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Abstract

The aim of this work was to develop, characterize and test a novel 3D bioscaffold matrix which 

can accommodate pancreatic islets and provide them with a continuous, controlled and steady 

source of oxygen to prevent hypoxia-induced damage following transplantation. Hence, we made a 

collagen based cryogel bioscaffold which incorporated calcium peroxide (CPO) into its matrix. 

The optimal concentration of CPO integrated into bioscaffolds was 0.25wt.% and this generated 

oxygen at 0.21±0.02mM/day (day 1), 0.19±0.01mM/day (day 6), 0.13±0.03mM/day (day 14), and 

0.14±0.02mM/day (day 21). Accordingly, islets seeded into cryogel-CPO bioscaffolds had a 

significantly higher viability and function compared to islets seeded into cryogel alone 

bioscaffolds or islets cultured alone on traditional cell culture plates; these findings were supported 

by data from quantitative computational modelling. When syngeneic islets were transplanted into 

the epididymal fat pad (EFP) of diabetic mice, our cryogel-0.25wt.%CPO bioscaffold improved 

islet function with diabetic animals re-establishing glycemic control. Mice transplanted with 

cryogel-0.25wt.%CPO bioscaffolds showed faster responses to intraperitoneal glucose injections 

and had a higher level of insulin content in their EFP compared to those transplanted with islets 

alone (P<0.05). Biodegradability studies predicted that our cryogel-CPO bioscaffolds will have 

long-lasting biostability for approximately 5 years (biodegradation rate: 16.00±0.65%/year). Long 

term implantation studies (i.e. 6 months) showed that our cryogel-CPO bioscaffold is 

biocompatible and integrated into the surrounding fat tissue with minimal adverse tissue reaction; 

this was further supported by no change in blood parameters (i.e. electrolyte, metabolic, chemistry 

and liver panels). Our novel oxygen-generating bioscaffold (i.e. cryogel-0.25wt.%CPO) therefore 

provides a biostable and biocompatible 3D microenvironment for islets which can facilitate islet 

survival and function at extra-hepatic sites of transplantation.
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INTRODUCTION

Although majority of biotechnology research related to islet transplantation has focused on 

encapsulation strategies,[1–3] there has been a growing interest in creating new 

biocompatible three-dimensional (3D) structures, known as bioscaffolds.[4–8] Bioscaffolds 

provide an interesting solution for islet transplantation given that they contain spaces that 

can accommodate islets while concurrently offering a unique interface which can be 

modulated to address critical shortcomings faced by islets in the immediate post-

transplantation period (i.e. hypoxia).[9] Previous bioscaffolds which have been tested for 

islet transplantation have mostly been made from synthetic polymers, including poly(lactide-

co-glycolide),[4] polydimethylsiloxane,[5] poly(D,L-lactide-co-e-caprolactone),[6] 

poly(ethylene oxide terephtalate)/poly(butylene terephthalate) block copolymer[7] and 

heparin-binding peptide amphiphiles.[8] Hence, we developed a collagen-based cryogel 

bioscaffold given that cryogels have enhanced mechanical stability and flexibility compared 

to traditional hydrogels.[10] Furthermore, our bioscaffold were prepared with interconnected 

macropores which were large enough to accommodate islets as well as facilitate islet 

migration throughout its structure; the latter is important as it improves islet survival and 

function by preventing clumping and ensuring a more even distribution of islets.[11] 

Collagen was used as our base biopolymer given that it is a primary component of the 

extracellular matrix (ECM) of connective tissue, is readily available, has a fibril architecture 

similar to natural tissues and has reduced biodegradability.[12,13]

Although previous bioscaffolds have been functionalized with exogenous growth factors 

(i.e., exendin-4,[14] insulin-like growth factor-1,[14] transforming growth factor-beta 1,[15] 

ECM,[16] vascular endothelial growth factor[8] and fibroblast growth factor-2[8]) to improve 

islet survival and function, they have not addressed the issue of providing islets with the 

most essential nutrient they require in the immediate post-transplantation period – oxygen. 

Indeed, without any oxygen supplementation, there is substantial cellular dysfunction and 

death of islets within bioscaffolds as a result of low oxygen tensions.[17,18] One approach to 

address this issue has been to use oxygen generating biomaterials (i.e. using calcium 

peroxide (CPO) contained within a PDMS disk - OxySite[17]). Although promising, the 

OxySite disk cannot be incorporated into the structure of a 3D bioscaffold; in turn, this 

results in a non-uniform delivery of oxygen to islets seeded into bioscaffolds that are 

transplanted with the disk.[17]

Hence, in the present study we decided to incorporate an oxygen generating biomaterial (i.e. 

CPO) into the matrix of our macroporous collagen-based cryogel bioscaffold[19], such that 

oxygen can be uniformly given to all islets seeded into the bioscaffold. We chose CPO given 

its ability to generate and release oxygen as it gets hydrolyzed in the presence of water[20,21] 

(Figure 1a). However, exposure of CPO to aqueous solution generates reactive oxygen 

species (ROS) such as hydrogen peroxide (H2O2). Although ROS have an important role in 
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cell signaling and homeostasis, in excess they cause oxidative stress which can have a 

negative effect on islet survival and function, especially since islets themselves have limited 

antioxidant defense mechanisms.[22] In fact, H2O2 has been shown to decrease the 

ATP/ADP ratio, increase intracellular Ca2+, and inhibit glucose-stimulated insulin secretion 

from isolated islets.[23] Hence, elevation of ROS can cause damage to structural proteins, 

enzymes and membranes, which, in turn, can lead to the spontaneous destruction of β-cells 

within pancreatic islets.[24] This study therefore optimized the incorporation of CPO into the 

collagen matrix to enable the release of oxygen in a sustained and controlled manner over 

the time required for transplanted islets to establish their own blood supply and hence their 

own supply of oxygen, while also producing the lowest amount of ROS. To test this 

bioscaffold in vivo, we transplanted it into the epididymal fat pad (EFP) of diabetic mice; 

this location in mice is representative of the omentum in humans[25] which is an extra-

hepatic site currently being tested in clinical trials for islet transplantation.[26]

MATERIALS AND METHODS

Bioscaffold Synthesis and Characterization

Bioscaffolds were synthesized from collagen and CPO using a cryogelation technique 

(Figure 1b–c). Porosity, density, structure, chemical and mechanical properties of 

synthesized bioscaffolds were then characterized (See Supplemental Material). Oxygen 

release from bioscaffolds (discs measuring 0.5mm thick × 1mm diameter) was measured 

using a Dissolved Oxygen (DO) Meter (YSI™ Pro2030, USA; DO range of 0–1.5mM) 

connected to a YSI™ 2003 Pro Series Polarographic DO Sensor. The DO meter was 

calibrated using distilled water (DO = 0.2 mM) as per the manufacturer’s guidelines. 

Bioscaffolds were immersed in a sealed vial that contained PBS (10mL) and incubated in a 

humidified incubator under normal conditions (0.2 mM (20%) O2 and 5% CO2) at 37 °C. 

