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Abstract
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Type 1 diabetes (T1DM) affects one in every 400 children and adolescents in the US. Due to the
limitations of exogenous insulin therapy and whole pancreas transplantation, pancreatic islet
transplantation has emerged as a promising therapy for T1DM. However, this therapy is severely
limited by donor islet availability and poor islet engraftment and function. We engineered an
injectable bio-synthetic, polyethylene glycol-maleimide hydrogel to enhance vascularization and
engraftment of transplanted pancreatic islets in a mouse model of T1DM. Controlled presentation
of VEGF-A and cell adhesive peptides within this engineered material significantly improved the
vascularization and function of islets delivered to the small bowel mesentery, a metabolically
relevant site for insulin release. Diabetic mice receiving islets transplanted in proteolytically
degradable hydrogels incorporating VEGF-A exhibited complete reversal of diabetic
hyperglycemia with a 40% reduction in the number of islets required. Furthermore, hydrogeldelivered islets significantly improved weight gain, regulation of a glucose challenge, and intraislet vascularization and engraftment compared to the clinical standard of islet infusion through
the hepatic portal vein. This study establishes a simple biomaterial strategy for islet transplantation
to promote enhanced islet engraftment and function.
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T1DM, a condition that results from the autoimmune destruction of the insulin-producing
beta cells in the pancreas, requires careful management of blood glucose through exogenous
insulin therapy to control serious complications that result from chronically high blood
glucose. In the US, one in every 400 children and adolescents is living with T1DM [1, 2]
and the worldwide incidence of T1DM is increasing ~3% per year [3]. Pancreatic islet
transplantation has emerged as a promising therapy for T1DM to address the limitations
associated with exogenous insulin therapy. Despite initial improvements in metabolic
control, less than 20% of transplant recipients remain exogenous insulin-independent after
3–5 years due to islet loss and poor engraftment [4–8]. Many factors contribute to both islet
death at transplantation and progressive graft loss [9]. In the current standard of clinical islet
transplantation, a large bolus of donor islets is infused into the hepatic portal vein where the
transplanted cells lodge downstream in the liver [10]. Islets transplanted in this manner are
at major risk of loss from instant blood-mediated inflammatory reaction (IBMIR), an
activation of the complement and coagulation cascades, during the injection procedure [11,
12]. Upon lodging in the liver, islets are exposed to acute ischemia and inflammation.
Transplanted islets suffer from fibrosis, glucolipotoxicity, exposure to high levels of
immunosuppressive drugs, and poor revascularization [13–15]. Engraftment failure of as
many as 50–75% of islets transplanted intrahepatically requires a very high number of donor
islets from 2–3 cadaver donors and often multiple islet infusions to achieve independent
normoglycemia [16]. Despite these disadvantages, hepatic portal transplantation remains the
primary target of clinical islet transplantation because the site is metabolically relevant for
maintenance of glucose homeostasis, the procedure is considered to be low risk for the
patient, and is the only site that has been routinely used successfully in the clinic [17]. If
islet transplantation is to become more widely available as a treatment option, strategies are
needed that significantly reduce the number of islets required per transplant recipient
through improvements to the efficiency of transplanted islet engraftment and alternative
implantation sites [16, 18].
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Poor islet revascularization after transplantation is one of the major impediments to longterm islet engraftment and function [19, 20]. Native islets in the pancreas are highly
vascularized with fenestrated endothelium throughout the islet core and receive 15–20% of
pancreatic blood supply while comprising only 1–2% of the total mass [20, 21]. This high
degree of vascularization is rarely recapitulated in transplanted islets [22, 23]. Attempts have
been made to augment islet vascularization by gene or protein delivery in animal models
[24–31], but many of these techniques are difficult to translate due to complex or
insufficient protein delivery strategies and raise serious safety concerns associated with
exogenous gene expression. Co-delivery of progenitor or endothelial cells has also been
shown to augment islet vascularization [32, 33]. In this study, we present a simple and
effective biomaterial solution to support grafting and revascularization of transplanted islets
combined with a metabolically relevant transplant site that avoids the negative effects of
direct injection into the hepatic portal vein.

