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Alginate has long been the material of choice for immunoprotection of islets due to its low cost and ability to easily
form microspheres. Unfortunately, this seaweed-derived material is notoriously prone to fibrotic overgrowth
in vivo, resulting in premature graft failure. The purpose of this study was to test an alternative, hyaluronic acid
(HA-COL), for in vitro function, viability, and allogeneic islet transplant outcomes in diabetic rats. In vitro studies
indicated that the HA-COL gel had diffusion characteristics that would allow small molecules such as glucose and
insulin to enter and exit the gel, whereas larger molecules (70 and 500 kDa dextrans) were impeded from diffusing
past the gel edge in 24 h. Islets encapsulated in HA-COL hydrogel showed significantly improved in vitro viability
over unencapsulated islets and retained their morphology and glucose sensitivity for 28 days. When unencapsulated
allogeneic islet transplants were administered to the omentum of outbred rats, they initially were normoglycemic,
but by 11 days returned to hyperglycemia. Immunohistological examination of the grafts and surrounding tissue
indicated strong graft rejection. By comparison, when using the same outbred strain of rats, allogeneic trans-
plantation of islets within the HA-COL gel reversed long-term diabetes and prevented graft rejection in all animals.
Animals were sacrificed at 40, 52, 64, and 80 weeks for evaluation, and all were non-diabetic at sacrifice. Explanted
grafts revealed viable islets in the transplant site as well as intact hydrogel, with little or no evidence of fibrotic
overgrowth or cellular rejection. The results of these studies demonstrate great potential for HA-COL hydrogel as
an alternative to sodium alginate for long-term immunoprotected islet transplantation.
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Introduction

Islet transplantation will most likely remain an ex-
perimental treatment, whereas immunosuppressive ther-

apy is required. The reality is that, for the majority of type 1
diabetics (T1D), the health risks of chronic immunosup-
pression may outweigh the potential enhanced quality of life
granted by an islet transplant. Indeed, between 1999 and
2007, less than 400 islet transplantations were performed in
the United States, whereas prevalence of this disease stands
at *1.25 million cases of T1D nationwide.1,2

Extensive effort has been put forth to address this strik-
ing treatment gap. Numerous strategies have been employed
toward eliminating the requirement of chronic immunosup-
pression, including immunomodulation via antigen-specific

regulatory T cells, patient-specific stem cell-derived autolo-
gous beta cells, and a trove of immunoprotective devices,
capsules, and coatings.3–5 Of these, immunoprotection by hy-
drogel encapsulation has received the greatest consideration as
one of the most readily translatable approaches for the clinic.

Immunoprotection by gel encapsulation, in general, provides
two key advantages. First, the extensive body of research sur-
rounding this concept spans more than three decades, providing a
wealth of fundamental knowledge and robust evidence of safety
and efficacy to better facilitate translation.6–8 Second, immuno-
protection enables transplantation of allo and xenogeneic (e.g.,
porcine) islets, the latter being a promising approach to the criti-
cal barrier of donor scarcity.9,10 To this point, immunoprotective
hydrogel systems could have tremendous future utility in the safe
delivery of stem cell-derived islet surrogates.11 Scharp and
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Marchetti recently published an extensive review summarizing
numerous immunoprotection strategies along with several at-
tempts to commercialize them.5 Of the various strategies, hy-
drogel encapsulation remains a leading approach to achieving
widespread clinical success of islet transplantation.

Inexpensive alginate hydrogel microcapsules have dom-
inated the islet encapsulation realm since their introduction
in 1980.8 The nearly instantaneous gelation mechanism of
these seaweed-derived alginate polymers enables simple
fabrication of microcapsules that can be easily injected into
a patient. Furthermore, these capsules have been established
as both durable and non-toxic to host organisms.6,12,13

However, due to the foreign nature of the material, they
are notoriously prone to fibrotic overgrowth, ultimately
leading to necrosis of encapsulated cells and premature graft
failure.12,14,15 Some progress has been made with the de-
velopment of ultra-purification processes, surface treat-
ments, co-encapsulated materials, and more stringent
control of capsule microstructure, but despite these ad-
vances, the performance of alginate microcapsules still does
not meet the clinical needs for islet transplants.13,14,16–18

Recently, native, ‘‘raw,’’ and biomimetic materials have
been gaining attention as improved cellular scaffolds and de-
livery systems.19,20 Such materials are intrinsically biocom-
patible with a lower probability of inducing fibrosis, and they
may better sustain or direct cellular function of encapsulated
tissues. Lim et al. demonstrated enhanced in vitro function and
survival of rat islets within a self-assembling biomimetic
peptide gel.21 Liao et al. achieved similar results by using an
injectable saccharide-peptide gel.22 In yet another study, a
‘‘biosynthetic’’ hydrogel loaded with vascular endothelial
growth factor (VEGF) reversed diabetes in syngeneic mice at a
40% reduction in islet dose.23 However, these advanced,
bioinspired hydrogels typically degrade too quickly to be ef-
fective for long-term immunoprotection of islet transplants.

