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Abstract

A major obstacle in the survival and efficacy of tissue engineered transplants is inadequate 

oxygenation, whereby unsupportive oxygen tensions result in significant cellular dysfunction and 

death within the implant. In a previous report, we developed an innovative oxygen generating 

biomaterial, termed OxySite, to provide supportive in situ oxygenation to cells and prevent 

hypoxia-induced damage. Herein, we explored the capacity of this biomaterial to mitigate hypoxic 

stress in both rat and nonhuman primate pancreatic islets by decreasing cell death, supporting 

metabolic activity, sustaining aerobic metabolism, preserving glucose responsiveness, and 

decreasing the generation of inflammatory cytokines. Further, the impact of supplemental 

oxygenation on in vivo cell function was explored by the transplantation of islets previously co-

cultured with OxySite into a diabetic rat model. Transplant outcomes revealed significant 

improvement in graft efficacy for OxySite-treated islets, when transplanted within an extrahepatic 

site. These results demonstrate the potency of the OxySite material to mitigate activation of 

detrimental hypoxia-induced pathways in islets during culture and highlights the importance of in 
situ oxygenation on resulting islet transplant outcomes.
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1. Introduction

Clinical islet transplantation provides an attractive approach to restore endogenous insulin 

control for Type 1 Diabetics [1, 2]. Poor islet engraftment following transplantation, 

however, significantly hampers long-term islet function; leading to the need for multiple 

transplants to achieve glycemic control [1, 3]. While numerous factors contribute to poor 

islet survival, hypoxia, both in culture and during engraftment, has been identified as a major 

contributor [4–7]. Hypoxic islets exhibit stabilization of hypoxia-inducible factor-1α 
(HIF-1α), which results in the activation of multiple deleterious responses, including the 

loss of glucose-stimulated-insulin-secretion, elevated apoptosis, activation of caspase 

cascades, release of inflammatory cytokines, and defragmentation of islet structure [8, 9]. 

This HIF-1α mediated cascade is activated from the start of islet procurement, as islets 

suffer from fluctuations in ambient oxygen tension during pancreas processing due to the 

stripping of their native vasculature. Cultured islet spheroids continue to experience 

unfavorable oxygen gradients, despite the practice of low cell density culture [10, 11]. These 

detrimental oxygen conditions are intensified following intrahepatic transplantation, as 

grafts become hypoxic due to inadequate site oxygenation [12, 13]. The significant delay in 

islet revascularization and the inadequate resulting vascular network results in continuation 

of these unfavorable oxygen gradients [14]. Thus, interventions focused on improving islet 

oxygenation during culture and in the early engraftment period could be highly beneficial.

We have previously reported the development of a biomaterial capable of in situ oxygen 

generation, herein termed OxySite [15]. The degree of oxygen supplementation provided by 

OxySite can be modulated via biomaterial design parameters (e.g. reactive product loading 

and geometry) to tailor oxygen tensions to the needs of the cultured islets. In this study, we 

sought to evaluate the impact of oxygen supplementation using OxySite on in vitro culture 

conditions that mimic the common transplant environment (e.g. physiologically relevant 

oxygen tensions and high loading densities). Of particular emphasis was elucidating the 

effects of OxySite on islet viability, glycolysis, inflammatory cytokines, and angiogenesis. 

Establishing the benefits of OxySite supplementation serves the dual purpose of 

demonstrating its appeal in improving current pancreatic islets culture systems in a cost 

effective manner, as well as revealing the potential of this material to improve islet 

engraftment and function in vivo.

2. Research Design and Methods

2.1 OxySite Fabrication

OxySite was fabricated as previously described, but with modifications to improve the 

consistency of CaO2 distribution and casting [15]. Briefly, 25% w/w CaO2 (Sigma Aldrich, 

purity > 70%) was added to PDMS (NUSIL 6215, clinical-grade, mixed 4:1 v/v with 

catalyst) and mixed/defoamed (Thinky Mixer). The mixture was poured into a cylindrical 

mold (100 mm; 1 mm thickness) and cured overnight (40 °C). Prior to use, 10 mm OxySite 

disks were punched out and sterilized with ethanol (30 min). Based on dimensional analysis, 

it was estimated that 111 mg of CaO2 was entrapped in each disk. The capacity of OxySite 

to impart changes in pH and/or H2O2 concentrations was tested by placing either a control 

PDMS or OxySite disk (n =3 per time point) in CMRL cultures (1 mL) in 24-well plates at 
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37 °C for 5 days. Culture media pH (sensor probe, Miller Toledo) was measured daily. 

Samples for hydrogen peroxide were collected, with fully refreshment of media, at 24 hr for 

day 1 and every 48 hrs thereafter until day 5. Hydrogen peroxide concentration was 

measured using a colorimetric assay (Assay Designs).

2.2 Islet Isolation and Culture

All animal procedures were performed under protocols approved by the University of Miami 

or University of Florida IACUC and in accordance with National Institutes of Health 

guidelines. Rat islet isolations were performed using male Lewis rats (Envigo), as described 

previously [16]. Nonhuman primate (NHP) islets, isolated from Cynomolgus monkeys, were 

donated from Dr. Norma Kenyon’s laboratory (Diabetes Research Institute, University of 

Miami) [17]. Rat and NHP islets were cultured as previously described prior to 

experimentation [16].

2.3 Multiphysics Modeling

COMSOL Multiphysics 5.2a was used to implement finite element analysis of oxygen 

gradients within 2-D islet cultures at different loading densities and oxygen tensions. Models 

employed followed methods published in Buchwald et al [18]. Briefly, the general diffusion 

equation with negligible convection was implemented to model oxygen diffusion.

(1)

The reaction rate term for oxygen consumption was modeled as a Michaelis-Menten 

reaction (2),

(2)

with CO2 representing the oxygen concentration within the islet subdomain and the constant 

term, CMM, corresponding to a critical oxygen level where cellular oxygen consumption 

decreases by 50% (e.g. CMM equal to 1e-3 mol/m3) [19]. A maximum oxygen consumption 

rate Rmax of 0.034 mol·s−1·m−3 (per islet volume) [18] was used. Moreover, a dirac step was 

incorporated to stop oxygen consumption in areas where oxygen levels fell below the critical 

oxygen tension, Ccr = 1e-4 mol/m3, as developed by Buchwald et al [18].