Measurements were collected at day 1, 2, 3, 6, 9, 14 and 21. Each measurement was 

collected for 5min. Control experiments were also performed by measuring the change in 

DO in the absence of bioscaffolds by using sealed vials containing PBS alone. The 

difference between the DO of the PBS solution alone and PBS solution which contained 

bioscaffolds was then reported as the oxygen released from bioscaffolds. Since the PBS 

solution was refreshed every day, results was therefore reported as the oxygen released per 

day (mM/day). Reactive oxygen species (ROS) were measured at day 7 using a fluorometric 

assay using 2′,7′-Dichlorofluorescin diacetate (DCFH-DA; Sigma–Aldrich) (See 

Supplemental Material). All characterizations were performed on the same size (discs 

measuring 5mm thick × 10mm diameter) and weight (40mg) of cryogel-CPO bioscaffolds in 

their dry state.

Multiphysics Computational Modeling

To estimate the effect of oxygen released form our cryogel-CPO bioscaffolds on the survival 

and function of islets, we created computational models using a previously calibrated 

quantitative model for avascular pancreatic islets.[27,28] In brief, a total of four 

concentrations were used for convective and diffusive mass transport modeling, with their 

corresponding equations (application modes): glucose, oxygen, ‘local’ and released insulin 
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(cgluc, coxy, cinsL, cins). Diffusion of all species was assumed to be governed by the generic 

diffusion equation (Eq. 1) in its non-conservative formulation (incompressible fluid):

∂c
∂t + ∇ ⋅ −D∇c = R − u ⋅ ∇c (Eq. 1)

where c denotes the concentration [mol·m−3], D the diffusion coefficient [m2·s−1], R the 

reaction rate [mol·m−3·s−1], u the velocity field [m·s−1], and ∇ the standard del (nabla) 

operator ∇ ≡ i ∂
∂x + j ∂

∂y + k ∂
∂z . All consumption and release rates were assumed to 

follow Hill–type dependence on the local concentrations (Eq. 2):

R = fH c = Rmax
cn

cn + CHf
n (Eq. 2)

Here, Rmax denotes the maximum reaction rate [mol·m–3·s–1], CHf, the concentration 

corresponding to half-maximal response [mol·m–3], and n, the Hill slope characterizing the 

shape of the response. Diffusion coefficients and parameter (Rmax, CHf, and n) values for all 

species (i.e. insulin, glucose, and oxygen) used were derived from a previously developed 

model.[28] The model is implemented in COMSOL Multiphysics (COMSOL Inc., 

Burlington, MA) and solved as a time-dependent (transient) problem with intermediate time-

steps for the solver.

The geometry used (Figure 2) represents a small cross section of a typical bioscaffold and 

assumes a 3D porous structure resembling that of our cryogel-CPO bioscaffold, with 300μm 

pore size, seeded with representative islets with diameters of 120 and 150μm at densities 

resembling those of our actual bioscaffolds. Mesh and boundary conditions used are as 

described before (i.e., COMSOL’s predefined ‘finer’ mesh size).[27,28] As boundary 

conditions, fixed concentrations were used for the top and bottom (as those are in contact 

with surrounding tissues), and symmetry conditions were used for the left and right borders 

(as the model represents only a small part of a whole bioscaffold). Cryogel-CPO 

bioscaffolds were assumed to be in an aqueous media at physiological temperature (37°C) 

with an oxygen concentration of coxy = 0.050mol·m−3 (mM) corresponding to typical tissue 

oxygenation,[29–32] and a glucose concentration of 8mM corresponding to normal glucose 

levels in mice.[33] The oxygen generation rate was assumed to be constant and incorporated 

this into the model as a continuous release (reaction rate per unit volume) across the entire 

bioscaffold; the rate used was 0.01 M/m3/s, which corresponds to a rate of 0.1 mM/day/

bioscaffold for the bioscaffold (based on its volume).

In Vitro Interactions of our Bioscaffold with Pancreatic Islets

Islets were hand-picked and seeded into sterilized bioscaffolds, achieving a density of 20 

islets in 200 μL complete medium per bioscaffold; these were then placed within each well 

of a 96-well plate. Islets seeded into bioscaffolds were cultured in a humidified incubator 

under normal conditions (0.2 mM (20%) O2 and 5% CO2) at 37 °C. All experiments were 

performed in n=5 on following experimental groups: 1) islets alone or islets seeded into 2) 

cryogel, 3) cryogel-0.25wt.%CPO, 4) cryogel-0.5wt.%CPO, and 5) cryogel-1wt.%CPO 

bioscaffolds. The viability and function of islets were determined using live/dead, 3-(4,5-
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Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and glucose stimulated 

insulin secretion (GSIS) assays. Islets were also visualized with a confocal microscope and 

SEM (See Supplemental Material). All in vitro experiments were performed on the same 

size (discs measuring 0.5mm thick × 1mm diameter or 0.4mm3 volume) bioscaffolds in their 

dry state.

In Vivo Interactions of our Bioscaffold with Pancreatic Islets

All procedures were performed in accordance with the regulations approved by the 

Institutional Animal Care and Use Committee (IACUC) of Stanford University. Following 

islet transplantation into both EFPs of diabetic mice, metabolic assessment which included 

non-fasting blood glucose measurements and Intraperitoneal Glucose Tolerance Tests 

(IPGTT) were performed in conscious mice at the indicated time points. At day 30 post-

transplant, mice were euthanized and serum and tissue (i.e. the EFP with or without 

bioscaffolds) samples collected to determine insulin levels (insulin ELISA kit; Mercodia). In 

addition, the EFP tissue was processed for histological (i.e. fixed in 4% paraformaldehyde, 

dehydrated with graded ethanol solutions, embedded in paraffin and sliced with a 

microtome) and/or molecular (i.e. tissues stored at −80°C for subsequent processing to 

determine levels of cytokines) analyses. A total of 5 experimental groups were used (n=8 

animals per group): Group 1: Mice transplanted with islets only; Group 2: Mice transplanted 

with islets seeded into cryogel alone bioscaffolds; Group 3: Mice transplanted with islets 

seeded into cryogel-0.25wt.%CPO bioscaffolds; Group 4: Normal non-diabetic mice; Group 

5: Diabetic mice which did not receive any islet transplantation. In our study, these groups 

are called as islets only, islets seeded into cryogel bioscaffolds, islets seeded into 

cryogel-0.25wt.%CPO bioscaffolds, normal mice and diabetic mice, respectively (See 

Supplemental Material). All in vivo experiments were performed on the same size (discs 

measuring 0.5mm thick × 3.5mm diameter or 5mm3 volume) bioscaffolds in their dry state. 

For both in vitro and in vivo experiments, the same islet loading density in bioscaffolds (i.e. 

50 islets/mm3) was used.

Assessment of Hypoxia Induced Factor (HIF) Expression

To assess HIF-1 expression in EFPs containing islets seeded into our cryogel bioscaffolds, 

western blot analysis was performed as previously described[34]. In brief, islets were lysed in 

radioimmunoprecipitation assay buffer (RIPA buffer; 50mM Tris, 0.3M NaCl, 0.5% Triton 

X, pH 7.5) in the presence of protease inhibitors (Sigma Aldrich, USA) and centrifuged at 

18,500g for 15min. The pellet was then discarded and the supernatant was kept for further 

analysis. Protein concentration was measured using a bicinchoninic acid (BCA) assay kit 

(Thermo scientific, USA). Loading buffer (Biorad, USA) was added to the samples before 

loading an equivalent microgram of proteins for each sample on precast gel from Bio-Rad. 