Another material of particular interest for this application is
hyaluronic acid (HA). HA-based hydrogels have been stea-
dily gaining recognition as an interesting class of biomaterial
for tissue engineering and cell therapy applications due to
their unique mechanical and biological properties.24–26 In
2009, Vanderhooft et al. described the versatile rheological
characteristics and tunable durability of a hydrogel system
comprising thiolated HA and denatured collagen (COL) and a
polyethylene glycol diacrylate (PEGDA) cross-linker.27

These HA-COL-derived hydrogels are easily prepared under
physiological conditions, with shear moduli ranging from 11
to 3500 Pa. A commercially available version of this gel, sold
under the brand HyStem-C, has recently been used in vivo for
myocardial infarct repair in SCID mice and for osteochondral
defect repair in rabbits.28,29

In light of the properties of this HA-COL-derived hy-
drogel, the present study sought to evaluate this biomaterial
as a replacement for alginate hydrogels in encapsulated islet
transplantation, particularly with regard to graft failure re-
lated to fibrosis. Unlike previous work, the animal studies
were designed to test duration of the islet transplant.

Materials and Methods

Islet isolation

Canine islet isolation. Pancreata were obtained from
canine donors at local veterinary clinics from animals

scheduled for euthanasia for other purposes and with no
known pancreatic disorders. Euthanasia was performed by
the licensed veterinarian overseeing the care of each animal,
and the clinical veterinarian confirmed death with loss of
heart function. Collection of the donor pancreata after death
from animals euthanized for reasons other than tissue pro-
curement was determined to be exempt from review by
the Institutional Animal Care and Use Committee of the
University of Kansas Medical Center.

Canine islets were isolated from donors by using a
method adapted from Vrabelova et al.30 Pancreata were
removed after euthanasia at the clinic and transported to the
laboratory on ice for islet isolation. Pancreata were digested
with Liberase T-Flex (Roche Custom Biotech) and purified by
discontinuous density gradient centrifugation with an iodix-
anol/HTK-based density gradient medium (OptiPrep; Cosmo
Bio USA, Inc.), as is reported elsewhere.31

The isolated canine islets were cultured in Connaught
Medical Research Laboratories (CMRL) 1066 media sup-
plemented with 10% fetal bovine serum, 2 mM glutamine,
and an antibiotic-antimycotic at 37�C and 5% CO2. Islets
were quantified by conversion to islet equivalents (IEQs) by
using standard methods.32 Islet purity was evaluated via di-
thizone staining (0.2 mg/mL dithizone in phosphate-buffered
saline [PBS]), and islets had to have a purity 60% or higher to
be included in the studies.

Rat islet isolation. The use of rats for islet isolation and
transplantation was approved by the Institutional Animal
Care and Use Committee of the University of Kansas Medical
Center. Islets were isolated from pancreata and were procured
from male and female Sprague–Dawley rats by collagenase
digestion followed by discontinuous density gradient centri-
fugation with a Ficoll-based density gradient medium (His-
topaque 1119 and 1077; Sigma Aldrich) as previously
described.33–35 Islets were quantified and cultured as de-
scribed earlier.33

Preparation of hydrogels and encapsulation of islets

Molecular diffusion in HA-COL gels. For diffusion stud-
ies, HA-COL hydrogels (HyStem-C; ESI Bio) were pre-
pared according to the manufacturer’s instructions with
PEGDA as the cross-linker and poured into standard 24-well
plates by using custom silicone dividers to create gels with a
single exposed vertical edge to facilitate uniform lateral
diffusion. Gels were stored in PBS overnight before testing
to allow hydrogel swelling. Gels were *5 mm in height at
equilibrium swelling.

Molecular diffusion into HA-COL hydrogels was exam-
ined via fluorescein isothiocyanate (FITC)-labeled dextrans
of an increasing molecular weight (dextran-fluorescein 3,
70, and 500 kDa; Molecular Probes). Wells were loaded
with FITC-dextran solution (0.1 mg/mL in PBS), and fluo-
rescence at the gel/liquid interface was monitored for 24 h in
a Cytation 5 Cell Imaging Multi-Mode Reader (Biotek In-
struments, Inc.). Care was taken that the FITC-dextran so-
lution did not cover the top of the gels to prevent diffusion
from the z-direction.

Diffusion was further analyzed by generating plot pro-
files of the fluorescent micrographs by using NIH ImageJ
(black = 0 intensity) to quantify fluorescence intensity at
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given x coordinates within the gels. Specifically, the x co-
ordinates were chosen to represent 200, 500, and 1000mm
from the edge of the gel, with y values representing the
average (line analysis) across the gel. Data are the average
gray value of all pixels in the y-direction at a given x co-
ordinate along the micrographs. Data were normalized to
the average gray value of the surrounding medium outside
the gel.