The model consisted of two subdomains: i) the suspension medium; and ii) the spherical 

islets. Islets of variable sizes were used, i.e. 100–150 and 200–250 μm in diameter, with the 

distribution based on data collected for islet isolations used in these experiments. The total 

surface area of islets was 150 IEQ/cm2 for standard islet density cultures and 1330 IEQ/cm2 

for high islet density loadings. The oxygen diffusion coefficient was assumed to be 3×10−9 

m2/s in both domains [18]. An initial (t = 0) oxygen concentration of 0.2 mM (representing 

standard incubator oxygen tension) was assumed for the two subdomains. A boundary 

condition at the top of subdomain i was implemented to model the external oxygen 
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concentration of the culture system, with 0.01 mM for low oxygen and 0.2 mM for standard 

oxygen. Insulation and no flux was assumed for the walls of the insert. Finally, an inward 

flux boundary condition was implemented at the bottom of subdomain i to represent the 

oxygen release rate from OxySite. This flux boundary was calculated from average release 

kinetics of OxySite disks performed using sealed noninvasive oxygen release chambers over 

3 days (Instech Laboratories, PA) [15]. After completion of modeling, to summarize the 

impact, the area (%) of the islet domain that experienced oxygen tensions that would result 

in either nonviable (CCR-VIABILITY = 1×10−4 mM) or nonfunctional (classified as oxygen 

tensions whereby expected insulin secretion was significantly impacted, e.g. CCR-INSULIN = 

5.1×10−4 mM) islets was calculated [20]. Of note, models were generated using boundary 

conditions of theoretical oxygen tensions in standard incubators for the standard oxygen 

control; however, experimental oxygen tensions at the periphery of the culture dish were 

significantly lower, resulting in increased impact on islet viability and function.

2.4 Oxygen Studies with Pancreatic Islets

Based on mathematical modeling data, 1500 IEQ were seeded within Millicell inserts in 24-

well plates (1330 IEQ/cm2) and supplemented with CMRL (700 μL). Islets were incubated 

at either 0.2 mM (20%) O2 (0.2 mM Control) or 0.01 mM (1%) O2 (0.01 mM Control) or at 

0.01 mM O2 with an OxySite disk (OxySite). Low oxygen cultures were steadily maintained 

using a Hypoxia Chamber (Biospherix). Controls groups received a blank PDMS disk. An 

additional control of islets cultured at 150 IEQ/cm2 density and 0.2 mM oxygen (Free 
Islets) were included in selected assessments for reference. Groups were incubated for up to 

24 h, depending on the study. The culture media oxygen tensions were validated using 

oxygen sensors (Presense) suspended in the culture media of cell-free wells and incubated 

under the defined conditions of 0.2 or 0.01 mM oxygen with or without an OxySite disk. 

Readings were recorded from 3 independent wells for up to 24 h.

2.5 In Vitro Cellular Assessments

Metabolic activity was assessed via MTT (Promega), as published [15]. Briefly, samples 

were incubated in fresh CMRL (250 μL) with MTT (28 μL) for 1 h. Stop solution (185 μL) 

was then added and incubated for 48 h. Absorption was measured at 570 nm using a 

microplate reader (Molecular Devices).

Islet function was assessed via a dynamic glucose-stimulated-insulin-release (GSIR) using a 

perifusion machine (Biorep), as described [21]. Islets (75 handpicked) were stimulated 

according to the following series: 10 min low glucose (3 mM), 20 min high glucose (11 

mM), 15 min low glucose, 5 min KCL (25 mM), and 15 min low glucose. Insulin 

concentration was measured using an insulin ELISA (Mercodia). Lactate dehydrogenase 

(LDH) release was quantified as published [15]. Briefly, 100 μL of supernatant was mixed 

with 100 μL of working reagent (Cytotoxicity Detection Kit, Roche) and incubated for 30 

min at RT. Stop solution (50 μL of 1 N HCl) was added and absorbance was measured at 

492 nm.

Gene expression profiling was performed using PCR arrays. Total RNA was extracted and 

reverse transcribed using RNase Easy and RT2 First Strand Kits (Qiagen), following 
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manufacturer’s instructions. PCR arrays (RT2 profiler PCR arrays Hypoxia Signaling and 

Inflammatory Cytokines & Receptors, Qiagen) were assessed using a QuantiStudio 6 flex 

(Life Technologies). For qRT-PCR, total isolated RNA (mirVana miRNA Isolation kit, 

Ambion) was reverse transcribed using High Capacity cDNA Reverse Transcription Kit 

(Invitrogen). Relative gene expression (see Table S1 for primers) was quantified using 

Taqman assays in a StepOne plus cycler (Applied Biosystems), normalized against β-actin 

for rodents and 18 S for NHP. For both gene analysis relative expression was calculated by 

the ΔΔCt method and data represented as fold change from 0.2 mM controls.

Secreted inflammatory cytokines and chemokines (MIP1a, MCP1, IL8, VEGFa, and IL-6) in 

the culture media were evaluated via Milliplex multiplex kits (EMD Millipore) using a 

Luminex xMAP following manufacturer’s instructions.

Live/Dead samples were visualized using the Viability/Cytotoxicity Kit (Invitrogen) and a 

Leica SP5 inverted confocal microscope, as described previously [15]. After incubation, 

samples were imaged for live cells (green) and dead cells (red). Z stacks (1 μm thickness; 10 

slices per image; 1024×1024; 20× objective) were merged into a 3D projection using LAS 

lite Leica Software.

Immunohistochemical analysis of hypoxic dyes in culture islets was performed 24 h post 

hypoxic exposure for 0.01 mM Control and OxySite samples. Pimonidazole solution (20 μl 

at 1mg/mL; Hypoxyprobe) was added to the media, in the insert, and samples were placed 

back in the hypoxic chamber for an additional 2 h. After incubation, samples were removed, 

fixed in 10% formalin and stained in suspension for insulin (Dako A0564, 1:100), and 

glucagon (Abcam ab10988, 1:50). Histological images were collected using a Zeiss LSM 

510 confocal microscope. Islet oxygen consumption rate (OCR) was measured using custom 

4-chamber oxygen sensing chambers (Instech), similar to previous report [22]. In short, 250 

IEQ were resuspended in 1 mL of pre-warmed CMRL, loaded into the chamber, and sealed. 