2. Materials and Methods
2.1 Hydrogel preparation and VEGF release characterization
PEG-MAL (20 kDa MW, Laysan Bio) precursor was pre-functionalized with RGD peptide
and/or rhVEGF165 (Invitrogen) for 1 hour at room temperature in PBS + 4 mM
triethanolamine and cross-linked with addition of VPM at 1:2 molar ratio of VPM peptide to
available MAL groups. The final concentrations of RGD and VEGF in the gel were 2 mM
and 10 μg/mL, respectively. PEG-MAL gels were degraded in 100 μg/mL collagenase I at
37 °C. Released VEGF was quantified by ELISA. Gel degradation products were run on
Biomaterials. Author manuscript; available in PMC 2014 June 01.
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SDS-PAGE and Western blotted for VEGF or stained for PEG with 4% BaCl2 and 0.1%
iodine. For endothelial cell proliferation, human umbilical vein endothelial cells (HUVEC,
Lonza) were grown in endothelial growth media EGM-2 (Lonza) and synchronized in
growth factor free basal media (EBM-2, Lonza) with 1% fetal bovine serum overnight
followed by addition of VEGF, PEG-MAL-conjugated VEGF, PEG-MAL only, or EGM-2
for 24 hours. Cell proliferation and metabolism were assayed by the Click-iT-Edu kit
(Invitrogen) and CellTiter 96 MTS Aqueous Cell Proliferation Assay (Promega).
2.2 PEG-MAL biodistribution and toxicity
PEG-MAL-750 analog degradation product was synthesized by reacting RGDfunctionalized PEG-MAL macromers with GCRDVPMS and MRGGDRCG, followed by
labeling with VivoTag-S 750 (Perkin Elmer). PEG-MAL-750 (20 mg) in PBS was injected
IP into male Lewis rats. After 24 hours organs were scanned on a Xenogen IVIS Lumina II
in vivo fluorescence imager. For toxicity, Lewis rats received implants of 100 μL or 1 mL
PEG-MAL hydrogel on the small bowel mesentery. Serum and tissue specimens were
analyzed by a blinded pathology team at the University of Georgia Veterinary Comparative
Pathology Lab.
2.3 Islet transplantation into diabetic mice
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Islets were isolated from healthy 8–10 week old male C57BL/6J mice (Jackson
Laboratories) following standard islet isolation procedures [34]. Male C57BL/6J mice were
made diabetic by 5 successive daily intraperitoneal injections of 30 mg/kg streptozotocin.
Mice were monitored daily for weight loss and blood glucose but did not receive
supplemental insulin dosing during the course of the study. For transplantation surgery, mice
were laparotomized with a 1 cm two-layer incision through the skin and abdominal muscle
along the linea alba. A small section of small bowel and associated mesentery were gently
exteriorized. PEG-MAL macromer (100 μL) pre-functionalized with 2 mM RGD and ± 1
μg VEGF was mixed with islets (isolated the previous day) and 2.6 mM peptide crosslinker. The mixture was immediately pipetted onto the small bowel mesentery and allowed
to cross-link for 5 minutes. For hepatic portal vein injection, a minor mesenteric tributary
vein was selected for injection of islets in 100 μL of PBS. After hydrogel formation or islet
injection, the small bowel was reinserted into the abdomen and the animal closed. Glucose
tolerance testing was performed by IP injection of 2 g/kg D-glucose and corresponding
changes in blood glucose levels were measured by tail tip blood.
2.4 Immunolabeling and histology

NIH-PA Author Manuscript

Prior to euthanasia, animals were injected IV with FITC-labeled tomato lectin to label
perfused vasculature. Explanted islet grafts were embedded in ImmunoBed (PolySciences).
Sections were stained with chicken anti-insulin primary antibody (Abcam). Vascularization
was quantified in ImageJ as the ratio of lectin-positive intra-islet vessel area to total insulinpositive islet area.
2.5 Animal care and use
All animal experiments were performed with the approval of the Georgia Tech Animal Care
and Use Committee (IACUC) under the supervision a research veterinarian and within the
guidelines of the Guide for the Care and Use of Laboratory Animals.
2.6 Statistics
Results were analyzed by analysis of variance (ANOVA) in GraphPad Prism 6. If deemed
significant, post-hoc pairwise comparisons were performed, and a confidence level of 95%
was considered significant.
Biomaterials. Author manuscript; available in PMC 2014 June 01.