Protein bands were then transferred onto a nitrocellulose membrane using a Bio-Rad trans-

blot turbo system. Expression levels of hypoxia induced factors (HIF) include HIF1β, 

HIF1α, and HIF2α proteins were measured with respective antibodies for HIF1β, HIF1α, 

and HIF2α (1:200 dilution, all from Cell Signaling Technology (USA)). An anti-βactin 

antibody was also used as a loading control (dilution: 1:10000, Santa Cruz Biotechnology, 

USA). Antibody incubations and developments were performed using Chemiluminescence 

kit and ChemiDoc (Bio-Rad, USA). Goat anti-mouse horseradish peroxidase (1:5000; Santa 
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Cruz Biotechnology) was used as a secondary antibody and incubated for 1h at room 

temperature. Specific proteins were detected by chemiluminescent methods while protein 

abundance on western blots was quantified by densitometry using Image lab software (Bio-

Rad, CA).

Bioscaffold Biodegradability and Biocompatibility

Biodegradability: Cryogel-0.25wt.%CPO bioscaffolds were weighed (dry weight: Wd1) 

and then incubated in PBS at 37°C for 12 weeks. Every week, bioscaffolds were removed 

from PBS, dried overnight and re-weighed (dry weight (Wd2)). The degree of bioscaffold 

biodegradation was calculated as follows: ((Wd1-Wd2)/Wd1 × 100).

Biocompatibility: Cryogel-0.25wt.%CPO bioscaffolds were implanted into the EFP and 

subcutaneous tissue of C57/B6 mice. After 6 months, mice were sacrificed and the EFP and 

subcutaneous tissue containing the implanted bioscaffolds were harvested for macroscopic 

and microscopic (i.e. histology with H&E) examination, specifically looking at the 

bioscaffold and surrounding tissue. Blood samples were also collected for routine analysis 

(i.e. electrolyte, metabolic, chemistry, and liver panels).

Statistical Analysis

All experiments were performed in n=5 for in vitro or n=8 for in vivo, and results were 

expressed as mean±standard error of the mean. Statistical analysis of all quantitative data 

was performed using a one or two-way ANOVA (Analysis of Variance) with post-hoc Tukey 

test (Astatsa.com; Online Web Statistical Calculators, USA) with any differences considered 

statistically significant when P<0.05.

RESULTS

Bioscaffold Synthesis and Characterization

Synthesized cryogel bioscaffolds measured 10mm (diameter) × 5mm (thickness) 

corresponding to a volume of 393±1mm3 with a porosity of 75±3% and density of 

0.03±0.01mg/mm3. Cryogel-CPO bioscaffolds can release oxygen over 21 days, with the 

rate of oxygen release significantly increasing as the concentration of CPO increases from 

0.25 to 1wt.% (P<0.05). For cryogel-0.25wt.%CPO the rate of oxygen released was 

0.21±0.02 mM/day at day 1, 0.19±0.01 mM/day at day 6, 0.13±0.03 mM/day at day 14, and 

0.14±0.02 mM/day at day 21 (Figure 1d). However, this was accompanied by an increase in 

ROS production from cryogel-CPO bioscaffolds. Furthermore, increasing the concentration 

of CPO from 0.25 to 1wt.% within bioscaffolds resulted in a significant increase in ROS 

production (0.36±0.02 to 1.52±0.01 absorbance, respectively; P<0.05; Figure 1e).

The addition of CPO changed the bioscaffold porosity and density to 70±5% and 

0.04±0.01mg/mm3, respectively (Figure 1f). Micro (μ)-CT images demonstrated the shape 

and distribution of pores within the 3D structure of bioscaffolds (Figure 1g). The pore size, 

measured in 5 different bioscaffolds at 5 random locations, fall into 2 groups: big 

pores=300±50μm and small pores=30±10μm (Figure 1h). Following incorporation of CPO 
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into cryogel bioscaffolds, CPO particles were detected using SEM (Figure 1i) and confirmed 

using XPS (Figure 1j) and EDS analysis (Figure 1k).

Using the compression test, all bioscaffolds showed elastic behavior until 60% compression 

of their length. Thereafter, the uni-axial stress was transferred to the plastic region. Cryogel 

alone bioscaffolds showed an elastic modulus of 4.9±0.6KPa, yield strength of 2.4±0.3KPa 

and compression strength of 4.8±0.5KPa. Incorporation of CPO into the bioscaffold matrix 

resulted in a significant increase in elastic modulus, yield strength and compression strength 

which was proportional to the concentration of CPO from 0.25 to 1wt.% (Figure 1l; P<0.05). 

Moreover, cryogel-CPO bioscaffolds could recover to their original shape after removing the 

compression loads (Figure 1m).

Multiphysics Computational Modeling

Computational modeling of islet oxygen consumption and insulin secretion was performed 

with a local concentration-based model implemented using a finite element method (FEM). 

Oxygen concentrations are color-coded from blue for high to red for low with white 

indicating levels that are below the critical concentration of oxygen (coxy < ccrit) for islet 

survival. Insulin secretion rates per unit volume within the islets are shown color-coded from 

black for high to white for zero with white indicating levels that are below the oxygen 

concentration needed for insulin production[27]. In 2D cross-sections, the core of islets 

seeded into our cryogel bioscaffolds is predicted to be not only necrotic if there is no oxygen 

support (Figure 2a) but also non-functional (i.e. unable to produce insulin in response to a 

glucose challenge) (Figure 2b) due to the diffusion limitations in avascular islets, where 

there is a lack of vascularization. However, oxygen released from our cryogel-0.25wt.%CPO 

bioscaffolds, even at levels corresponding to those released 2–3 weeks after transplantation, 

is predicted to overcome these problems and, hence, provide improved islet viability and 

function (Figure 2c,d). When the interaction of islets with our bioscaffold was 

experimentally tested, our results matched the FEM model - the oxygen released from our 

cryogel-0.25wt.%CPO bioscaffold improved the viability of islets when compared to islets 

that were seeded into cryogel alone bioscaffolds (90±4 vs 50±6% live cells at day 7; P<0.05; 

Figure 2e–f)

In Vitro Interactions of our Bioscaffold with Pancreatic Islets

Islets seeded into cryogel-0.25wt.%CPO bioscaffolds were evenly distributed as 

demonstrated by their presence on the top (Figure 3a–b) as well as the center of the 

bioscaffold (Figure 3c–d) with no clumping noted. In contrast, islets cultured in cell culture 

plates (i.e. control group) demonstrated aggregation/clumping after 7 days of culture (Figure 

3e–f). Compared to the control group, islets seeded into bioscaffolds that incorporated CPO 

demonstrated a significant increase in the percentage of live cells (determined using the 

Live/Dead assay, P<0.05, Figure 3g–h), a significantly greater viability (determined using 

the MTT assay, P<0.05; Figure 3i), and improved functionality - insulin secretion 

(determined using a GSIS assay, P<0.05; Figure 3j–k). These effects were greatest for islets 

seeded into cryogel-0.25wt.%CPO bioscaffolds, which demonstrated an increase in live cells 

(90±7% vs. 35±3%; P<0.05), cell viability (islet viability ratio: 2.4±0.1 vs. 1.0±0.1; 

P<0.05), and insulin secretion (low glucose stimulation: 0.63±0.13 vs. 0.50±0.01ng/mL; 
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high glucose stimulation: 2.10±0.05 vs. 1.23±0.14ng/mL; P<0.05; Figure 3j) when 

compared to the control group. Calculation of the insulin stimulation index (SI: ratio of 

insulin secretion from high glucose stimulation relative to basal conditions) also showed a 

significant increase for cryogel-0.25wt.%CPO bioscaffolds compared to the control group 

(3.31±0.09 vs. 2.45±0.27; P<0.05; Figure 3k)

In Vivo Interactions of our Bioscaffold with Pancreatic Islets

Experimental details of our in vivo experiment and transplantation procedure are outlined in 

Figure 4a–d. At sacrifice, cryogel-0.25wt.%CPO bioscaffolds were tightly wrapped within 

the EFP (Figure 4c) and following their extraction were noted to be engrafted within the fat 

tissue with no evidence of adhesions/fibrous bands.