Recorded OCR was normalized to DNA concentration per sample (Quant-iT PicoGreen 

dsDNA kit, Invitrogen). Islet respirometry assessments were performed as described 

previously [23]. Briefly, islets were transferred to XF media (3 mM glucose, 1% FBS 

without HEPES; Seahorse Bioscience), loaded into a XF24 plate (70 islets/well; n = 3/

group), and incubated for 1 h at 0% CO2, 37 °C before placing in respirometry machine 

(Seahorse Bioscience). OCR was measured at basal (3 mM) and high (11 mM) glucose 

levels and normalized to DNA concentration per sample. The shift in OCR from basal to 

high glucose (ΔOCRglc) was calculated. Data is expressed as mean ± SEM.

2.6 Islet Transplant and Graft Assessment

Lewis female rats recipients received 2 intraperitoneal injections of 60 mg/kg streptozotocin 

and were only used as recipients after 3 consecutive readings of non-fasting blood glucose 

levels > 350 mg/dL. Islets (1800 IEQ) were cultured for 24 h prior to transplant at 0.2 mM 
Control or 0.01 mM OxySite. Islets were collected from culture dishes using a Hamilton 

syringe and transplanted into the omentum following methods previously described [16]. 

Briefly, islets were gently loaded on top of the spread rat omentum and fibrin hydrogel (7.5 

μL fibrinogen solution; 8 mg/mL; added to 7.5 μL of thrombin solution; thrombin (2 U/mL), 

aprotinin (85 mg/mL), 5 mM CaCl2, 150 mM NaCl, and 20 mM HEPES) was added on top 
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of the islets to keep them in place. Excess omentum was then folded over the islet/fibrin 

graft and the edges were sealed using the same fibrin gel to generate an omental pouch (OP).

Normoglycemia was defined as stable nonfasting glycemic levels < 200 mg/dL for at least 

three consecutive blood glucose (BG) readings [16]. For metabolic assessment of grafts, an 

intravenous glucose tolerance test (IVGTT) was performed at 30 d post-transplant on 

selected animals, as previously described [16]. Briefly, after overnight fasting, rats received 

a glucose bolus (IV; 2 ul 50% dextrose / g BW) and BG levels were monitored until reading 

< 200 mg/dL or after 100 mins. The area under the curve (AUC) of glucose was then 

calculated [16]. To ensure observed normoglycemia was due to the islet graft and not 

residual native pancreas function, the islet-loaded omentum was removed in a survival 

surgery and the animal BG was monitored for a minimum of 3 d.

Explanted grafts were fixed in 10% formalin and embedded in paraffin blocks for 

immunohistochemical analysis. Slides were stained for insulin (Dako A0564, 1:100), SMA 

(Abcam ab5694, 1:50), glucagon (Abcam ab10988, 1:50), and DAPI (Invitrogen D1306, 

1:500), as described elsewhere [16]. Histological images were collected using a Zeiss LSM 

510 confocal microscope.

2.7 Statistical Analysis

Comparisons between groups were made using the same islet preparation with n ≥ 3 for each 

measurement. Unless indicated, values are mean ± SD. A minimum of 3 independent islet 

isolations were performed to confirm trends, with the exception of gene microarrays, OCR, 

and respiratory measurements, which was collected from 1 islet isolation. Statistical analysis 

was performed using the Student’s t test or two-way ANOVA. Post-hoc analysis for multiple 

comparisons was done using a Bonferroni-Holm test. Statistical significance was considered 

at P < 0.05.

3. Results

3.1 OxySite Dampens Activation of Hypoxia Inducible Factors and Preserves Islet Viability

To evaluate the impact of OxySite on alleviating hypoxia-induced islet death and 

dysfunction, a time-course in vitro study was performed, where islets were co-cultured with 

either PDMS control disks or OxySite disks (10 mm diameter; Figure 1B), as schematically 

represented in Figure 1A. To first characterize oxygen kinetics with or without OxySite, 

oxygen trace measurements were collected from acellular cultures containing a PDMS 

control or OxySite disk and incubated under standard oxygen (0.2 mM) or low oxygen (0.01 

mM) conditions for 24 h. As shown in Figure 1C, oxygen measurements validated deprived 

oxygen conditions in the 0.01 mM Control group (0.01 ± 8.3e-4 mM). Oxygen readings of 

media incubated under 0.2 mM Control conditions averaged 0.15 ± 3e-3 mM; slightly lower 

than the set ambient gas level but consistent with published reports [24]. The 

supplementation of 0.01 mM oxygen cultures with an OxySite disk (OxySite group) resulted 

in oxygen levels as high as 0.3 ± 0.02 mM during the 24 h culture time.

To accurately capture the oxygen gradients experienced by the islets under the various 

culture conditions, 2-D multiphysics modeling was employed. In this approach, the external 
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oxygen tension set by the incubator, the oxygen generated by the OxySite material, and the 

oxygen consumed by the metabolically active islets was incorporated into the model. As 

oxygen diffusional limitations worsen in proportion to islet volume, a range of islet sizes, 

matched to our average rat islet isolation distribution, was included to generate a more 

predictive model [18]. Further, the external oxygen tension (incubator oxygen) and islet 

culture density (IEQ/cm2 culture area) was manipulated to mimic conditions more relevant 

to the transplant setting [25]. As shown in Figure 2, computational models of standard (150 

IEQ/cm2) and high (1,330 IEQ/cm2) islet loading densities under standard (0.2 mM) oxygen 

conditions predicted no detrimental oxygen gradients, with oxygen values for high density 

controls ranging from 6×10−3 to 0.15 mM (Figure 2 A–B). Contrariwise, the combination of 

high islet loading density and low oxygen conditions resulted in hypoxia for 46% of the islet 

mass, as defined by oxygen tensions levels below that which is supportive of islet viability 

(i.e. 1×10−4 mM) after only 8 h of culture (Figure 2C; hypoxic areas represented in black). 

This was more notable for the larger diameter islets (250 μm), as illustrated by the variation 

of oxygen gradient along the islet clusters. Conversely, the introduction of OxySite to this 

culture system resulted in supportive oxygen tensions with an oxygen gradient ranging from 

0.8×10−4 to 0.13 mM; resulting in the prediction of no hypoxic regions (Figure 2 D–E). The 

comparison of oxygen tensions for the OxySite group to the 0.2 mM Control group (Figure 

2 B–D) found similar oxygen ranges, albeit islets in the OxySite treated group were 

predicted to experience marginally lower oxygen tensions than standard oxygen controls. As 

islets can remain viable but lose their responsiveness to glucose within interim oxygen 

tensions (i.e. less than 5.1×10−4 mM), the potential of this interim oxygen tension to impact 

insulin secretion was characterized. As shown in (Figure 2E), models predict impaired 

insulin secretion for 100 % of the islets cultured under 0.01 mM after 24 h, whereby 54% of 

OxySite-treated low oxygen culture islets should exhibit this deficiency.