Phelps et al.

Page 4

3.0 Results
3.1 Bioactive VEGF-releasing PEG-MAL hydrogel

NIH-PA Author Manuscript

We engineered a bioactive PEG hydrogel to achieve controlled, in situ delivery of islets and
angiogenic factors to the small bowel mesentery of diabetic mice. This bioactive hydrogel is
based on a maleimide-functionalized 4-arm PEG macromere (PEG-MAL) which is
functionalized with bioactive molecules in a plug-and-play manner (Fig. 1A). We previously
showed that this material offers significant advantages over other types of Michael-type
addition or UV-cross-linked PEG hydrogels for cell delivery [35]. The maleimidefunctionalized PEG precursors react with available thiols in target biomolecules to generate
rapid, cyto-compatible curing of a hydrogel that self-adheres to tissue surfaces with minimal
inflammation (no sutures or staples are required). To promote angiogenesis PEG-MAL
macromer was pre-functionalized with the angiogenic growth factor VEGF-A165 (VEGF)
and GRGDSPC (RGD) peptide, a ligand for the angiogenic cell-adhesion integrin receptor
αvβ3. The peptide-functionalized PEG-MAL macromer was cross-linked into a gel with a
cysteine-flanked protease-degradable peptide GCRDVPMS↓MRGGDRCG (VPM), where ↓
indicates the cleavage point [36]. VPM is a synthetic peptide readily cleavable by a wide
repertoire of protease enzymes. The protease-degradable cross-links were designed to
provide for cell-demanded VEGF release and tissue ingrowth.
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PEG-MAL gels could be degraded with collagenase to generate a uniform molecular weight
PEG product of equivalent size to the PEG-MAL macromer precursor (Fig. 1B). This result
indicates that the hydrogel can completely degrade into a small product likely to be easily
cleared through renal filtration. Upon degradation of the gel with collagenase, 100% of
incorporated VEGF was released, whereas gels incubated in PBS retained 75% of the
incorporated VEGF (Fig. 1C). While the VEGF released from enzyme-degraded gels
remained PEG macromer-bound (Fig. 1D), it retained full bioactivity compared to free
VEGF as shown by dose-dependent effects on endothelial cell proliferation and metabolic
activity (Fig. 1E). These results indicate that PEG-MAL hydrogels retain VEGF bound to
the gel and release it in a bioactive form in an on-demand manner when proteases expressed
through tissue remodeling processes cleave the degradable peptide cross-links.
3.2 Biodistribution and toxicity of PEG-MAL hydrogel
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We investigated the biodistribution and toxicity of PEG-MAL hydrogel delivered in vivo
because these are important considerations regarding the safety and translation potential of
these biomaterials. For biodistribution analyses, PEG-MAL precursors, functionalized with
RGD and pre-cleaved VPM peptides, were labeled with the near-IR dye VivoTagS-750 to
generate PEG-MAL-750, a fluorescently labeled analog of the hydrogel degradation product
(Fig. 2A). We verified conjugation, labeling, and purity of this analog degradation product
(Fig. 2B). We delivered a single bolus injection of PEG-MAL-750 to the intraperitoneal
cavity of rats and collected urine and feces over 24 hours. Animals were sacrificed and the
organs were visualized for tracing of the dye with an IVIS fluorescence imager (Fig. 2C,D).
We observed the strongest IR signals in urine. When normalized to compartment volume,
80% of the degradation product was excreted in the urine within the first 24 hours. We
observed some accumulation in the gut, liver, kidneys, epididymal fat, lungs, and bladder.
Other organs had minimal fluorescence above background. While the main route of
excretion was in the urine, low levels of accumulation in other organs over short time frames
prompted us to investigate any potential toxicity of the cross-linked PEG-MAL hydrogel.
To investigate toxicity, PEG-MAL hydrogels pre-functionalized with RGD (no VEGF) were
cross-linked in situ on the surface of the small bowel mesentery of healthy adult rats at the
same delivery dose subsequently used for islet transplantation (100 μL) or ten times the islet
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delivery dose (1 mL). Control animals received a sham surgery but no hydrogel. Animals
were sacrificed at 2 and 4 weeks post-implantation for analysis of blood serum biochemistry
and organ histopathology. Inflammation was scored by an independent histopathology
laboratory. At 2 weeks post-implantation, moderate inflammation was present in the
epididymal fat, para-pancreatic adipose tissue, and accessory male glands for the 10X dose
hydrogel. Low levels of inflammation were observed in the epididymal fat and parapancreatic adipose tissue for the 1X dose hydrogel (Fig. 2E). Sham animals presented
similar levels of inflammation in the pancreas as the 1X dose hydrogel and in the accessory
male glands as the 10X dose hydrogel. At 4 weeks post-implantation, the inflammation was
significantly reduced for the 10X dose hydrogel and inflammation was mostly resolved for
the 1X dose hydrogel. All other organs examined, including kidney and liver, were free of
inflammation.
Both biodistribution of the degradation product and the organ histopathology indicate that
the PEG-MAL hydrogel degradation products are mostly and rapidly excreted via the urine
although low levels accumulate transiently in adipose tissue and other organs in the IP
space. To examine any systemic toxicity, serum biochemistry panels were performed at 2
and 4 weeks and were within normal limits and did not differ from sham animals (Fig. S1).
Together, these analyses demonstrate that PEG-MAL hydrogel products are excreted in the
urine without sustained localized inflammation or toxicity.
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3.3 PEG-MAL islet transplantation into diabetic mice
To examine islet engraftment and function in diabetic subjects, recipient mice were made
diabetic with multiple low dose streptozotocin (STZ) intraperitoneal injections 15 days prior
to transplantation. Islets for transplantation were isolated from healthy syngeneic mice 24
hours prior to transplantation. To deliver islets into diabetic animals, we developed a novel
islet transplantation technique where pancreatic islets were delivered to the surface of the