HA-COL gel encapsulation. HA-COL hydrogels were
prepared according to the manufacturer’s instructions for
encapsulating cells (HyStem-C; ESI Bio). Canine islets were
suspended in HA-COL gel precursor at *5000 IEQ/mL. IEQ
is the standard measure of islet volume, with 1 IEQ equating
to a spherical islet that is 150mm in diameter.32 The cross-
linker solution (PEGDA, MW 3400 in PBS) was added, and
the suspension was thoroughly mixed. Finally, the gel pre-
cursor containing islets was distributed in 5mL aliquots into
24-well non-tissue-treated plates. Each well contained one
5mL gel/islet construct with *25 IEQ per gel. Gels were
allowed to cross-link for 60 min. Subsequently, 500mL of
CMRL culture media (described earlier) was added to each
well. Final constructs contained 1% gel polymer by weight.

Alginate encapsulation. Ultrapure, sterile ‘‘RGD’’ con-
jugated sodium alginate (Novatech MVG GRGDSP peptide-
coupled alginate; FMC Biopolymer) was reconstituted in
sterile deionized water containing 300 mM mannitol (to
maintain isotonicity) at a concentration of 1% by weight to
match that of the HA-COL gels. Islets were suspended in the
alginate solution at *5000 IEQ/mL, and 5mL droplets were
added to individual wells of 24-well non-tissue-treated
plates containing 2.0 mL of cross-linking solution (100 mM
calcium chloride, 5 mM barium chloride, and 5 mM HEPES
at pH 7.4).

Spherical gels formed on contact with the cross-linking
solution, and they were allowed to cross-link for 10 min
under mild orbital agitation. Gels underwent a 10-min
hardening phase in HBSS with 10 mM calcium chloride.
Finally, the hardening solution was removed from each well
and replaced with 500mL of CMRL islet culture medium.
All islets were encapsulated between 2 and 4 days after
isolation and incubated at 37�C and 5% CO2 in the afore-
mentioned CMRL-based islet culture medium. Media were
exchanged 50% by volume three times/week in all groups,
including non-encapsulated controls.

In vitro assessment of encapsulated islets

Islet morphology, viability, and survival. Color micro-
graphs of dithizone-stained islets were taken to evaluate islet
morphology over long-term culture (Axio Vert.A1 Inverted
Microscope; Zeiss International).

Encapsulated islet viability and long-term survival were
assessed in all groups at 3, 7, 14, and 21 days after encap-
sulation via propidium iodide staining and fluorescence
microscopy (Cytation 5 Cell Imaging Multi-Mode Reader;
Biotek Instruments, Inc.).36 Percent viability, or viable cell
fraction, was calculated by using procedures reported else-
where.37 Results shown are the average viable cell fraction
of at least 25 individually analyzed islets pooled from two
separate islet donors for each group at every time point.

Glucose-stimulated insulin secretion. Glucose-stimulated
insulin secretion (GSIS) was tested on days 3, 7, 14, 21, and
28 by using a method adapted from the standard Integrated
Islet Distribution Program protocol.38 Unencapsulated (con-
trol) islets were tested in Transwell inserts (8.0mm pore size).
The islets within the inserts were moved between glucose
solutions by using sterile forceps after each incubation
step. Conversely, islet gels remained in their original wells
and glucose solutions were exchanged with a micropipette.

Glucose solutions were made in an Earl’s balanced salt
solution buffer with 0.1% bovine serum albumin and sodium
bicarbonate added, pH 7.4 at 37�C. Incubation in different
glucose concentrations was done at 37�C and 5% CO2.

Islets were first equilibrated to the basal medium with
2.8 mM glucose for 1 h and then exposed to fresh 2.8 mM
(low) glucose and 22.4 mM (high) glucose for 90 min each.
Supernatant media were collected after each incubation and
stored at -80�C until insulin quantification was performed.
Tests were performed in triplicate on islets from three dif-
ferent canine donors for all experimental groups. Insulin
concentration was quantified via Perkin Elmer alphaLISA
insulin assays in conjunction with a Perkin Elmer EnSpire�

plate reader. All assays were performed in triplicate ac-
cording to the manufacturer’s instructions by using a 12-
point standard curve fit to a five-parameter logistic curve.
Insulin concentration data were normalized to IEQ and re-
ported as microIU/mL/IEQ.

Encapsulated islet transplantation

Diabetic rat models. Outbred streptozotocin-induced di-
abetic (immune-competent) Sprague–Dawley rats were
generated as allogeneic islet transplant recipients as previ-
ously described.36 Diabetes was defined as an average non-
fasting blood glucose (NFBG) above 300 mg/dL over three
consecutive daily readings. Four diabetic rats received im-
munoprotected (encapsulated) islet transplants within the
HA-COL gel, and two diabetic rats received islets without
gel as controls to validate allo-rejection in the present model.

Three diabetic rats were given sham surgeries (i.e., with-
out islets) as diabetic controls. Three non-diabetic rats were
also included to monitor long-term blood glucose levels in
aging rats.

Islet transplantation in HA-COL hydrogel and non-
encapsulated controls. Rat surgeries followed our pre-
viously published protocols.33,34 Briefly, animals were
anesthetized by ketamine/xylazine and isoflurane (as need-
ed) and positioned in dorsal recumbency; abdominal fur was
shaved, and surrounding skin was sterilized with iodine. A
vertical midline incision was made through the abdominal
muscle, and the stomach and greater omentum were gently
exteriorized and placed on a small sterile pad.