Based on these computational predictions, pancreatic islets were cultured for up to 24 h at a 

loading density of 1,330 IEQ/cm2 under standard incubator (0.2 mM Control) or low (0.01 
mM Control) oxygen culture conditions. To provide oxygen supplementation, a single 

OxySite disk was added to the low oxygen cultures (OxySite). Rat pancreatic islets were the 

primary type studied; however, nonhuman primate islets were screened to validate 

observations in a species more closely resembling human islets [26]. Of note, concurrent 

characterization of potential cytotoxic byproducts of the calcium peroxide reaction, e.g. 

hydrogen peroxide and hydroxyl radical (OH−), found no significant changes in pH (Figure 

S1A) and only a modest elevation in H2O2 that was well below reported cytotoxic levels 

(Figure S1B) [27, 28]. As such, supplementation of OxySite cultures with scavenging 

agents, such as catalase, was not needed.

Initial immunohistochemical analysis of whole islets following exposure to the defined 

culture conditions validated our theoretical model predictions, whereby the low oxygen 

culture group (0.01 mM Control) depicted increased accumulation of hypoxia sensitive 

dyes, while hypoxyprobe staining within standard oxygen cultures (0.2 mM Controls) and 

low oxygen plus OxySite (OxySite) cultures was minimal (Figure 3). Further 

characterization via gene expression profiling indicated hypoxic pathway activation for low 

oxygen cultures (0.01 mM Control; Figure 4A), with strong upregulation of HIF-1α and its 
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downstream regulators (Arnt, Per1, Hnf4a and Cops5) after both acute (8 h) and chronic (24 

h) exposure. The second-phase HIF gene, HIF-3α, and its downstream targets (Nrdg1 and 

Ruvbl2) were also prominently upregulated. OxySite treated cultures still exhibited 

upregulation of markers associated with HIF-1α stabilization; however, second phase HIF 

genes were not impacted and were, in fact, downregulated when compared to the 0.2 mM 
Control group. A major consequence of accumulation of HIFs is the activation of 

deleterious apoptotic pathways [8]. OxySite treated cultures displayed a switching in gene 

expression from pro-apoptotic (e.g. Bnip3, Bnip3l, Ddit4, eNos, and Adm) to anti-apoptotic 

(Ler3 and Pim1), when compared to both 0.01 and 0.2 mM Control groups (Figure 4A).

The observed activation of HIF-1α and its downstream apoptotic gene pathways in the 0.01 
mM Control group resulted in the significant decrease in overall islet metabolic activity 

(29.8 and 59.6% decrease for 8 and 24 h, respectively) (Figure 4B). This was in stark 

contrast to OxySite treated islets, which were higher than even the 0.2 mM Controls. 

Observations were validated using Live/Dead imaging (Figure 4C), where evidence of rat 

islet fragmentation and increased cell death in low oxygen cultures emerged after only 8 h. 

Conversely, robust, intact, and viable islets were found for the OxySite group at all time 

points.

Similar trends in preservation of islet viability using OxySite were also observed for NHP 

islets (Figure S2). Activation of apoptotic pathways was quantified via expression of BCL-2 

family pro-apoptotic markers. Intriguingly, Bax was significantly upregulated in the OxySite 
group at 8 h, compared to both controls, but reversed at 24 h.

3.2 OxySite Reduces the Activation of Anaerobic Glycolysis and its Downstream Effects

It has been well-documented that hypoxic stabilization of HIF-1α results in the transcription 

of glucose transporters (Glut1 and Glut2) and glycolytic enzymes, such as Pgk1 [29]. Gene 

expression profiling of 0.01 mM Control islets demonstrated an expected upregulation of all 

enzymes involved in the breakdown of glucose and for glucose transporters (Figure 5A). 

This enhanced expression, together with the accumulation of downstream by-products of 

glycolysis such as Ldh and Pdk1, suggests a prominent shift to anaerobic glycolysis [29]. 

Supplementation with OxySite reversed this phenotype, indicating retention of electron 

transport respiration for this group. Trends were validated using qPCR (Figure 5B–D), with 

significant downregulation of Glut1, Pgk1, and Ldh observed for the OxySite group, even 

when compared to 0.2 mM Control. LDH protein secretion analysis validated qPCR trends.

Evaluation of pancreatic islet intracellular ATP concentrations and oxygen respiration served 

to confirm the degree of hypoxia in the tested groups (Figure S3). Low oxygen cultured 

islets exhibited a reduction in both ATP production and oxygen consumption rate (OCR), 

while the addition of OxySite not only restored but increased ATP and OCR levels above the 

0.2 mM Control (Figure S3 A–B). Delineation of the influence of hypoxia on beta cells via 

glucose challenge indicated an even more pronounced impact of in situ oxygenation (Figure 

S3 C–D), whereby OxySite islets exhibited over a 3.5-fold increase in ΔOCRglc when 

compared to even the 0.2 mM Control.
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A critical impact of hypoxia on pancreatic islets is the loss of insulin transcription and 

responsiveness to glucose stimulation due to mitochondrial dysfunction [8]. For this 

purpose, a dynamic glucose-stimulated-insulin-release test was conducted (Figure 6A–B). 

Islets cultured under low oxygen for 8 h demonstrated a limited response to high glucose 

stimulation, with a single, late, and unsustained peak near the end of the stimulation period; 

however, intracellular insulin content, as observed by islet depolarization via KCl 

stimulation, appeared substantial (Figure 6D). By 24 h, low oxygen cultured islets exhibited 

a complete loss of glucose responsiveness and minimal insulin content, with impaired KCl-

stimulated insulin release. Alternatively, OxySite treated islets retained glucose 

responsiveness after 8 h of culture, with prompt, biphasic stimulation during high glucose 

challenge and significantly robust insulin release following depolarization (P = 0.010 vs 0.01 
mM Control). While the first phase peak for the OxySite group was dampened after 24 h, 

this did not impact overall responsiveness, as the AUC was statistically comparable to 8 h (P 

= 0.11; Figure 6C). Total insulin content was impacted at 24 h (P = 0.033), but was 

significantly higher than low oxygen controls (P = 0.0001).