small bowel mesentery within PEG-MAL hydrogels cross-linked in situ onto the surface of
the mesentery (Fig. 3). Islets were mixed with a precursor solution of PEG-MAL prefunctionalized with RGD and ± VEGF. The precursor solution was cross-linked in situ to the
surface of the small bowel mesentery by addition of VPM peptide just before application.
After 5 minutes, islets were embedded in a fully cross-linked PEG-MAL hydrogel that was
well adhered to the surface of the mesentery. For hepatic delivery, islets were injected in
sterile PBS into the hepatic portal vein. In larger animals and in humans, islets are routinely
injected to the hepatic portal vein laparoscopically; we expect that PEG-MAL hydrogel
application to the mesentery will be easily translatable to laparoscopic procedures.
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Pilot studies of the islet transplant dose in this model indicated that diabetes could be
reversed in mice with 400 islets transplanted by PEG-MAL hydrogel but only by 700 islets
delivered intrahepatically (Fig. S2). For further study, we selected a dose of 400 islets,
corresponding to the islet mass that we were able to isolate from a single donor mouse under
optimal conditions. Single-donor islet transplants in humans are a major goal of islet
transplantation research because of extremely limited donor availability and increased risk
associated with multiple foreign HLA alleles [16]. Animals were monitored daily for blood
glucose and weight for 28 days post-transplantation. Control healthy animals maintained
blood glucose levels on average of 155 mg/dL while sham transplant animals remained
diabetic at 470 mg/dL. Remarkably, hyperglycemia was reversed in mice receiving 400
islets in PEG-MAL + VEGF with an average blood glucose 187 mg/dL, whereas 400 islets
transplanted intrahepatically only reduced blood sugar to 327 mg/dL and did not reverse
hyperglycemia (Fig. 4A). This marked difference in blood sugar was also reflected in weight
gain, which is intrinsically linked to insulin expression. Healthy mice gained weight at a rate
of 58 mg/day whereas sham animals gained weight at a rate of 12 mg/day. Mice receiving
islets in PEG-MAL + VEGF gained weight at 70 mg/day while mice receiving hepatically
Biomaterials. Author manuscript; available in PMC 2014 June 01.
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transplanted islets only gained weight at 36 mg/day (Fig. 4B). Because we hypothesized that
vascularization is critical for islet function and grafting, we also tested the effect of
exclusion of the angiogenic signal, VEGF, from the PEG-MAL delivery hydrogel. Animals
receiving islets in PEG-MAL without VEGF had average blood glucose of 259 mg/dL,
significantly higher than islets transplanted with VEGF but lower than islets transplanted
intrahepatically. Islets transplanted in PEG-MAL without VEGF also reduced weight gain
by half to 35 mg/day compared to PEG-MAL + VEGF. These results indicate a significant
improvement in islet function when transplanted in PEG-MAL + VEGF hydrogel.
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At 4 weeks post-transplant, a glucose tolerance test was performed to examine glucose
responsiveness of the islet graft. Animals were fasted for 6 hours prior to intraperitoneal
injection of a glucose bolus. Healthy animals responded with a normal peak in blood glucose
followed by rapid return to normoglycemia. Diabetic animals with no islet transplantation
exhibited a glucose spike 100 points higher than healthy animals and did not return to
normoglycemia. Mice with islets transplanted in PEG-MAL + VEGF returned to
normoglycemia at the same rate as healthy animals while mice with islets transplanted
intrahepatically responded much more slowly and did not return to a blood glucose level
below 250 mg/dL. Islets transplanted in PEG-MAL without VEGF were slower to respond
to the glucose challenge than islets in PEG-MAL + VEGF and had higher overall blood
sugar at all time points after the initial spike (Fig. 4C). These results indicate greater glucose
responsiveness in islets transplanted with PEG-MAL + VEGF hydrogel than without
angiogenic growth factors or intrahepatic delivery.
We measured serum insulin and C-peptide levels at 4 weeks post-transplantation as a
measure of islet secretory activity. Diabetic sham mice secreted very little insulin and Cpeptide indicating nearly complete knockdown of beta cell activity. Higher levels of insulin
and C-peptide were measured in animals transplanted with islets in PEG-MAL + VEGF and
in PEG-MAL without VEGF than in islets transplanted intrahepatically (Fig. 4D). These
results indicate better systemic availability of insulin produced by islets transplanted in
PEG-MAL either with or without VEGF than by islets transplanted intrahepatically.
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Finally, we evaluated islet vascularization and engraftment at four weeks posttransplantation. Blood vessels in the islet graft were labeled by an intravenous injection of
FITC-lectin prior to euthanasia to label perfused tissues. Macroscopic observation of the
mesentery graft site revealed significant remodeling of the PEG-MAL matrix with a dense
vascular influx into both PEG-MAL + VEGF and PEG-MAL without VEGF. Whole islets
could be readily observed in the graft zone (Fig. 5). Histological sections of mesentery and
liver were immuno-stained for insulin, imaged on a laser confocal microscope (Fig. 6A), and
scored for fraction of islet area staining positive for vascularization (Fig. 6B). Islets
delivered within PEG-MAL hydrogel maintained their normal shape with little to no
fragmentation. Lectin-positive vessels heavily infiltrated islets within PEG-MAL + VEGF
hydrogels at levels similar to native islets in the pancreas. Islets in PEG-MAL without
VEGF exhibited less vascularization. Hepatically transplanted islets were fragmented and
exhibited poor intra-islet vascularization, despite the close proximity of perfused vessels in
the surrounding liver tissue. Taken together these results indicate a marked improvement in
the function, engraftment, and vascularization for islets transplanted in the angiogenic PEGMAL hydrogel compared to islets transplanted intrahepatically.