Following STZ treatment, all animals became hyperglycemic (non-fasting blood glucose 

values increasing from 128±8mg/dL (day −2) to 538±25mg/dL (day 0); Figure 4e). 

Compared to all experimental groups that received islet transplantation, immediate and 

sustained reversal of hyperglycemia was only observed in mice which received islets seeded 

in cryogel-0.25wt.%CPO bioscaffolds. At day 1 post-transplantation, mice that received 

islets seeded in cryogel-0.25wt.%CPO bioscaffolds demonstrated significantly lower non-

fasting blood glucose values compared to mice transplanted with islets only (221±61 vs. 

390±55mg/dL; P<0.05; Figure 4e). This difference was sustained throughout the course of 

the study in animals which had received islets seeded into cryogel-0.25wt.%CPO 

bioscaffolds with these animals demonstrating glycemic control with their non-fasting blood 

glucose values, from day 1–30, now being similar to their baseline/pre-diabetic values 

(P>0.05; Figure 4e). Animals which had received islets seeded into cryogel-0.25wt.%CPO 

bioscaffolds showed a significantly lower non-fasting blood glucose values from day 1 to 30 

(P<0.05; Figure 4e) compared to mice transplanted with islets only and mice that received 

islets in cryogel alone bioscaffolds (except at day 6, 9, 11, 12, 18, 21, and 25). For mice that 

received islets only or islets seeded into cryogel bioscaffolds alone, only 9% and 25% of 

animals become normoglycemic, respectively. However, for animals which received islets 

seeded into cryogel-0.25wt.%CPO bioscaffolds, the percentage of animals that exhibited 

normoglycemia in the first week following transplantation was 65%; this value is 

significantly higher than mice which received islets only or islets seeded into cryogel 

bioscaffolds alone (P<0.05; Figure 4f).

At day 0, all mice weighed 18±1g. Following transplantation, the body weight of all mice 

increased; however, this increment was significantly higher for mice transplanted with islets 

seeded into cryogel-0.25wt.%CPO bioscaffolds than in mice that received islets seeded into 

cryogel alone bioscaffolds (P<0.05) or islets only (P<0.05). At day 30 post-transplantation, 

there was no significant difference between the body weight of mice that received islets 

seeded into cryogel-0.25wt.%CPO bioscaffolds compared to normal mice (22.6±0.8 vs. 

22.4±0.5; P>0.05). In contrast, the body weight of diabetic mice (i.e. non-transplanted mice) 

significantly reduced from 17.5±0.2 to 15.1±1.1g after 30 days (Figure 4g, P<0.05).

For all groups, there was an increase in the change in blood glucose level relative to baseline 

levels (i.e. 0min) following intraperitoneal glucose administration with a peak-value seen at 

30min. Mice that received islets seeded into cryogel-0.25wt.%CPO bioscaffolds 
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(256±13mg/dL) or cryogel alone bioscaffolds (294±22mg/dL) showed a similar peak value 

compared to normal mice (252±10mg/dL; P>0.05), however, this value was significantly 

lower than mice which received islets only (331±23mg/dL) or diabetic mice (344±22mg/dL; 

P<0.05; Figure 4h). The area under the curve (AUC0–120min) for mice that received islets 

seeded into cryogel-0.25wt.%CPO bioscaffolds (11,657±1,440mg/dL.min) was significantly 

lower compared to mice that received islets seeded into cryogel alone bioscaffolds 

(29,551±3,018mg/dL.min), islets only (31,591±3,177mg/dL.min) and diabetic mice 

(36,101±2,525mg/dL.min; P<0.05) with no change compared to normal mice (10,320±971 

mg/dL.min; P>0.05; Figure 4i). The glucose clearance rate (i.e. the slope of blood glucose 

change from 30–120min) showed that mice that received islets seeded into 

cryogel-0.25wt.%CPO bioscaffolds (2.78±0.05mg/dL/min) had a significantly faster glucose 

clearance compared to mice that received islets seeded into cryogel alone bioscaffolds 

(2.15±0.19 mg/dL/min), islets only (2.02±0.23 mg/dL/min) and diabetic mice (1.82±0.17 

mg/dL/min; P<0.05) with no change compared to normal mice (2.78±0.02 mg/dL/min, 

P>0.05; Figure 4j).

In animals which were transplanted with islets alone into the EFP, at the time of sacrifice 

there were few intact islets visualized; furthermore, these remaining islets had lost their 

spherical morphology and intrinsic architecture and were collapsed with insulin staining 

cells now noted to be dispersed throughout the EFP rather than localized to discrete islet 

structures. When islets were transplanted into bioscaffolds, they could be easily identified 

within the bioscaffolds pores (red arrows). Islets which were seeded into 

cryogel-0.25wt.%CPO bioscaffolds, were found on histological analysis to be significantly 

greater in number compared to animals which received islets seeded into cryogel alone 

bioscaffolds or islets only (total islet area: 0.68±0.17 vs. 0.24±0.06 mm2 or 0.08±0.03 mm2, 

respectively, P<0.05; Figure 5a). Transplanted islets seeded into cryogel-0.25wt.%CPO or 

cryogel alone bioscaffolds retained their native size, spherical morphology and maintained 

their intrinsic architecture with β cells (positive insulin staining) located in the center of the 

islets. In keeping with this, there was significantly higher insulin staining within islets 

seeded into cryogel-0.25wt.%CPO compared to cryogel alone bioscaffolds (percentage of 

insulin per islet: 76.6±11.2 vs. 35.5±12.3%, respectively; P<0.05; Figure 5a). Transplanted 

islets seeded into cryogel-0.25wt.%CPO bioscaffolds also demonstrated reduced 

inflammation as evidenced by a reduction in the presence of TNF-α compared to islets only 

(2.1±0.2 vs. 16.2±3.3%; P<0.05; Figure 5a and Figure S7).