A similar influence of low oxygen tension and the presence of OxySite on glucose 

processing was observed for NHP islets, with decreased activation of Glut1, Pgk1, and Ldh 
genes and LDH protein release for NHP OxySite treated islets (Figure S4).

3.3 OxySite Diminishes Hypoxia Induced Inflammatory Markers in Pancreatic Islets

Hypoxic stress is tightly coupled to elevated activation of inflammatory pathways via 

HIF-1α activated NF-κb signaling [30]. Likewise, islet metabolic stress can result in a 60–

80% increase in the generation of potent islet-derived pro-inflammatory cytokines [31]. 

Investigation of the impact of OxySite on hypoxia-induced expression and secretion of 

inflammatory markers found decreased activation of several inflammatory factors associated 

with low oxygen culture, including Ifng, Il17a, Cxcl2, Ccr2, and Cxcr2 (Figure 7A), after 8 

h. This suppression became more pronounced after 24 h, with 8 of the 15 genes studied 

downregulated, even when compared to the 0.2 mM Control.

A more in-depth qPCR analysis of the inflammatory effector iNos found all groups 

exhibited comparable upregulation at 8 h, but significant downregulation for the OxySite 
group at 24 h, when compared to both controls. Interestingly, iNos expression was also 

downregulated in the 0.01 mM Control group, when compared 0.2 mM Control (Figure 

7B). Further, PCR quantification of Ccl2 revealed trends similar to microarray data, with 

expression highest for islets cultured with OxySite at 8 h; however, after 24 h, the OxySite 
group was comparable to 0.2 mM Control, while low oxygen controls were elevated (Figure 

7C).

Moreover, the secretion of inflammatory factors, IL6, IL-8, CCL2, and MIP-1α was 

measured via multiplexing. A significant elevation in MIP-1α was observed after 24 h 

culture in low oxygen, when compared to those supplemented with OxySite or standard 

oxygen cultures (Figure 7D). Conversely, the OxySite group exhibited a significant elevation 

in CCL2 release, compared to both 0.01 and 0.2 mM Control groups, at both time points 

(Figure 7E). No change in IL-6 or Il-8 release was observed between groups (Figure 7F–G).
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Characterization of inflammatory pathways of NHP islets validated aforementioned 

observations (Figure S5), whereby elevated secretion of CCL2 was observed for OxySite 
treated islets at 8 h, with reversal of this trend after 24 h. Moreover, elevated IL-8 and IL-6 

release for 0.01 mM Control NHP islets was detected after 24 h, when compared to both 

OxySite and 0.2 mM Control.

3.4 Co-culture of Islets with OxySite Does Not Hamper Islet Angiogenic Potential

Of particular interest in the development of strategies to alleviate HIF-1α downstream 

pathways is its potential impact on neovascularization. A screening of pro-angiogenic genes 

(Figure 8A) demonstrated upregulation of major HIF-induced pro-angiogenic factors (Vegfa, 
Pgf, Angptl4, and anxa2), as well as some of their respective downstream regulators (Lox, 
Hmox1, Jmjd6, Serpine1, and Mmp9), after 8 h of low oxygen exposure. This trend was 

sustained and even elevated for selected factors after 24 h. The addition of OxySite led to 

downregulation of most of these genes. The quantification of Vegfa mRNA expression and 

subsequent VEGF protein secretion (Figure 8B–C), however, revealed contrary trends. 

While significant downregulation of Vegfa was quantified for both the 0.01 mM Control and 

OxySite group after 8 h, this trend was not fully translated to protein release, as VEGFa 

levels were significantly higher for the OxySite group than both 0.01 and 0.2 mM Control 
groups at both time points. As protein studies examine cumulative release, it is reasonable to 

suspect that early upregulation of Vegfa in the OxySite group (e.g. < 8 h) could lead to these 

results. Further, qPCR analysis of Vegfa gene activation in the 0.01 mM Control group 

measured downregulation for all time points studied, when compared to 0.2 mM Control. 
This result was inconsistent with microarray data; however, the robust nature of the qPCR 

analysis (3 vs 1 isolation) favors these conclusions.

Validation of results for NHP islets lead to similar conclusions, although gene expression 

data indicate greater sensitivity to culture conditions (Figure S6). Specifically, Vegfa was 

upregulated for both 0.01 and 0.2 mM control cultures at both 8 and 24 h time points, while 

OxySite treated islets exhibited significant downregulation (P < 0.0001 at both time points). 

As with rat islets, gene expression profiles did not mirror cumulative protein release, as 

VEGFa protein media levels were inverted, with the highest VEGFa concentration observed 

for the OxySite group. Nevertheless, results indicate that treatment of hypoxic islets with 

OxySite did not impair VEGFa release.

3.5 Co-culture of Islets with OxySite Results in Enhanced Functional Outcomes

The impact of oxygen culture conditions on islet graft efficacy was tested using a syngeneic 

diabetic rat model. Examination of in vitro results for low oxygen culture groups (e.g. 0.01 
mM Control and 0.01 mM OxySite) indicated that the 0.01 mM Control group would not be 

suitable for testing in vivo, as these islets were nonfunctional (e.g. nonresponsive to a 

glucose challenge). As such, to provide a more rigorous comparison, the 0.01 mM OxySite 
group was directly compared to the 0.2 mM Control group. Islets were cultured under either 

of these defined conditions for 24 h prior to transplantation into the extrahepatic omental 

pouch (OP) site, using methods previously published and similar to on-going clinical trials 

(P.I. Rodolfo Alejandro, clinicaltrials.gov: NCT02213003) [16, 32].
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Within the first 10 days post-transplantation, stabilization to euglycemia was observed in 

63% (5 out of 8) of the diabetic recipients of OxySite treated islets (Figure 9A), with these 

grafts remaining stable until elective OP removal 40 days post-transplant. Following graft 

removal of these functional implants, restoration to hyperglycemia was observed in these 

animals, verifying that diabetes reversal was due to the transplanted islets. The remaining 3 

OxySite treated recipients exhibited blood glucose levels that fluctuated between 100 and 

300 mg/dL. This was in stark contrast to recipients of 0.2 mM Control islets, whereby 0% (0 

out the 8) reverted to normoglycemia and all exhibited blood glucose levels exceeding 250 

mg/dL.