A thin layer of HA-COL gel precursor solution containing
the PEGDA cross-linker was applied to the entire omentum
and was allowed to cross-link until the gel solution was no
longer fluid. Islets, suspended in *200 mL of gel precursor,
were applied to the omentum on top of the base gel layer.
Care was taken that the islets were located near large blood
vessels to maximize nutrient exchange. The islet/gel layer
was given sufficient time to cross-link, and the omentum
was folded into a pouch-like structure and sutured onto the
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stomach wall. Finally, the stomach/gel/omentum construct
was gently returned into the peritoneal cavity, and the ab-
dominal incision was closed.

Islets were transplanted at a minimum dose of 10,000
IEQ/kg into the omentum for all recipients. For encapsu-
lated transplants, a thin layer of blank HA-COL gel was
applied to the omental surface, followed by deposition of the
islets suspended in HA-COL gel precursor. After gelation
was complete, the omentum was sutured to the stomach wall
to secure the transplant. For animals receiving transplants
without hydrogel, islets were mixed with a sterile micro-
fribrillar collagen hemostat (INSTAT MCH; Ethicon, Inc.)
to form a paste-like substance to hold the islets in place.

Animal monitoring. The NFBG measurements were
taken daily for the first 14 days post-transplant or until graft
failure was observed, in which case the animals were sac-
rificed. Over time, the frequency of glucose readings was
reduced to a minimum of once per week. Graft failure was
defined as a return to a diabetic state as described earlier.

Graft explantation and evaluation

On sacrifice, the omenta of transplant recipients were re-
moved and preserved for histological evaluation. The pre-
served tissues were embedded in paraffin and sectioned at
7mm thicknesses. A total of 40 sections were collected and
stained with either hematoxylin and eosin (H&E) or a triple
fluorescent stain for insulin, glucagon, and somatostatin as
previously described.39 Micrographs were examined to as-
sess islet health, morphology, and cell composition at the
transplant site, and to evaluate biocompatibility and dura-
bility of the HA-COL gel. For cell composition analysis,
every fifth section was evaluated to ensure that cells were not
counted multiple times, and a total of 70 unique islet sections
were counted. When a potential overlapping islet was iden-
tified, its cells were not analyzed.

Data analysis

In vitro data were evaluated for significant differences by
one-way repeated-measures ANOVA. Pairwise comparisons
were evaluated via the Holm–Sidak test for significant dif-
ferences between individual group means ( p < 0.05).

Results

Diffusion properties of HA-COL hydrogels

Micrographs of diffusion using fluorescent dextrans were
acquired over a 24-h period (Fig. 1). Diffusion of the 3 kDa
probe was very rapid, with significant penetration into the
gel after just 2 min. Little diffusion of both 70 and 500 kDa
probes was observed at the 2-min time point. Diffusion of
the 500 kDa probe appeared minimal even after 24 h of in-
cubation. Interestingly, accumulation of the 70 kDa probe
near the gel edge was observed and appeared to increase
with time, as indicated by more intense fluorescence relative
to the surrounding medium. Some accumulation of the
500 kDa probe near the gel edge also appeared to be present
at later time points, but it was minor. Edge accumulation
was not observed with the 3 kDa probe.

Images were further analyzed by quantifying the relative
fluorescence intensity (pixel intensity) at various distances

from the gel edge over time, normalized to the fluorescence
of the liquid medium. Figure 2 provides histograms of the
fluorescence intensities of the probes over time at 200, 500,
and 1000 mm from the gel edge. All probes eventually
showed substantial diffusion to 200 mm after 24 h, with the
3 kDa probe reaching equilibrium with the medium by the
90-min time point. At 5 and 24 h, the 70 kDa dextran in-
tensities were 125% and 166% of the medium at 200mm,
respectively, corroborating the fluorescence accumulation
observed near the interface. By comparison, the 500 kDa
probe showed 68% and 90% relative fluorescence at the
same time points.

Fluorescence of the 3 kDa probe at 1000 mm was detected
quickly at only 10 min, surpassed 50% relative intensity by
90 min, and was equal to that of the liquid medium at the

FIG. 1. Diffusion into HA-COL hydrogels. Fluorescence
micrographs of 3 kDa (left), 70 kDa (center), and 500 kDa
(right) FITC-dextran diffusion into HA-COL hydrogels were
captured over 24 h. Bright-field images (40 · ) of the hydrogels
are included at the top of each column for reference. Overlaid
white lines represent the gel edge for each group. Dimensions
of each individual micrograph were 1.4 · 2.0 mm. FITC, fluo-
rescein isothiocyanate; HA-COL, hyaluronic acid-collagen.
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24-h time point. There was negligible fluorescence measured
from the 70 and 500 kDa probes at 1000mm until the 60-min
time point, and relative fluorescence intensity reached 41%
and 33% at 24 h, respectively.

In vitro encapsulated canine islet assessment

Viability and survival. The percentage of viable canine
islet cells on day 3 was consistent across all groups, as no
significant differences were detected and all were between
97% and 98%. Differences in cell survival were non-
significant through day 7 of the study period, though the
HA-COL gel groups showed a slight increase in the viable
cell fraction over day 3 values (Fig. 3). On days 14 and 21,
cell viability was statistically higher in both gel groups
compared with the controls, though viability was still more
than 97% for each group.