The levels of insulin in the blood was significantly higher for mice that received islets 

seeded into a cryogel-0.25wt.%CPO bioscaffold or a cryogel alone bioscaffold compared to 

mice transplanted with islets only (2.14±0.57 or 1.38±0.35 vs. 0.36±0.12ng/mL, P<0.05) 

with no significant difference seen between cryogel-0.25wt.%CPO and cryogel alone 

bioscaffolds (2.14±0.57 vs. 1.38±0.35ng/mL; P>0.05; Figure 5b). Similar results were also 

seen for the levels of insulin in the EFP tissue (0.76±0.05 or 0.59±0.03 vs. 0.44±0.08μg/mL; 

P<0.05; Figure 5c). In addition, the EFP tissue from animals which had received an islet 

transplant with cryogel-0.25wt.%CPO bioscaffolds demonstrated up-regulation of 

macrophage inflammatory protein-1-alpha and beta (MIP-1α: +6.08±1.33 and MIP-1β: 

+4.84±1.59 fold change), interferon gamma-induced protein-10 (IP-10: +1.80±0.42 fold 

change), interleukin-6 (IL6: +1.23±0.05 fold change) and down-regulation of interleukin 9 
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(IL9: −0.52±0.09 fold change), lipopolysaccharide-induced CXC chemokine (LIX: 

−0.53±0.1 fold change), and tumor necrosis factor-alpha (TNF-α: −0.55±0.13 fold change) 

when compared to the control animals which received islets only (P<0.05; Figure 5d). 

Differences were also noted in the expression of interleukin-22 (IL-22), leukemia inhibitory 

factor (LIF), interleukin-28 (IL28) and TNF-α within the EFP tissue of animals which 

received islets seeded into cryogel-0.25wt.%CPO and cryogel alone bioscaffolds (P<0.05).

Assessment of Hypoxia Induced Factor (HIF) Expression

Western blot analysis demonstrated that compared to both islets only and cryogel alone 

bioscaffolds, when islets seeded into our cryogel-0.25wt.%CPO bioscaffolds and 

transplanted into the EFP of diabetic mice, EFPs showed a significantly lower expression of 

HIF1α (0.65±0.11 vs 1.02±0.65 and 0.93±0.01 relative expression, respectively; P<0.05; 

Figure 6). EFPs containing islets seeded into our cryogel-0.25wt.%CPO bioscaffolds also 

showed a significantly lower expression of HIF2α when compared to group in which the 

EFPs contained transplanted islets only (0.12±0.18 vs 0.64±0.03 relative expression; 

P<0.05; Figure 6,).

Bioscaffold Biodegradability and Biocompatibility

After 3 months incubation in PBS, the biodegradation degree of cryogel-0.25wt.%CPO 

bioscaffolds was 10.30±0.27% (Figure 7a). At 6 months post-implantation, 

cryogel-0.25wt.%CPO bioscaffolds (red arrows) were well integrated into the EFP or 

subcutaneous tissue with clear surface boundaries at the bioscaffold-tissue interfaces. 

Histological images show some foreign body reaction (FBR) inside the bioscaffold pores as 

demonstrated by the formation of fibrous tissue. However, there was minimal FBR at the 

host-bioscaffold junction (Figure 7b). Blood analysis at 6 months demonstrated no 

significant elevation in any parameter with average values from all animals contained within 

their respective normal range[35,36] (Figure 7c).

DISCUSSION

It is well established that oxygen is critical for islet survival and this is supported by data 

showing the high metabolic activity of islets as well as the disproportionate increase in 

oxygen consumption of islets compared to the neighboring exocrine pancreatic tissue.[37,38] 

However, the process of islet transplantation substantially reduces the ability of islets to 

obtain a consistent and reliable supply of oxygen given that they (i) get de-vascularized 

during their isolation process and hence have to rely on the diffusion of oxygen from the 

host tissue in the short term and (ii) are delivered into a relative hypoxic environment during 

portal venous infusion into the liver. Hence, we sought to address this shortcoming by 

enabling our cryogel bioscaffold[39] to release oxygen, in a sustained and controlled manner, 

over the time frame required for transplanted islets to develop their own dedicated blood 

supply (i.e. 2–3 weeks).[40]

Although, most CPO based oxygen releasing systems have used hydrophobic polymers, 

such as PDMS[17] or polyurethane (PU)[41], we used collagen (i.e. a naturally occurring 

hydrophilic system), given its excellent biocompatibility and low immunogenicity.[42] As 
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collagen is a component of the ECM,[9] islets that are seeded into our bioscaffold will 

therefore be exposed to a microenvironment similar to that of the native pancreas which, in 

turn, helps to maintain their function as well as regulate their cellular activities.[43] This is 

supported by our in vitro (MTT, live/dead and GSIS assays) and in vivo (metabolic analysis) 

data showing that bioscaffolds made from cryogel alone improved islet function and 

viability when compared to islets alone. Similar results showing improvement in islet 

function have been reported using bioscaffolds that have been either coated with ECM 

components[44] or those using ECM derived from lung tissue.[45,46] However, to minimize 

the effect of any ROS produced from our hydrophilic collagen-based cryogel bioscaffold, we 

tested different concentrations of CPO, and found that 0.25wt.% concentration of CPO 

produced the most desirable results; these bioscaffolds generated biologically relevant 

concentrations of oxygen[17,27] over 21 days while also producing the lowest amount of 

ROS compared to bioscaffolds which incorporated higher concentrations of CPO.

Recently, cryogels have gained interest due to their larger interconnected macropores (i.e. 

super-macropores) and enhanced mechanical stability compared to traditional hydrogel 

constructs[19,47,48]. Cryogels are synthesized using the process of cryogelation, which 

involves a cycle of freezing, storage of the solvent in the frozen state, followed by 

defrosting. In this technique, the dissolved solutes (monomers or polymer precursors) are 

concentrated in small unfrozen regions. After synthesis, the melting of these solvent ice 

crystals, which serve as porogens (i.e. niduses for pore formation), leaves behind a system of 

large interconnected pores[47,48]. In our study, the interconnected macropores within our 

cryogels enabled islets to be evenly distributed throughout its 3D matrix. In turn, this 

prevented islets from clumping resulting in their improved function and survival, as similarly 

observed in previous studies.[49–51]

The macropores within our bioscaffolds also enabled islets to be evenly distributed 

throughout its 3D matrix. In turn, this prevented islets from clumping resulting in their 

improved function and survival, as similarly observed in previous studies.[49–51] In addition, 

islets seeded within our bioscaffolds were able to maintain their native rounded morphology, 

size and architecture, all of which have been shown to play a crucial role in their function 

and outcome following transplantation.[51] Studies have also shown that the pores of a 

bioscaffold not only guarantee islet retention and separation within the construct, but also 

allows mass transfer of metabolites and ingrowth of blood vessels, resulting in an intra-islet 

vascular density that is comparable to native islets.[7,9,52] Furthermore, compression testing 

revealed instant shape recovery of our cryogel-CPO bioscaffolds after unloading. Potential 

pre-clinical and clinical sites for the implantation of our cryogel-0.25wt.%CPO bioscaffold 

include the omentum or the subcutaneous space; in these locations, bioscaffolds could be 

subjected to complex and repeated compression loads. Our results show the elasticity of our 

bioscaffold in such cases given that compression tests showed recovery of our bioscaffold to 

its original shape following removal of different compressive stresses. This high flexibility 

helps to prevent pore collapse during bioscaffold implantation, thereby providing a 

mechanically stable microenvironment for islets.

