
mg/kg in 50 mM sodium citrate, I.P.) (Sigma-Aldrich; Cat. 
#S0130) were used to induce diabetes in graft recipient 
nude rats as previously described.107 Animals with two 
consecutive non-fasting glucose measurements above 400 
mg/dL were considered diabetic and qualified for surgery. 
Rats that did not meet this requirement received a repeat 
streptozotocin injection.

To test functionality in vivo, BVPs were implanted as 
end-to-end abdominal aorta interposition grafts into dia-
betic nude rats similar to previously performed proto-
cols.108 Rats were anesthetized with isoflurane and injected 
with buprenorphine and bupivacaine for analgesia. After 
shaving and sterilizing the skin, a midline incision was 
made in the abdomen and the intestines were retracted out-
wards and wrapped in saline-moistened gauze. The infra-
renal abdominal aorta was then carefully separated from 
the surrounding tissue. Two microvascular clamps were 
placed on the abdominal aorta for vascular control and a 
transection was made between the two clamps. The BVP 
was then placed at the transection site and an interposition 
graft was constructed. Anastomoses were created using 
10-0 monofilament nylon suture (AROSuture; Cat# 
T04A10N07-13). Clamps were then removed to allow for 
blood flow through the graft. The intestines were then 
returned to the abdominal cavity and the abdomen was 
sutured closed. Post-surgery, rats were administered 
meloxicam or ketoprofen for analgesia every 24 h for 48 h 
and were housed in individual cages.

Monitoring rats – blood glucose sampling, glucose tolerance 
test.  Blood samples were obtained using a tail nick proce-
dure. Blood was collected into a heparinized tube and cen-
trifuged at 5000 RCF for 10 min. The plasma supernatant 
was collected and used for testing in a glucometer (Gluc-
Cell®, CESCO Bioengineering, Trevose, PA). The remain-
ing plasma was frozen at −20°C until being used for ELISA 
insulin testing (Mercodia, Sweden).

Glucose tolerance tests (GTT) were performed. Rats 
were fasted overnight and a baseline blood sample was 
acquired at noon. Rats were then injected with 2 g/kg glu-
cose in physiological saline into the intraperitoneal space. 
Blood was then sampled at 15, 30, 45, 60, 90, 120, 150, 
210, and 300 min.

Porcine islet isolation and porcine BVP implantation.  Porcine 
islet isolation was performed based on a previously pub-
lished protocol with modifications.109 Briefly, porcine pan-
creata were acquired and placed in Wisconsin buffer solution 
for transport. The common bile duct was then cannulated 
and inflated with 1.5 U/mL collagenase at 2 mL per gram of 
pancreas weight. Pancreata were then digested with agita-
tion for 5 min and solution was quenched with an equivalent 
volume of ice cold HBSS with 10% FBS. Following multi-
ple washes with centrifugation and removal of supernatant, 

the pancreas tissue was resuspended in histopaque 1077 and 
layered with a gradient of basal RPMI. Centrifugation for 20 
min was then used to separate islets from exocrine tissue. 
Porcine islet isolations were performed 1–2 days prior to 
porcine BVP implantation.

An intravenous glucose tolerance test was performed 
on Yucatan streptozotocin induced diabetic pigs slated for 
BVP implantation 7 days prior to implantation. Starting 5 
days prior to the implantation process, pigs were provided 
with daily tacrolimus (0.75 mg/kg twice daily) and MMF 
(40 mg/kg twice daily) orally for immunosuppression. A 
glucose tolerance test was also performed 4 days prior to 
surgery. 3 days prior to surgery, Plavix (1 mg/kg) was pro-
vided orally as an anti-platelet therapy. 24 h prior to sur-
gery, Fentanyl (50–100 mcg/h) was administered 
transcutaneously as an analgesia.