Islet morphology. Figure 4 displays representative mi-
crographs of encapsulated and non-encapsulated control islets
that were stained with dithizone at 3 and 21 days in culture.
Images of alginate-encapsulated islets were cloudy due to the
optical properties of the alginate material. Islets in all groups
appeared healthy and showed robust dithizone staining over
the duration of the study. In the gel groups, islets generally
remained separated from one another as well as from exocrine
and ductal tissue carried over through the islet isolation pro-
cess. However, in the control unencapsulated group, islets
(dark red stained) were more likely to fuse to remnant ductal
and/or exocrine tissue (brown, unstained) present in the cul-
ture dish, as seen in the left column of Figure 4.

By day 21, cells appeared to be sloughing off from un-
encapsulated (control) islets but not the islets in gel (Fig. 4,
bottom row), which is consistent with the increased cell
death observed in the control group at later time points.
Although single cells were also seen in the HA-COL im-
ages, they were, most likely, small tissue debris/fragments

FIG. 2. Fluorescence intensity of FITC-dextran diffusion
into HA-COL gels over time. Fluorescence intensities of 3,
70, and 500 kDa FITC-dextran probes were quantified at the
x coordinates, representing 200 mm (top), 500mm (middle),
or 1000 mm (bottom) from the gel edge and normalized to
the surrounding liquid medium at several time points over
24 h. Fluorescence intensity values were obtained by ana-
lyzing the micrographs such as those shown in Figure 1 by
using NIH ImageJ. The data shown represent the average
gray value of all pixels in the y-direction of the micrograph
at a specified x coordinate (i.e., distance from gel edge).

FIG. 3. Encapsulated canine islet viability over 3 weeks.
Viability of canine islets was measured at 3, 7, 14, and
21 days after encapsulation in gel with comparison to un-
encapsulated controls. Values shown are the mean viable
fraction of individual islets for each group and time point
from two combined donors. Significant differences are de-
noted with an asterisk (n = 25 islets or more group and time
point; p < 0.05).
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generated during the islet isolation process that, subse-
quently, became trapped in the gel. In the control group, this
small debris was removed during media exchanges. Thus,
on day 3, the control islets appeared clean compared with
the gel groups. At day 21, however, cells in the control
group appeared to originate directly from the islets, where in
the HA-COL group, single cells were isolated and appeared
similar to those in the day 3 images.

Glucose-stimulated insulin secretion. A common mea-
sure of islet function is the ‘‘stimulation index’’ (SI): the
ratio of secreted insulin at high (22.4 mM) to low (2.8 mM)
glucose. The SI values were between 2 and 6 throughout the
study, indicating proper secretory function (Fig. 5A). Due to
substantial variation in the SI values within and between
groups, no statistically significant differences in SIs were
detected at any time point. Further analysis of the insulin
secretion data revealed that there was a drop-off in insulin
secretion in high glucose for all three groups between days 3
and 7 (Fig. 5B), which then resolved by day 14. This de-
crease reached statistical significance in the gel groups, but
not for the control. Importantly, insulin secretion decreased
between days, whereas there was no statistical difference in
the high GSIS between the three groups at any time point.

Islet transplantation in HA-COL hydrogel
and non-encapsulated controls

Novel method of bulk encapsulation. In vitro work with
the hydrogel was conducted by using canine islets, whereas

transplantation studies into diabetic rats were designed to
determine the degree of graft rejection within animal species,
because xenotransplantation adds additional confounding
complications40 even when encapsulated.41,42 Thus, rat islets
were encapsulated to be transplanted into diabetic rats. Due
to the slow-hardening properties of the HA-COL gel, a new
method of bulk encapsulation had to be developed. As de-
scribed in more detail in the Materials and Methods section,
a thin layer of HA-COL gel precursor solution containing the
cross-linker (PEGDA) was applied to the entire omentum
and given time to harden (Fig. 6A).

Islets suspended in the precursor gel were applied to the top
of the base layer (Fig. 6B), locating the islets near clearly
visible blood vessels to maximize nutrient exchange. The
islet gel layer was again given time to cross-link so that islets
were later attached to the base of the gel. Next, the omentum
was folded and sutured to the stomach wall, creating a pouch
(Fig. 6C), which was then returned to the peritoneal cavity.

Allogeneic rejection model validation (non-encapsulated
islet transplants). To validate the presence of graft rejec-
tion in the outbred rat model, diabetic rats received allo-
geneic islet transplants without hydrogel. Recipients were
non-diabetic within 2 days after transplantation and dis-
played normal NFBG, as shown in Figure 7. On day 8,
NFBG levels began to sharply increase in the control ani-
mals; by day 11, the rats were overtly diabetic. By com-
parison, diabetic sham rats failed to have a single blood
glucose reading within the normal range (Fig. 7).