To enable our bioscaffold to release oxygen, we incorporated a biocompatible solid peroxide 

into the matrix of our bioscaffold. Upon exposure of CPO to water, hydrogen peroxide 
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(H2O2) is formed (reaction 1) which subsequently decomposes to generate oxygen (reaction 

2) in a sustained-release manner.[20,21]

CaO2 s + 2H2O l Ca OH 2 s + H2O2 l (reaction 1)

2H2O2 l 2H2O l + O2 g (reaction 2)

The beneficial effects of CPO on pancreatic islets have been reported by Pedraza and 

colleagues who concluded that incorporation of CPO into polydimethylsiloxane (PDMS) 

non-porous disks (i.e. OxySite disk) resulted in a sustained generation of oxygen and 

elimination of hypoxia-induced cellular dysfunction. In turn, this resulted in normalization 

of islet metabolic function and glucose-dependent insulin secretion.[20] However, the main 

advantage of our bioscaffold approach, over this and other approaches to deliver oxygen to 

islets,[17,18] is the ability of our bioscaffold to evenly distribute the supply of oxygen to all 

the islets seeded into the bioscaffold given that CPO had been integrated into the actual 

bioscaffold matrix. When testing different concentrations of CPO, we found that 0.25wt.% 

concentration produced the most desirable results; these bioscaffolds generated biologically 

relevant concentrations of oxygen[17,27] over 21 days while also producing the lowest 

amount of ROS compared bioscaffolds which incorporated higher concentrations of CPO. 

Furthermore, 21 days is long enough for islets to establish their own blood supply following 

transplantation, which has been reported to take on average 14 days.[53,54] Following 

seeding of islets into cryogel-0.25wt.%CPO bioscaffolds, islets demonstrated significantly 

increased viability and function which was also confirmed using computational modelling as 

well as confocal microscopy which both demonstrated the islet core remained viable and 

functional only when oxygen was present in the microenvironment.

Our results showed that incorporation of 0.25wt.%CPO within our bioscaffolds resulted in 

the highest degree of islet survival and function when compared to cryogel bioscaffolds with 

higher concentrations of CPO (i.e. 0.5wt.% and 1wt.%CPO). By increasing the 

concentration of CPO within our cryogel bioscaffolds, we were able to increase the amount 

of oxygen generated, however, this did not correlate with improved islet survival and 

function. One reason is at higher concentrations of CPO, there was an increased production 

of ROS which has a detrimental effect on islets. This is further supported by our data which 

demonstrated that islet function and viability was reduced in direct correlation to the 

concentration of ROS to which they were exposed (Figure S4).

When our cryogel-0.25wt.%CPO bioscaffolds were translated in vivo into diabetic animals, 

they reversed hyperglycemia and restored glycemic control during basal conditions while 

also improving dynamic responses to glucose challenges. In addition, the EFP from these 

mice contained a significantly higher amount of insulin compared to mice transplanted with 

islets only or those seeded into bioscaffolds made from cryogel alone thereby indicating that 

there was a higher amount of viable and functional β cells within these animals. 

Furthermore, within the EFP, we also noted an up-regulation of MIP-1α and -β,[55] IP-10,
[56] and IL-6,[57] (i.e. cytokines which promote angiogenesis), and down-regulation of IL-9,
[58] LIX,[59] and TNF-α,[60] (i.e. cytokines which demonstrate pro-inflammatory activity) 
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when compared to the control EFP in which islets alone were transplanted. This was further 

supported by our data which showed decreased inflammation (no TNFα staining) in the 

histological sections of the EFP containing our cryogel-0.25wt.%CPO bioscaffolds. When 

we compared the EFP from animals which received cryogel-0.25wt.%CPO bioscaffolds to 

those which had cryogel alone bioscaffolds, there was a significant increase in the 

expression of IL-22[61] (i.e. a cytokine which promotes angiogenesis), LIF[62] (i.e. a 

cytokine which regulates microvessel density), and a significant decrease in expression of 

IL28,[63] IL-17α,[64] and TNF-α[60] (i.e. pro-inflammatory cytokines). However, the 

decreased efficiency of islet transplantation in our control experiments (i.e. islets alone 

transplanted into the EFP) compared to previous studies[52,65,66] can be attributed to (i) the 

use of 500 islets with islet diameters in the range of 50–150μm – this is less than 500 islet 

equivalents or IEQ used in previous studies[52,65,66] (one IEQ is considered equivalent to an 

islet with a diameter of 150μm) and (ii) our animals exhibited a higher initial blood glucose 

at the day of transplantation (i.e. 538±25mg/dL) when compared to the above mentioned 

studies (i.e. 250mg/dL or 350mg/dL or 500mg/dL)[52,65,66] – this would mean that our 

animals had a greater degree of dysglycemia and hence are much more dependent on the 

success of their islet transplant.

In addition, we assessed the effect of oxygen release from our cryogel-0.25wt.%CPO 

bioscaffolds on the level of HIF1 (i.e. a cellular marker of hypoxia) expression within the 

EFPs of diabetic mice transplanted with islets seeded in our bioscaffolds. Our results showed 

a lower expression of HIF1α protein (i.e. a subunit of HIF1) in EFPs transplanted with islets 

seeded into our cryogel-0.25wt.%CPO bioscaffolds. HIF1 is known as the key regulator of 

hypoxia-induced gene expression, and reports suggest that induction of HIF1α predicts 

adverse transplant outcomes[67]. Hence, our results suggest that the oxygen released from 

our cryogel-CPO bioscaffolds can alter the HIF1α expression within the transplantation site 

(i.e. the EFP in our study) which may have an important role in protecting β cells within 

islets from hypoxia induced death following their transplantation.

The biocompatibility of biomaterials has been shown to be critical for the safety and 

integrity of long-term implants.[68] In contrast with synthetic polymer bioscaffolds, which 

can often lead to intense inflammatory reactions manifested by deposition of significant 

amounts of fibrotic tissue at the interface of the bioscaffold with the surrounding tissue[9] 

and long-term dwelling of macrophages,[9] our collagen based cryogel bioscaffold did not 

induce any intense foreign-body reaction in the immediate (30 days) or long (6 month) term. 

Furthermore, animals which received bioscaffolds did not demonstrate any change in their 

blood panels with all results remaining within the normal range.

The in vitro biodegradability rate was also shown to be sufficiently low such that 

bioscaffolds would be expected to last for >5 years, thereby providing a stable matrix to 

accommodate islets until they are fully engrafted into the host tissue. Nevertheless, the 

results obtained from our in vitro biodegradability studies need to be interpreted with 

caution as they are not completely representative of the in vivo environment.[69,70] Indeed, 

the in vivo biodegradation rate will be strongly dependent not only on the location of the 

bioscaffold, but also the surrounding blood flow, oxygen supply, pH values as well as the 

amount of water and ion content in the local microenvironment.[71] Also, given that a drop 
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in pH occurs post-surgery, this can lead to a short-term increase in the biodegradation rate 

and the deposition of biodegradation products on the implant’s surfaces,[70] which, in turn, 

can then decrease the overall biodegradation rate. Hence, although our results predict >5 

years stability of our bioscaffolds, long-term in vivo biodegradability studies will need to be 

undertaken for full evaluation. However, if the body rejects the implant, a localized 

inflammatory response will occur. In that case, a quicker biodegradability would be 

beneficial. The biodegradability of our bioscaffolds can be increased by decreasing the 

concentration of the collagen matrix (e.g. <3% (wt./vol.)) and EDC/NHS cross-linker (e.g. 