4. Discussion
Across a number of physiological indicators including daily blood glucose, weight gain, and
glucose responsiveness, islets transplanted into diabetic mice performed better when
implanted to the small bowel mesentery in PEG-MAL + VEGF hydrogel than when
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transplanted intrahepatically. We attribute these functional improvements to several factors.
The vascular-inductive properties of the engineered matrix encourage controlled
revascularization of the intra-islet endothelial bed. We posit that the improved intra-islet
vascularization that we observed histologically in PEG-MAL + VEGF hydrogel is critical
for maintenance of healthy physiological glucose homeostasis by enhancing islet viability,
glucose sensing by beta cells, and insulin secretion into the blood stream. Faster glucose
responsiveness by beta cells allows for tighter control of overall glucose homeostasis.
Previous studies have linked intra-islet vascularization to better glucose homeostasis as well
as long-term islet health [37–39]. Our results indicate that increasing the level of
vascularization in transplanted islets reduces the total number of donor islets required to
achieve normoglycemia, supporting the notion that the islets have a higher rate of
engraftment and function better when transplanted using the PEG-MAL + VEGF
biomaterial. Serum insulin in VEGF containing gels was slightly lower than without VEGF,
which may be an indication of increased insulin sensitivity associated with more highly
vascularized islets. Additionally, the PEG-MAL based transplantation procedure is
extremely gentle on the delicate islet cells and leaves the whole islets intact without
subjecting them to the rigors of hepatic portal injection. Islets delivered intrahepatically are
often fragmented [37]. Delivering islets to a tissue surface instead of injecting into the blood
stream eliminates islet loss due to IBMIR.