FIG. 4. Encapsulated canine islet morphology. Representative micrographs (40 · ) were taken of encapsulated and control
canine islets that were stained with dithizone at 3 and 21 days for morphological evaluation. Dithizone, red color, indicates
the presence of insulin, and, thus, identifies healthy beta cells. Islets are characterized by their expected appearance with
smooth, rounded edges. In the control group at day 21, however, single cells were seen sloughing off from the islets, which
was not observed in the encapsulated islet groups. The cloudy appearance of the islets in alginate is a property of the gel.
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Non-encapsulated omental transplants were recovered
after graft failure was confirmed. Tissue from a healthy,
non-diabetic rat omentum, stained with H&E, is also shown
for comparison, predominantly composed of acellular fat
deposits and blood vessels (Fig. 8A). A representative image
of the explanted tissue is displayed at low and high mag-
nification (Fig. 8B, C, respectively). Explanted grafts con-
tained areas with large populations of densely packed nuclei
with very little cytoplasm, indicative of a massive infiltra-
tion of lymphocytes and associated graft rejection. Fur-
thermore, no islets could be identified in any of the tissue
sections analyzed from each animal (six sections per rat).

Encapsulated islet transplantation outcomes. When di-
abetic rats were transplanted with HA-COL encapsulated
islets, all were insulin independent and considered non-
diabetic immediately after transplantation. Average NFBG
levels of the encapsulated transplant recipients over 1 year
are shown in Figure 9. Data beyond 40 weeks include only
three animals, as one was sacrificed at that time. Three of
these rats were well controlled, with no measured excursions
falling within the diabetic range. The fourth rat had occa-
sional values in the 200–250 range in the first 50 days, but
those normalized from that time point forward to termina-
tion at 52 weeks.

FIG. 5. Glucose-stimulated insulin secretion of encapsulated islets. (A) Stimulation indices (ratio of high glucose insulin
secretion to low glucose secretion) were measured at days 3, 7, 14, 21, and 28 in vitro for encapsulated islets in HA-COL
and alginate-RGD hydrogels and for unencapsulated controls. The stimulation index for control cells in media did not
change significantly over time, which was also true for islets encapsulated in HA-COL and alginate (n = 3 donor animals).
(B) Actual secreted insulin concentrations in response to low and high glucose incubations normalized to IEQ are sum-
marized. Data shown are the mean values from three separate donors measured in triplicate for each group at 3, 7, 14, 21,
and 28 days. Significant differences were denoted with an asterisk ( p < 0.05). Incubation periods were 90 min for both low
and high glucose conditions. IEQ, islet equivalents.

FIG. 6. Photographs of the surgical procedure for transplantation of islets encapsulated in HA-COL hydrogel. Islets were
encapsulated and transplanted into the rat omentum by following a novel three-step protocol. (A) The omentum was first
exteriorized, and a base layer of gel was applied and allowed to cross-link. (B) Islets, suspended in an HA-COL precursor
solution, were applied along large blood vessels for optimum nutrient exchange and the gel solution was allowed to solidify.
(C) The omentum was then rolled up and sutured to the stomach wall to minimize disturbance of the islet graft.
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The HA-COL gel-transplanted animals were sacrificed for
ethical reasons when indications of poor health, not related to
diabetes, were observed. Axillary and mammary tumors
were the primary justification for early termination in these
studies among other neoplastic lesions. Such tumors are
common in this strain when the animals reach advanced
ages.43 When possible, the islet grafts were recovered at the
time of sacrifice and preserved for evaluation. No gel was
noted in any portion of the peritoneal cavity outside of the
omentum pouch.

Histological evaluation of explanted encapsulated islet
grafts. Explanted islet graft sections stained with H&E re-

vealed intact hydrogel, characterized by light blue/purple
acellular regions adjacent to the typical adipose tissue of the
omentum (Fig. 10). Minimal eosin positive staining around the
perimeter of the gel indicated a lack of fibrosis. Figure 11A
contains representative immunofluorescence images of an
encapsulated islet from the explants, containing brightly
stained islets comprising all three major islet cell types. The
average percent composition of the beta/alpha/delta cells from
70 islet sections from the explant is shown (Fig. 11B).

Discussion

This study evaluated the potential of an HA-COL hydro-
gel as an encapsulant to improve long-term islet transplan-
tation without immunosuppression. Although HA hydrogels
are becoming increasingly common in tissue engineering

FIG. 7. Blood glucose levels of control animals. Non-
encapsulated rat islet recipients (black diamonds, n = 2)
achieved normoglycemia initially, but by 11 days returned
to a diabetic state after apparent allo-rejection of the trans-
planted tissue. Diabetic animals receiving sham surgery
(open circles, n = 3) without islets were hyperglycemic
throughout the entire study period. For comparison, blood
glucose levels of healthy, non-diabetic rats (open triangles,
n = 3) are also shown.

FIG. 8. H&E staining of the omenta of unencapsulated islet transplant controls. (A) H&E stained section of a typical
healthy, untreated rat omentum, shown for comparison (scale = 0.5 mm; magnification = 40 · ). (B) Omentum of rats
transplanted with unencapsulated islets, explanted 11 days post-transplant after blood glucose levels, indicated that graft
rejection had occurred (scale = 0.5 mm; magnification = 40 · ). (C) Higher magnification of the center image (white square
frame) showing significant lymphocyte infiltration in the region (scale = 150 mm; magnification = 200 · ). H&E, hematoxylin
and eosin.