To further assess engraftment potency, an IVGTT was performed on recipients of OxySite 
treated islets (n = 5) or control islets (n = 3), with a nondiabetic animal used for metabolic 

reference. Animals transplanted with OxySite treated islets cleared glucose in a manner 

similar to naïve animals (AUC = 8677 ± 505 vs AUC= 7505) (Figure 9B). As expected, 

nonstable recipients of control islets failed to clear glucose in an effective manner (AUC = 

25496 ± 7584, P = 0.019 vs OxySite).

Immunohistochemical analysis for insulin, glucagon, and SMA on explanted grafts for 

OxySite treated islets revealed preserved cytoarchitecture with insulin-positive beta cells, 

surrounded by glucagon-positive alpha cells and intra-islet SMA staining, indicating intra-

vascularized islets within the omentum tissue (Figure 9C). In contrast, control grafts 

exhibited smaller and/or fragmented islets that lacked the architecture and organization of 

the treated group, although insulin and glucagon positive cells and SMA-positive tubules 

were observed.

4. Discussion

Inadequate oxygenation during in vitro culture and after in vivo intraportal transplantation 

has been recognized as a major factor contributing to decreased islet survival during culture 

and significant graft loss following implantation [33–35]. During the pre-transplant culture 

period, islets are exposed to detrimental oxygen gradients that can result in significant 

declines in viability and function [36]. To fully alleviate these gradients using standard 

culture dishes would require the application of impractical culture methods [36, 37]. While 

advancements have been made in modifying culture flasks to enhance oxygen permeability 

[37], the implementation of in situ oxygen generators has the potential to heighten the 

viability of islet tissue and provide a more practical and cost effective method for improving 

in vitro culture, as oxygen supplementation could be tailored to the cellular demand of the 

tissue. As it relates to transplant outcomes, these materials could be conveniently translated 

in vivo; providing local and controlled augmented oxygen.

Oxygen deprivation is regulated by hypoxia inducible factors (HIFs), which are tightly 

controlled proteins that depend on oxygen gradients for their translocation and stabilization 

[38, 39]. Herein, we set to investigate the effects of our oxygen generating material in the 

activation of HIF controlled pathways in vitro. Both low oxygen and OxySite treated islets 

demonstrated gene activation of HIF-1α and its dimer ARNT (also known as HIF-1β). 

Activation of HIF-1α in the OxySite-treated cultures may read contradictory; however, 
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HIF-1 α upregulation under normoxia (i.e. not due to oxygen insufficiency) has been 

observed in the presence of reactive oxygen species, such as H2O2, as they are implicated in 

the signaling process [40]. Further, recent publications hint at a role of HIF-1 complex in β-

cell metabolism and insulin responsiveness [6, 38, 39]. Thus, the modest activation of HIF-1 

α in OxySite cultures, either by the mild accumulation of H2O2 or by enhanced oxygen 

consumption, could potentially improve insulin secretion without imparting negative effects. 

This is further supported by the observed downregulation of HIF-3α and its target pro-

apoptotic pathways in OxySite cultures, compared to both low oxygen and standard oxygen 

controls. These results, together with the subsequent preservation of metabolic activity and 

viability, indicate that OxySite can significantly mitigate key markers associated with 

hypoxia-induced islet loss, while not hindering β-cell homeostasis.

Reprogramming of cellular metabolism is a critical adaptive response to oxygen and nutrient 

deprivation in models of ischemic insults in diabetic patients [41]. HIF-1α plays a prominent 

role in glucose catabolism and cellular oxidative responses in hypoxic settings by promoting 

the expression of glucose transporters, glycolytic enzymes, and lactate dehydrogenase [42, 

43]. Glycolytic and enzymatic markers that direct a shift toward anaerobic glycolysis were 

identified in islets cultured at low oxygen conditions. This shift also lead to dampened 

cellular respiration. Supplementation with OxySite, however, demonstrated the ability of our 

oxygen generator to support aerobic respiration and preserve OCR, even under chronic low 

oxygen conditions (24 h). Preventing anaerobic glycolysis and preserving islet and beta cell 

respiration likely contribute to the observed improved graft outcomes for OxySite treated 

islets, as anaerobic pathways negatively impact β-cell function and insulin transcription, 

while dampened OCR correlates to poor transplant efficacy [44].

Comparing our experimental results to our theoretical predictions indicates that our 

multiphysics model undervalued the influence of OxySite on islet function and viability, 

whereby OxySite treated islets cultured under low oxygen tensions exhibited minimal 

activation of hypoxia-induced pathways. This difference might be explained by an 

underestimation of the OxySite’s oxygen kinetics, which was measured using acellular 

cultures. Given that islets will generate a continuous oxygen sink, the kinetics of the OxySite 

reaction may be elevated as the end product, oxygen, is consumed.

Early graft loss has also been linked to non-specific inflammation around the graft, which is 

unrelated to specific host immune responses [45]. Previous studies have shown that 

concomitant activation of HIF-1α and NFκB regulates activation of pro-inflammatory genes 

under hypoxia [46]. Microarray data found OxySite to suppress hypoxia-induced activation 

of several potent inflammatory regulators and effectors, notably Infg, Il-17, and Il-6, which 

play prominent roles in the activation of beta cell’s “extrinsic” apoptotic pathway [47, 48]. 

As such, downregulation of these factors can lead to a significant positive impact on islet 

heath and clinical efficacy. OxySite also promoted the downregulation of iNos; a potent 

player in the generation of oxidative stress and cytokine induced β-cell death [49]. Of 

interest, iNos was not upregulated in the low oxygen control group after 24 h of culture; 

however, activation of iNos under strict hypoxia has been reported to be minimal and require 

complimentary cytokines, such as Il-1b, to elevate expression [50]. Finally, upregulation of 

both gene and protein expression of CCL2 was noted in our OxySite co-culture system. 
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While CCL2 expression in vivo has been associated with elevation of damaging cellular 

infiltrates [51], recent evidence suggests a protective role via promotion of tolerogenic 

dendritic cell migration to the graft [52]. Moreover, CCL2 has been correlated with 

enhanced glucose responsiveness and the regeneration of the peri-islet capsule post-isolation 

[53]. Thus, the role of CCL2 under our oxygenated cultures is an interesting aspect that 

requires further investigation.