NIH-PA Author Manuscript
NIH-PA Author Manuscript

We demonstrate effective conjugation of VEGF to PEG-MAL macromer with 75% retention
in a cross-linked hydrogel after washing in PBS over multiple days. When the gels are
degraded with proteases, the VEGF is released. In vivo, the hydrogel is degraded through
tissue remodeling and cell-invasion processes which are mediated by the RGD cell-adhesive
ligands. As the hydrogel is degraded by invading cells, more VEGF is released creating
positive pro-angiogenic feedback. When islets were delivered in PEG-MAL gels without
VEGF, the islets survived but were less vascularized and performed less effectively to
control glucose homeostasis. Islets themselves secrete high levels of angiogenic growth
factors [22], which likely help to stabilize the vasculature once the supply of incorporated
VEGF has been depleted and may also explain the vascularization that occurs, albeit to a
lesser extent, in gels without VEGF. Others have made efforts to augment transplanted islet
vascularization in the liver by artificially inducing expression of angiogenic genes or in the
omentum with basic material scaffolds [18, 24–26, 28, 40]. However gene delivery raises
serious safety concerns for translation to humans and materials such as PLGA are slowdegrading and do not actively induce angiogenesis. Here, we achieved reversal of
chemically-induced diabetes with a modular material that actively encourages vessel
ingrowth from surrounding tissue. We and others have previously shown that VEGF bound
to proteolytically degradable PEG matrices supports a robust angiogenic response in vivo
[41–43]. The PEG-maleimide hydrogels used in this study offer several advantages over
other previously studied types of PEG-based engineered matrices such as PEG-diacrylate
and PEG-vinyl-sulfone: The PEG-maleimide cross-linking reaction occurs at neutral pH and
is specific for thiols in the cross-linker peptides; neither UV light nor free-radicals are
required resulting in greater viability of encapsulated cells; PEG-maleimide hydrogels
incorporate higher percentages of functional ligands and cross-link more rapidly; and PEGmaleimide hydrogels integrate well with tissue when cross-linked in situ allowing for facile
delivery in surgical applications. The release kinetics controlled by cell-mediated proteolytic
degradation offers an alternative strategy of “on-demand” therapeutics which contrasts with
release triggered by hydrolysis or other chemical means.
As an implantable material, it is important to investigate potentially toxic effects and the
excretion route of the degradation products of PEG-MAL. We tracked excretion of IR dyelabeled PEG-MAL degradation product to the urine. Urinary clearance is the predominate
mode of excretion for linear PEG molecules up to 190,000 molecular weight [44, 45].
Biomaterials. Author manuscript; available in PMC 2014 June 01.
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Importantly, histopathology and serum biochemistry did not indicate any inflammation or
toxicity in kidneys or liver. Inflammation in the epididymal fat pad and para-panceatic
adipose tissue seen in histopathology analysis suggests some transient irritation to fat tissue.
However, this early inflammation is quickly resolved.
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The small bowel mesentery is an intrinsically difficult site to transplant cells by traditional
means such as injection because it is an extremely thin and delicate tissue. To our
knowledge, the mesentery has never been used as a site of islet transplantation. The rapid
tissue-bonding capabilities of the PEG-MAL hydrogel enabled us to make use of this
otherwise well-situated site for islet transplantation for the first time. This approach is
fundamentally different from techniques that use biomaterials to achieve immune-isolation
through encapsulation or islet coatings [46–49]. Encapsulation prohibits engraftment and
vascularization but avoids the need for immunosuppression. However encapsulation leads to
poorer long-term islet survival and poorer glucose responsiveness, especially in large
animals. In this study we utilized syngeneic islets to focus on the role of vascularization in
transplanted islet function. The plug-and-play modular design of the PEG-MAL matrix
platform is readily amenable to further studies with allogeneic islets combined with
immune-suppression or other tolerance-inducing techniques such as blocking
lymphangiogenesis [50] or attracting regulatory T-cells. Additionally, PEG-MAL could be
used to deliver engineered insulin-producing autologous cells such as induced pluripotent
stem cells.