FIG. 9. Transplantation of islets in hydrogel. Average non-
fasting blood glucose levels of four diabetic rats transplanted
with islets encapsulated in HA-COL hydrogel over 1 year.
‘‘0’’ marks the day of the islet transplant surgery. Values to
the left of ‘‘0’’ were taken before transplant to confirm a
diabetic state. All animals showed normal blood glucose
levels at sacrifice. Data points beyond 40 weeks are from
only three animals, as one animal was sacrificed at this time
point.
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research, they have, to our knowledge, never been used for
encapsulation and immunoprotection of pancreatic islets.

Immunoprotective materials must facilitate diffusion of
nutrients and signaling molecules (e.g., glucose and insu-
lin) while also preventing direct contact between immune
cells and the encapsulated cells. Thus, we evaluated the
diffusional properties of the HA-COL gel using fluorescent
dextrans. A small 3 kDa dextran diffused rapidly into the
hydrogel, suggesting that insulin would encounter little
diffusional resistance (MW *5.8 kDa).

Interestingly, we observed marked accumulation of the
70 kDa probe at the gel/liquid interface. Thus, the probe was
able to enter the gel fairly readily, but there was likely some
form of thermodynamically favorable interaction between
the large dextran and the hydrogel (e.g., conformational ef-
fects or van der Waals forces) that did not exist in sufficient

magnitude with the smaller 3 kDa probe.44 This may suggest
that moderately sized proteins, such as albumin
(*66.5 kDa), could diffuse into the gel in vivo, but with a
marked attenuation at greater diffusion lengths.

The 500 kDa probe exhibited the least extensive diffu-
sion, but it was not blocked from the gel matrix entirely.
However, it is important to note in considering a ‘‘molecular
weight cut-off’’ that dextrans are flexible and mostly linear
polymers, whereas immunoglobulins and antibodies are ri-
gid, globular structures. Pluen et al. demonstrated that dif-
fusion of linear polymers into hydrogels was substantially
greater than globular proteins of a similar molecular mass,
noting that the latter became quickly entrapped within gel
pores.45 Thus, diffusion of high-molecular-weight globular
proteins through this gel would likely be more limited
compared with the FITC-dextran probes.

FIG. 10. H&E staining of encapsulated islet transplants. Micrographs (200 · ) of H&E stained sections from the explanted
graft showed intact hydrogel and very little or no fibrosis at the gel/tissue interface, indicated with black arrows. Tissues
were explanted from rats that received encapsulated islet transplants at 40 (left), 52 (middle), and 64 (right) weeks post-
transplant. The large open spaces around the explanted hydrogel material were due to changes in the gel’s physical
properties during paraffin embedding because of its high water content, which leaves the gel brittle and difficult to section.
Scale bars = 200 mm.

FIG. 11. Immunohistochemistry of explanted islet graft. (A) Islets within the recovered graft displayed strong staining for
the three major islet cell types—beta, alpha, and delta. Insulin is shown in green, glucagon in red, and somatostatin in blue.
(B) Histogram of cell composition of islets found in explanted tissue (n = 70 islet sections) showing normal distribution of
rat islet cell types. Scale bars = 50 mm, magnification = 400 · .
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Although we did not characterize the average pore size of
the hydrogels explicitly, infiltration of the 500 kDa dextran
probe suggests that the average pore size of the HA-COL gel
is large compared with other common hydrogels such as
those made from low-molecular-weight PEGDA. For ex-
ample, Durst et al. described a 15% PEGDA (MW 3.4 kDa)
gel with an average pore size of 5.94 nm.46 By comparison,
the reported hydrodynamic radius of a 500 kDa dextran is
15.9 nm,47 Furthermore, because porosity and pore size are
strongly correlated to cross-link density and polymer mass
fraction of the hydrogel, these parameters could be easily
controlled, if desired, by simply increasing the concentration
of HA/COL, PEGDA (the cross-linker), or both.

When comparing the long-term islet viability, the alginate-
RGD gel performed as well as the natural HA-COL gel over 3
weeks. The results were somewhat surprising given the more
biocompatible characteristics of HA-COL. This result may be
attributable to the RGD motif present in both gels, which has
a well-documented benefit to islet viability in vitro.21,48,49

Cheng et al. evaluated cardiosphere-derived cells in the same
HA-COL gel with and without the RGD-containing (COL)
component, and they found that the HA-COL gel led to higher
cell survival than the gel with HA alone.28 Although our data
did not show a significant difference from the alginate-RGD
material in terms of islet viability in vitro, the HA-COL gel
facilitated a significant reduction in cell death over un-
encapsulated islets during long-term culture.