The role of HIF-1α in the vascular response has been well documented in the literature, in 

particular its effect on angiogenic genes such as VEGF [54]. Thus, limiting the ability of 

HIF-1α to activate these pathways via oxygen supplementation might appear 

counterproductive. In this study, however, severe hypoxia was not found to induce VEGF 

protein release from islets. While seemingly contrary to other published reports [55], the 

degree of hypoxia-induced damage observed in low oxygen controls in this study suggests 

that, in the face of severe oxygen deprivation, there is a shift towards conservation that 

hinder the stable translation of pro-angiogenic agents. This trend is supported by literature 

demonstrating a general suppression of mRNA transcription, including VEGF [56, 57], and 

a reduction of the angiogenic capacity of isolated islets [58], after chronic hypoxia. Thus, the 

incorporation of OxySite to prevent islet hypoxia should not impair the efficiency or 

competency of the resulting vascular network.

Condensed in vitro assessments conducted using NHP islets demonstrated trends 

comparable to that observed for rat islets, with preservation of islet architecture, viability, 

mitochondrial glucose oxidation, and angiogenic potential for the OxySite treated group. 

Interestingly, Bax levels were initially upregulated for OxySite and standard oxygen control 

groups (8 h), although this was not sustained. While BCL-2 proteins are typically associated 

with pro-apoptotic regulation, recent evidence suggests that they may play dual roles in 

balancing stimulation of apoptosis with islet metabolism and insulin secretion coupling [59]. 

As such, the activation of Bax in our oxygenated cultures could be associated with the 

observed elevated metabolic activity. With respect to cytokine activation, NHPs 

demonstrated elevated sensitivity to hypoxia, with a significant increase in the release of 

pro-inflammatory cytokines Il-6 and Il-8 in low oxygen controls. The capacity of OxySite to 

inhibit the expression of these cytokines, which contribute to delayed glucose 

responsiveness, induce direct β-cell toxicity, and lead to the recruitment and activation of 

host immune cells [60], should result in beneficial effects on islet engraftment and long-term 

acceptance.

The favorable islet health profile promoted by the culture of islets with OxySite resulted in a 

significant impact in overall graft efficacy, whereby OxySite treated islets cultured under 

hypoxic conditions outperformed islets cultured under standard oxygen tensions. Further, the 

strong intra-islet vascularization observed for OxySite treated islets corroborates that healthy 

islets result in strong graft engraftment. Altogether, these results highlight the importance of 

oxygen in the preservation of islets in culture, particularly when islet yields are 

unpredictable and have a strong correlation to overall clinical efficacy [61, 62].

With evidence that generating favorable oxygen gradients in vitro elevates islet health, future 

efforts are focused on increasing the poor oxygenation of islet grafts in vivo [12]. While the 
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graft microenvironment has been improved via better transplant sites and enhanced 

revascularization [63], few approaches are focused on providing in situ oxygenation. Recent 

promising publications highlight the potential of oxygen supplementation for improved graft 

viability [64, 65]; however, these approaches, which utilize a refillable oxygen tank system, 

require cumbersome external ports and high patient compliance to provide indefinite oxygen 

supplementation. In this approach, OxySite can provide ease of incorporation with no 

patient interface. Further, due to the low adherence of the PDMS material, OxySite could 

easily be removed and replaced to provide long-term oxygen delivery [66]. As an alternative 

approach, combining short-term oxygen supplementation with macroporous scaffolds can 

offer a supportive microenvironment to bridge the transplant from an avascular implant to a 

competent vascularized graft [16, 67–70]. This approach could protect islets during their 

most vulnerable period, thereby providing the necessary boost to improve not only early, but 

late stage, efficacy.

5. Conclusion

The work presented herein demonstrates the capacity of OxySite to provide a cost effective, 

spatially favorable, in situ oxygenator to support pancreatic islet culture. The addition of 

OxySite to high cell density and physiologically relevant oxygen cultured resulted in the 

mitigation of metabolic burnout, apoptotic activation, and the release of pro-inflammatory 

cytokines, while preserving islet health, as validated by conserved insulin release profiles 

and oxygen consumption rates. Further, the inclusion of OxySite had no deleterious effect on 

the angiogenic potential of these cells. Finally, the capacity of in situ oxygenation, through 

OxySite, of pancreatic islet cultures to enhance the engraftment and subsequent functional 

outcomes of islet grafts in vivo was established. With these established benefits, this material 

has great potential to improve the survival of numerous cultured tissues prior to transplant. 

The incorporation of temporary in situ oxygenation into biomaterial scaffolds, engineered 

for housing islets within extrahepatic sites, is the focus of future studies [16].
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Figure 1. Summary of experimental design and conditions
A) Schematic representation of in vitro cultures implemented for experimental assessments, 

with islets placed within transwells and contro-PDMS or OxySite disks placed underneath. 

B) Photograph of OxySite disk, with US penny as scale reference. C) Oxygen trace 

measurements recorded in vitro in cell-free conditions for standard 0.2 mM culture (black 

line); low 0.01 mM oxygen (blue line); and low oxygen (0.01 mM) plus Oxysite (red line) 

conditions.
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Figure 2. Representative FEM simulation models illustrating effects of loading densities and 
external oxygen tensions on oxygen availability to pancreatic islets after 8 h of culture
Culture conditions varied from A) standard oxygen and loading density (Free Islets); B) 

standard oxygen and high loading density with a PDMS blank control (0.2 mM Oxygen 
Control); C) low oxygen and high density with a PDMS blank control (0.01 mM Oxygen 
Control); or D) low oxygen and high density with an OxySite disk (0.01 mM OxySite). 

Hypoxic areas were defined as zones with an oxygen concentration below 1×10−4 mol/m3 

and labeled black. Scale = mM oxygen E) Summary of predicated oxygen impacts on 

cultured islets. % area of total islet area (cross-section) where the oxygen tension was below 

necrotic (CCR-VIABILITY) or non-functional (CCR-INSULIN) levels, as predicted from 

multiphysics modeling.
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Figure 3. OxySite mitigates accumulation of oxygen-sensitive dyes within rat islets cultured 
under low oxygen tension
Confocal microscopy whole-mount images of rat islets after 24 h culture under low oxygen 

(0.01 mM) without (A–D), with OxySite (E–H) or under standard oxygen (0.2 mM, I–L). 