5. Conclusions
We demonstrate a robust biomaterial strategy for islet transplantation that achieves
improved islet engraftment and function with fewer total islets compared to the current
clinically standard method by augmenting islet vascularization and avoiding many of the
stresses of intrahepatic islet transplantation. The degradation products of this resorbable
material are excreted mainly in the urine and the material itself is non-toxic. Islets
transplanted using this engineered pro-vascularization hydrogel have superior glycemic
function in diabetic animals when compared to islets delivered intrahepatically. Our results
demonstrate the significant potential of engineered hydrogels for enhancing islet
engraftment and function. Further studies with allogenic transplantation models and in large
animals are warranted to investigate this promising strategy.
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Fig. 1.

PEG-MAL hydrogels for on-demand release of VEGF. (A) 4-arm PEG-MAL macromer is
functionalized by maleimide-thiol Michael-type addition reactions with RGD peptide and
VEGF growth factor. The matrix is cross-linked by a cysteine-flanked degradable peptide
cross-linker GCRDVPMSMRGGDRCG. Proteases or protease-expressing cells degrade the
hydrogel by cleaving cross-linker peptides and release VEGF. (B) BaCl2-I stain for PEG
showing MW of PEG-MAL precursor and gel degradation product. (C) VEGF release
profile from degrading gels or gels treated in PBS as measured by ELISA (± S.E.M. n=6).
(D) Western blot of PEG-MAL-VEGF functionalized precursor or gel degradation product
compared to native VEGF showing molecular weight change of VEGF once PEGylated. (E)
Endothelial cell proliferation assay for VEGF vs. PEG-MAL-VEGF bioactivity measured by
metabolic activity (MTS) and proliferation (EdU incorporation) (± S.E.M. n=6).
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Fig. 2.

PEG-MAL biodistribution and toxicity. (A) PEG-MAL degradation product analog
generated by reaction with pre-cleaved cross-linker and labeled with IR dye. (B) Molecular
weight of labeled PEG-MAL-750 and corresponding IR fluorescence. (C) In vivo
fluorescence 24 hours after injection of PEG-MAL-750 showing localization to urine in the
bladder (D) Quantification of average organ fluorescence intensity. (E) Rats were implanted
with 100 μL (1X dose) or 1 mL (10X dose) PEG-MAL hydrogel. Histopathology analysis of
major organ systems at 2 and 4 weeks (± S.E.M. D n=2; E n=3).
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Fig. 3.

Transplantation of pancreatic islets. Islets are isolated from healthy donors and delivered to
diabetic recipients either by injection into the hepatic portal vein or by adhesion to the small
bowel mesentery with an engineered delivery hydrogel.
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Fig. 4.

STZ-induced diabetic mice were monitored for weight and blood sugar after transplantation
of 400 islets. Data from treatment groups were separated into two panels to aid visualization.
(A) Random daily blood sugar measurements (B) Body weight plotted as a fraction of initial
weight. Linear curve fit to body weight highlights differences in rate of weight gain between
treatment groups. (C) Glucose tolerance test performed on day 28 to measure islet glucose
responsiveness. (D) Blood serum ELISA measurements for insulin and C-peptide at 28 days
(± S.E.M. A-C n=4–6; D n=3).
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Fig. 5.
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Transplant site in small bowel mesentery at day 0 and at 4 weeks demonstrating significant
remodeling of the PEG-MAL matrix.
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Fig. 6.

Islet Transplants, 4 weeks (A) Islet graft explants with patent vascular structures stained
with IV-perfused FITC-lectin (green), DAPI (blue), and immunostained for insulin (red).
(B) Quantification of vascular area normalized to islet area (± S.E.M. n=6).
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