<15mM NHS and 30mM EDC). Quicker biodegradability however can potentially have a 

negative effect on the mechanical properties and structural integrity of bioscaffolds which 

also need to be considered. Although several cellular and molecular factors have been shown 

to be involved in collagen biodegradation, the exact mechanisms are largely unknown.[72] 

Given that our in vitro biodegradation test was performed in PBS solution, surface 

biodegradation is therefore thought to be the predominant mechanism underlying our 

bioscaffold biodegradation.

Current clinical practice for islet transplantation involves islets being infused into the liver, 

thereby rendering them irretrievable.[73] While this site cannot accommodate the 

implantation of a 3D bioscaffold, other sites such as the omentum are being explored given it 

has (i) a well vascularized surface area,[26] (ii) the ability to accommodate bioscaffolds and 

(iii) the ability to enable retrieval of bioscaffolds should something adverse happen. Indeed, 

human clinical trials are already underway examining the feasibility of the omentum as a site 

for islet transplantation.[26] In small animals, the EFP (i.e. the site used in our study) is a 

surrogate site for the omentum in humans.[26,74,75] In our biocompatibility study, we also 

examined the subcutaneous space as a site for our bioscaffold given it can be easily accessed 

in patients and thus has the potential to be widely adopted as a space for bioscaffold 

implantation with minimal intervention; future research will aim to examine this site with 

our cryogel-0.25wt.%CPO bioscaffold in diabetic mice. In humans, islets are typically given 

at 5,000 islets per kg (i.e. a weight based approach) which, on average, translates to 

approximately 350,000–450,000 islets.[76] By changing the synthesis molds, our current 

bioscaffold can be easily scaled to 100 cm3, which we have calculated can accommodate the 

required number of islets required for humans, thereby confirming our bioscaffold can be 

clinically translated. Finally, our cryogel-0.25wt.%CPO bioscaffold is composed of two 

components: collagen and CPO. Collagen is FDA-approved and Phase 2 clinical trials are 

already underway using this material in bioscaffolds for other applications (i.e. 

ClinicalTrials.gov; Identifier: NCT03613090). CPO is also a biocompatible material that has 

been extensively used as an oxygen-generating biomaterial,[77–79] however, it does produce 

ROS which can have harmful effects. Similar to our study, Sheikh et al[41] reported the 

development of an oxygen-releasing antioxidant polyurethane cryogel scaffold (PUAO-

CPO) for sustained oxygen delivery which improved the function of its cellular cargo. In 

their study, the PUAO-CPO bioscaffold was able to both attenuate ROS while producing 

oxygen in a sustained manner, thereby sustaining H9C2 cardiomyoblast cells under hypoxic 

conditions. Given there is no published literature, to our knowledge, examining the effects of 

ROS in either the subcutaneous or adipose tissue compartments at the levels generated by 

our cryogel-0.25wt.%CPO bioscaffold, future studies examine this in more detail. In 
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addition, we will assess the ability of antioxidants that can be incorporated in our cryogel-

CPO bioscaffold in modulating the amount and effect of any ROS produced from CPO.

In summary, our cryogel-0.25wt.%CPO bioscaffold (i) provides a safe and stable 

engineering microenvironment for islets; (ii) protects islets; (iii) is able to generate oxygen 

in a sustained and controlled manner in the short term, thereby improving islet survival and 

function until they can engraft and establish their own vascular supply; and (iv) can be 

implanted at extra-hepatic sites such as the omentum or even in the subcutaneous tissues. 

Future work will focus on the long-term function (e.g. > 6 months) of our 

cryogel-0.25wt.%CPO bioscaffold for islet transplantation in diabetic animal models. Future 

work can also further optimize our cryogel-0.25wt.%CPO bioscaffold with the incorporation 

of ECM molecules[44,75,80] or growth factors. [81,82] ECM molecules or growth factors can 

be incorporated into our cryogel-0.25wt.%CPO bioscaffold using a polydopamine coating. 

As polydopamine has repeating 3,4-dihydroxy-L-phenylalanine-lysine (DOPA-K) motifs, it 

has strong adsorption through covalent bonding and intermolecular interactions.[83] Hence, 

polydopamine coatings could serve as the interface to enable our bioscaffold to be coated 

with ECM molecules or growth factors.[84] In addition, given our STZ-induced diabetic 

animal models does not fully mimic T1D, given the lack of a background autoimmune 

component, so future work can examine responses in NOD mice over longer durations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bioscaffold synthesis and characterization:
(a) Schematic representation showing the temporal relationship between the oxygen 

requirement for transplanted islets over the first 3 weeks following their engraftment and the 

time taken for them to establish their own blood supply; (b) Schematic illustration of our 

cryogel-CPO bioscaffold and (c) the preparation of cryogel-CPO bioscaffolds: Collagen was 

swollen overnight in HCl at 4°C. The collagen dispersion was then homogenized and 

centrifuged. CPO (concentrations of 0.25, 0.5 and 1wt.%) was then mixed with the collagen 

slurry. After transferring the collagen-CPO slurry to a mold, NHS/EDC was added (depicted 

as the solution); the molds were kept in a freezer at −20°C for 24h (depicted as the freezing) 

to complete the crosslinking process (depicted as the cryogelation). Next, bioscaffolds were 

thawed at room temperature (depicted as the thawing). Following exposure of the 

synthesized cryogel-CPO bioscaffold to water, oxygen was generated and diffused out from 

the bioscaffold via a hydrolytic reaction; (d) The amount of oxygen released from cryogel 

alone and cryogel-CPO bioscaffolds incubated in PBS up to 21 days; and (e) ROS produced 

from cryogel, cryogel-CPO bioscaffolds and hydrogen peroxide (as control group) incubated 

in culture medium for 24 h; Bioscaffold structural analysis: (f) Photographs of cryogel-CPO 

bioscaffolds showing the macrostructure of bioscaffolds; (g) Reconstructed μ-CT images of 

a cryogel-CPO bioscaffold; yellow areas show the bioscaffold material and the purple areas 

refer to the void space; (h-i) SEM images of a cryogel-CPO bioscaffold showing the 

existence of (h) macropores and (i) CPO particles throughout the bioscaffold. Bioscaffold 

chemical analysis: (j) XPS spectra and (k) EDS analysis showing the four elements of C, O, 

N and Ca corresponding to the molecular formula which are basic elements of collagen and 

CPO; Bioscaffold mechanical analysis: (l) Compression stress–strain curves of bioscaffolds 

in the wet state; (m) The recovery of bioscaffolds to their original shape after removing the 
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load in the compression test showing their mechanical flexibility; Measurement of oxygen 

release and ROS production in bioscaffolds:

Significant differences:
aP<0.05: cryogel vs. cryogel-0.25, 0.5 and 1wt.% CPO bioscaffolds and hydrogen peroxide; 
bP<0.05: cryogel-0.25wt.%CPO vs. cryogel-0.5 and 1wt.% CPO bioscaffolds and hydrogen 

peroxide; cP<0.05: cryogel-0.5wt.%CPO vs. cryogel-1wt.% CPO bioscaffolds and hydrogen 

peroxide; dP<0.05: cryogel-1wt.% vs. hydrogen peroxide. (One-way ANOVA post-hoc 

Tukey Test).
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Figure 2. Computational model-calculated oxygen concentrations and insulin secretion rates:
(a,b) Oxygen concentration and (c,d) insulin secretion rates for two islets with d = 120 & 

150 μm seeded into cryogel-0.25wt.%CPO bioscaffolds that produce oxygen (0.1 mM/day/

bioscaffold ≈ 0.01 M/m3/s) (a,c); or not (cryogel bioscaffolds as control) (b,d). Data are 

shown at 8mM glucose for bioscaffolds with pore sizes of 300μm placed in normoxic tissue 

(oxygen 5% ≈ 0.05 mM) with symmetry conditions assumed at the left and right margins. 