Islets in all groups, including controls, remained responsive
to glucose stimulation throughout the entire 28-day study.
Other publications have shown that cultured islets generally
have near or complete loss of GSIS after 14 days,23,24 but we
did not see this in our studies. One difference in our proce-
dure was the presence of acinar or ductal cells in our cultures,
which have been shown to possess pro-islet properties,
compared with typical in vitro studies done with highly
pure or handpicked islets.50 In fact, Murray et al. reported
that pancreatic duct-derived epithelial cells improved
glucose sensitivity in vitro compared with control islets,
which lost nearly all responses after 10 days.51

Interestingly, we observed a significant decrease in insulin
secretion in the encapsulated groups on day 7 that recovered
by day 14. Lim et al. reported a similar pattern in a previous
islet encapsulation study, but they did not comment on whe-
ther the temporary reduction in insulin secretion was statis-
tically significant.21 Regardless, these observations may imply
that the introduction of a solid, three-dimensional environment
in vitro leads to a temporary alteration in the cellular machinery
of the islets and, thus, their ability to produce, sense, and/or
secrete insulin. However, the underlying molecular mecha-
nisms behind this phenomenon are still highly unclear, and
additional studies would be required to draw conclusions as to
the consistency and origin of these observations.

Allogeneic transplants of islets in HA-COL hydrogels into
diabetic rats reversed diabetes and showed no evidence of
graft rejection or fibrosis in the recipients for as many as 18
months. Immunofluorescence staining of explanted HA-COL
grafts revealed healthy islets containing all three major islet
cell types in a ratio and spatial distribution that is charac-
teristic of healthy rat islets.36,52

These results corroborate the excellent glycemic control
observed in vivo, and they demonstrate the robust long-term
biocompatibility and immunoprotective capacity of the HA-

COL gel. This is encouraging given the long history of
biocompatibility issues surrounding alginate-based islet
transplants, which are prone to early graft failure due to
fibrosis,7,12,15,53–55 although some progress has been made
in this regard through advanced alginate purification and
capsule optimization protocols.14,16,17,56–58 However, the
processes for improving alginate biocompatibility are
complex and expensive; thus, an alternative encapsulant for
islet transplantation is appealing.

There are clearly differences between the bulk-gel trans-
plantation method described here and alginate microsphere-
based transplants. Advantageously, we found that the targeted
deposition of islets to the highly vascularized regions of the
omentum produced consistent, high-quality transplant out-
comes. However, this method is, of course, more invasive and
less convenient than a simple injection of alginate beads, and,
therefore, not ideal for clinical use. Considering this, our lab is
currently developing a novel method for producing uniform
islet microspheres by using this HA-COL gel, enabling a more
clinically relevant delivery of the material.

The bio-stability of encapsulating materials is a critical
factor for maintaining long-term immunoprotection of an
islet graft. Several extracellular matrix- or bio-inspired hy-
drogels have been evaluated for islet transplantation, in-
cluding self-assembling peptide gels and a VEGF-loaded
PEG maleimide gel.21–23

Although these gels improved engraftment, they degraded
much too quickly to be appropriate for long-term function
in vivo. Conversely, the present HA-COL gel forms more
durable covalent cross-links, and it can be easily tuned by
modifying the component concentrations to improve gel
strength further. For example, Vanderhooft et al. showed
that when concentrations of HA and PEGDA were increased
from 0.4% and 0.2% (formulation used in this study) to
1.6% and 1.6%, respectively, the shear modulus increased
from 37 to 3500 Pa.27 Even at the relatively low gel con-
centration used in this study, the HA-COL gel persisted for
as many as 18 months in the rat omentum.

In conclusion, this study demonstrates the potential of an
HA-COL-derived hydrogel as an effective alternative to
alginate for long-term immunoprotected islet transplantation
at a time when clinical outcomes of alginate encapsulated
islet transplants have been disappointing. These promising
results support further investigation of this HA-COL hy-
drogel for encapsulated islet transplantation.
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Campos-Lisbôa, A.C., Mares-Guia, T.R., and Sogayar, M.C.
Therapeutic potential of laminin-biodritin microcapsules for
type 1 diabetes mellitus. Cell Transplant 24, 247, 2015.

19. Mohan, N., Gupta, V., Sridharan, B., Sutherland, A., and
Detamore, M.S. The potential of encapsulating ‘‘raw ma-
terials’’ in 3D osteochondral gradient scaffolds. Biotechnol
Bioeng 111, 829, 2014.

20. Murali, R., Ponrasu, T., Cheirmadurai, K., and Thanikai-
velan, P. Biomimetic hybrid porous scaffolds immobilized
with platelet derived growth factor-BB promote cellular-
ization and vascularization in tissue engineering. J Biomed
Mater Res A 104, 388, 2016.

21. Lim, D.-J.J., Antipenko, S.V., Anderson, J.M., Jaimes, K.F.,
Viera, L., Stephen, B.R., et al. Enhanced rat islet function
and survival in vitro using a biomimetic self-assembled
nanomatrix gel. Tissue Eng Part A 17, 399, 2011.

22. Liao, S.W., Rawson, J., Omori, K., Ishiyama, K., Mozh-
dehi, D., Oancea, A.R., et al. Maintaining functional islets
through encapsulation in an injectable saccharide-peptide
hydrogel. Biomaterials 34, 3984, 2013.

23. Phelps, E.A., Headen, D.M., Taylor, W.R., Thulé, P.M.,
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