Islets were stained with oxygen sensitive hypoxyprobe (green, A, E & I), insulin (yellow, B, 

F & J), and glucagon (magenta, C, G & K). Composite image of all stains (D, H & L). Scale 

bar = 50 μm.
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Figure 4. OxySite mitigates activation of second stage hypoxic and apoptotic markers, leading to 
preservation of metabolic activity and viability
A) Heatmap summary of differential gene expression of early (above dashed line) and 

second stage (below dashed line) stage hypoxic and apoptotic (below solid line) markers 

from islets following low oxygen (0.01 mM) culture without (C) or with OxySite (O) after 8 

and 24 h. Results are expressed as fold regulation over standard oxygen (0.2 mM) controls, 

with increased (red) or decreased (green) fold expression scaled according to scale bar 

shown. B) Metabolic activity (measured via MTT) for islets following 4, 8, and 24 h culture 

under low oxygen (0.01 mM) without (white bars) or with OxySite (black bars), compared 

to standard oxygen (0.02 mM) controls (grey bars). * p < 0.05, ** p < 0.01, **** p< 0.0001. 

C) Visualization of islet viability via live/dead staining (green = live; red = dead) after 4, 8, 

and 24 hr culture under 0.01 mM oxygen without (Control; left panel) or with Oxysite 

(middle panel), compared to 0.2mM Oxygen control cultures (right panel). Scale bar = 100 

μm.
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Figure 5. OxySite mitigates activation of anaerobic glycolysis for rat pancreatic islets cultured 
under hypoxic conditions
A) Heatmap summary of differential gene expression of glycolysis (above dashed line: 

glycolytic pathway; below dashed line: membrane glucose transporters) from islets 

following low oxygen (0.01 mM) culture without (C) or with OxySite (O) after 8 and 24 h. 

Results are expressed as fold regulation over standard oxygen (0.2 mM) controls, with 

increased (red) or decreased (green) fold expression scaled according to scale bar shown. B–
D) qRT-PCR of selected glycolytic genes Glut1, Pgk1, and Ldh quantify the extent of 

anaerobic glycolytic gene activation in low oxygen (0.01 mM) control (white bars) islets 

after 8 and 24 h culture, compared to 0.01 mM oxygen OxySite treated (black bars) and 0.02 

mM oxygen control (grey bars) islets. E) Protein levels of LDH following hypoxic exposure 

for all culture groups. *** p< 0.0005, **** p< 0.0001.
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Figure 6. OxySite preserves glucose stimulated insulin release for rat pancreatic islets cultured 
under hypoxic conditions
A–B) Dynamic glucose perifusion and resulting insulin release from islets cultured under 

low oxygen (0.01 mM) without (orange) or with OxySite (blue) after acute (8 h; A) and 

chronic (24 h; B) culture. Grey region = high glucose (11 mM); Striped region = KCl C) 
Resulting area under the curve (AUC) of insulin release during high glucose stimulation for 

low oxygen cultures without (white bar) or with OxySite (black bar), compared to islet 

cultured under standard oxygen and density conditions (free islets; grey bar). D) KCL 

Stimulation Index (SI) for low oxygen cultures without (white bar) or with OxySite (black 

bar). * p < 0.05,** p < 0.01.
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Figure 7. OxySite alters expression of inflammatory regulators and effectors of rat pancreatic 
islets under hypoxic conditions
A) Heatmap summary of differential gene expression of inflammatory regulators (above 

dashed line) and effectors (below dashed line) from islets following low oxygen (0.01 mM) 

culture without (C) or with OxySite (O) after 8 and 24 h. Results are expressed as fold 

regulation over standard oxygen (0.2 mM) controls, with increased (red) or decreased 

(green) fold expression scaled according to scale bar shown. B–C) qRT-PCR of selected 

inflammatory genes (iNos and Ccl2) quantify the extent of cytokine gene expression 

activation in low oxygen (0.01 mM) control (white bars) islets after 8 and 24 h culture, 

compared to 0.01 mM oxygen OxySite treated (black bars) and 0.02 mM oxygen control 

(grey bars) islets. D–G) Protein levels of cytokines MIP1a, CCL2, IL-6, and IL-8 in the 

culture supernatant after 8 and 24 h incubation under low oxygen conditions without (white 

bars) or with OxySite (black bar), compared to 0.2 mM control cultures (grey bars). * p < 

0.05, ** p < 0.01, *** p< 0.0005, **** p< 0.0001.
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Figure 8. Impact of OxySite on angiogenic pathways and VEGF protein release for low oxygen 
cultures of rat islets
A) Heatmap summary of differential gene expression of angiogenic gene regulators (above 

dashed line) and downstream factors (below dashed line) from islets following low oxygen 

(0.01 mM) culture without (C) or with OxySite (O) after 8 and 24 h. Results are expressed 

as fold regulation over standard oxygen (0.2 mM) controls, with increased (red) or decreased 

(green) fold expression scaled according to scale bar shown. B) qRT-PCR of Vegfa 
quantifies the extent of gene expression activation in low oxygen (0.01 mM) control (white 

bars) islets after 8 and 24 h culture, compared to 0.01 mM oxygen OxySite treated (black 

bars) and 0.02 mM oxygen control (grey bars) islets. C) Protein levels of VEGFa in culture 

media after 8 and 24 h culture under low oxygen conditions without (white bars) or with 

OxySite (black bar), compared to 0.2 mM control cultures (grey bars). * p < 0.05, ** p < 

0.01, *** p< 0.0005, **** p< 0.0001.
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Figure 9. Co-culture of rat islets with OxySite resulted in enhanced functional outcomes when 
transplanted into diabetic syngeneic recipients
A) Average nonfasting blood glucose levels of rats receiving islets cultured under low 

oxygen (0.01 mM) conditions with OxySite for 24 h prior to transplant (black squares; n = 

8). Control islets were cultured under standard oxygen (0.2 mM) for 24 h prior to transplant 

(grey circles; n = 8) or with a blank PDMS (grey line; n=8). B) Tracking of glucose 

clearance following intravenous glucose tolerance test (IVTT) performed in a subset of 

animals at 30 d post-transplant. Metabolic clearance was compared to a nondiabetic rat. 

(OxySite n = 5; Control, n = 3; Nondiabetic control, n = 1). D) Immunohistochemistry 

evaluation of grafts explanted 40 days post-transplant, stained with anti-insulin (green), anti-

smooth muscle actin (SMA, red), and nuclear staining (blue) (top row) or anti-insulin 

(green), anti-glucagon (pink), and nuclear staining (blue) (top row). Scale bar = 50 μm.
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