Oxygen concentrations are color-coded from blue for high to red for low with white 

indicating levels that are below the critical concentration of oxygen (coxy < ccrit) for islet 

survival. Insulin secretion rates per unit volume within the islets are shown color-coded from 

black for high to white for zero with white indicating levels that are below the critical 

concentration of insulin (cinsulin < ccrit) for islet function; (e, f) Experimental data showing 

the higher viability of islets seeded into cryogel-0.25wt.%CPO bioscaffolds (f) compared to 
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cryogel alone bioscaffolds (e) at day 7. Green = live cells, Red = Dead cells; Blue tubes = 

cryogel alone bioscaffold; Green tubes = cryogel-0.25 wt.%CPO bioscaffolds.
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Figure 3. Bioscaffold interactions with pancreatic islets in vitro:
(a-d) SEM images of (a-b) the top surface and (c-d) center of our cryogel-0.25wt.%CPO 

bioscaffold seeded with islets; (e-f) Bright-field images of islets cultured in conventional 

culture plates; (g) Confocal images of islets cultured in culture plates or seeded into a 

cryogel alone bioscaffolds or cryogel-CPO bioscaffolds with 0.25, 0.5, and 1wt.%CPO at 

day 7. Green represents live cells and red represents dead cells; Results of (h) Live/Dead, (i) 
MTT, and (j-k) GSIS assays for islet only and islets seeded into cryogel bioscaffolds 

without, and with CPO, at day 7.

Significant differences:

(h-k) aP<0.05: islets only vs. cryogel and cryogel-0.25, 0.5 and 1wt.% CPO bioscaffolds; 
bP<0.05: cryogel bioscaffolds vs. cryogel-0.25, 0.5 and 1wt.% CPO bioscaffolds; cP<0.05: 

cryogel-0.25wt.% bioscaffolds vs. cryogel-0.5 and 1wt.% CPO bioscaffolds; dP<0.05: 
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cryogel-0.5wt.% bioscaffolds vs. cryogel-1wt.% CPO bioscaffolds; * Low glucose (LG) vs. 

high glucose (HG).
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Figure 4. Bioscaffold interactions with pancreatic islets in vivo:
(a) Experimental details of our in vivo experiment; (b) Schematic representation of our 

bioscaffold transplantation in the EFP; Photographs of the transplantation procedure of (c) 
islets seeded into cryogel-0.25wt.%CPO and (d) islets only; Results of (e) non-fasting blood 

glucose measurements, (f) percentage of normoglycemia, (g) body weight, (h) IPGTT; 

Results of calculation of (i) area under the curve (AUC0–120min) and (j) slope30–60min of 

IPGTT curves (i.e. glucose clearance rate).

Significant differences:

(e) aP<0.05: islets only vs. islets seeded into cryogel alone bioscaffolds and islets seeded 

into cryogel-0.25wt.%CPO bioscaffolds; bP<0.05: islets seeded into cryogel alone 

bioscaffolds vs. islets seeded into cryogel-0.25wt.%CPO bioscaffolds; *P<0.05: baseline 

(day −2) vs. all other time-points (Two-way ANOVA post-hoc Tukey Test).

(f) aP<0.05: islets only vs islets seeded into cryogel alone bioscaffolds and islets seeded into 

cryogel-0.25wt.%CPO bioscaffolds, bP<0.05: islets seeded into cryogel alone bioscaffolds 

vs. islets seeded into cryogel-0.25wt.%CPO bioscaffolds, *P<0.05: post-transplant week 0 

vs. post-transplant week 1, 2, 3, and 4 (Two-way ANOVA post-hoc Tukey Test).

(g-j) aP<0.05: normal mice vs. diabetic mice, islets only, islets seeded into cryogel alone 

bioscaffolds, and islets seeded into cryogel-0.25wt.%CPO bioscaffolds; bP<0.05: diabetic 

mice vs. islets only, islets seeded into cryogel bioscaffolds, and islets seeded into 
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cryogel-0.25wt.%CPO bioscaffolds; cP<0.05: islets only vs. islets seeded into cryogel 

bioscaffolds, and islets seeded into cryogel-0.25wt.%CPO bioscaffolds; dP<0.05: islets 

seeded into cryogel bioscaffolds vs. islets seeded into cryogel-0.25wt.%CPO bioscaffolds;

(g) *P<0.05: post-transplant day 0 vs. post-transplant day 10, 20, and 30,

(h) *P<0.05: 0 min vs. 30, 60, 90 and 120 min (Two-way ANOVA post-hoc Tukey Test).
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Figure 5. Histological and molecular analyses:
(a) Representative histological (H&E staining) and immunohistochemical images (insulin, 

and TNF-α staining) of the EFP containing islets only or islets seeded into cryogel alone and 

cryogel-0.25wt.%CPO bioscaffolds; H&E images: Red arrows=islets; immunohistochemical 

images: Black arrows= bioscaffolds, Red stars=islets, Blue arrows=positive (brown) 

staining; (b-c) The level of insulin within the (b) blood serum and (c) EFP; (d) Cytokines 

expression profile within the EFP tissue.

Significant differences:
aP<0.05: islets only vs. islets seeded into cryogel bioscaffolds and islets seeded into 

cryogel-0.25wt.%CPO bioscaffolds; bP<0.05: islets seeded into cryogel bioscaffolds vs. and 

islets seeded into cryogel-0.25wt.%CPO bioscaffolds. (One-way ANOVA post-hoc Tukey 

Test).
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Figure 6. Assessment of HIF Expression;
(a) Western blot for HIF1β, HIF1α, HIF2α and β-actin. (b) Quantification of western blot.

Significant differences:
aP<0.05: islets seeded into cryogel bioscaffolds vs. and islets seeded into 

cryogel-0.25wt.%CPO bioscaffolds; bP<0.05: islets only vs. islets seeded into cryogel 

bioscaffolds and islets seeded into cryogel-0.25wt.%CPO bioscaffolds; *P<0.05: islets only, 

islets seeded into cryogel bioscaffolds and islets seeded into cryogel-0.25wt.%CPO 

bioscaffolds vs control (i.e. β-actin).
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Figure 7. Bioscaffold biodegradability and biocompatibility:
(a) The biodegradation profile of cryogel-0.25wt.%CPO bioscaffolds incubated in PBS for 3 

months; (b) Photographic, representative histological (H&E staining) of the EFP and 

subcutaneous tissue implanted with cryogel-0.25wt.%CPO bioscaffolds; Red 

arrow=bioscaffold; Black arrows=blood vessels (photographs); (c) Blood electrolyte, 

metabolic, chemistry, and liver panels from mice that had been implanted with 

cryogel-0.25wt.%CPO for 6 months. The normal range for each parameter is listed in a table 

in each of the four panels.
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