On the day of surgery, 250 mg of solumedrol was injected 
intravenously for immunosuppression. Porcine BVPs were 
constructed as previously described on the day of surgery. 
Anesthesia was induced using one dose of Ketamine (2.2 
mg/kg), Telazol (4.4 mg/kg), Xylazine (2.2 mg/kg), and 
Marcaine (2–3 mg/kg) intramuscularly along with continu-
ous Isoflurane (1%–4%) inhalation. Buprenorphine (0.01–
0.05 mg/kg) was also injected intramuscularly as an 
analgesia during induction. During the surgery, Bretyllium 
(3–5 mg/kg) was administered intravenously every 30 min 
and Paralube was applied as needed onto the pig’s eyes. 
Assessment of anesthesia through respiratory rate, heart 
rate, mucous membrane color, temperature, EKG, oxygen 
saturation, and reflexes was recorded every 15 min 
intraoperatively.

For implantation of the BVP into the neck, a midline 
neck incision was made and the carotid artery was exposed. 
Prior to vascular surgery, systemic heparinization (100 
units/kg) was provided through the intravenous line and 
allowed to circulate for 3 min. The BVP was then anastomo-
sed from the right common carotid artery to the left external 
jugular vein as a side-to-side implantation. One BVP 
implantation into the abdomen was also performed. For this 
surgery, a midline laparotomy was performed and the iliac 
artery was exposed. The BVP was then grafted from the 
iliac artery to the iliac vein as a side-to-side anastomosis.) 
After completion of the anastomoses and confirmation of 
blood flow through the BVP, the region was then sutured 
closed. For anti-platelet therapy, Aspirin (3–5 mg/kg) and 
Plavix (1 mg/kg) were provided orally every day after sur-
gery. Tacrolimus and MMF continued to be provided at the 
previously mentioned dose and frequency. Post-operative 
analgesia was provided through Buprenorphine (0.01–0.05 
mg/kg) intramuscularly every 12 h as needed for up to 7 
days and Carpofen (4–5 mg/kg) intramuscularly every 24 h 
for up to 7 days.

Blood was collected daily from via IV blood draw or 
jugular vein catheter. A glucose tolerance test was per-
formed 7 days after implantation. Blood glucose was 
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tested using a glucometer and porcine insulin was tested 
using Porcine Insulin ELISA kits (Mercodia; Cat. # 
10-1200-01). Graft explantation was performed 2–4 weeks 
after implantation. After inducing anesthesia, heparin (200 
units/kg) was injected to prevent coagulation, and a lethal 
injection of euthasol was provided.

Histology and immunostaining.  BVPs were fixed in 10% 
neutral-buffered formalin overnight. Samples were embed-
ded in paraffin, sectioned, and stained for H&E. Immuno-
fluorescent staining was used to stain for insulin, HIF1-α, 
CD31, and CD45. To perform immunofluorescent stain-
ing, slides were rehydrated by baking at 65°C and per-
forming sequential washes in xylene, 100%, 95%, 85%, 
75%, and 50% EtOH. For antigen retrieval, slides were 
incubated with sodium citrate buffer at 70°C. Following a 
PBS wash, tissues were circled using a hydrophobic 
marker and blocking buffer was applied for 1 h. The slides 
were then incubated with the relevant primary antibody 
overnight (insulin – 1:200 (Abcam Cat. # ab7842); CD31 
– 1:300 (Abcam Cat. # ab28364); HIF1-α – 1:100 (Abcam 
Cat. # ab1)). Six washes were then performed with 1% Tri-
ton PBS before incubating the slides with secondary for 1 
h (Anti-GP – 1:500 (Abcam Cat. # ab150185; Anti-Rb – 
1:500 (Abcam Cat. 96919); Anti-Ms – 1:500 (Abcam Cat. 
# ab150113). Slides were then washed four additional 
times and DAPI was applied to the slide with a coverslip 
on top. Fluorescent images were taken using a Lecia 
DMI6000B microscope. Images were processed using 
Lecia LAS AF and Image J.

Statistics.  All data points and error bars represent mean ± 
SD. Statistical analysis was performed in GraphPad Prism 
8. Data were analyzed for statistical significance using 
unpaired two-tailed Student’s T-test. Specific P values are 
included in figure captions.
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