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ABSTRACT 

John Patrick McQuilling 

STRATEGIES FOR REDUCING HYPOXIC INJURY TO 

MICROENCAPSULATED ISLETS FROM ISOLATION THROUGH THE 

IMMEDIATE POST-TRANSPLANT PERIOD  

Dissertation under the direction of 

Emmanuel C. Opara, Ph.D. 

Type-1 Diabetes is a devastating autoimmune disorder which results in the 
destruction of beta cells within the pancreas.  A promising treatment for Type-1 
Diabetes is the restoration of lost beta cell mass through the implantation of 
immune-isolated microencapsulated islets (bioartificial pancreas).  The goal of 
this approach is to restore blood glucose regulation and prevent the long-term 
comorbidities of Type-1 Diabetes without the need for immunosuppressants.  
However, islets are highly metabolically active and require a significant amount of 
oxygen for normal function, and during the process of isolating and transplanting 
the islets’ oxygen supply is removed and a large amount of islets are therefore 
lost due to hypoxia.   Islet loss due to hypoxia is a major barrier to achieving 
clinical success with this treatment. In this work we have investigated several 
approaches to preventing hypoxic injury to islets.  First, we investigated the 
omental pouch as an alternative transplantation site for microencapsulated islets.  
Our studies demonstrated that the well-vascularized omental tissue supported 
long-term functionality of islets transplanted in immune competent diabetic 
animals.  Next, we developed a system for providing a sustained release of the 
fibroblast growth factor FGF-1 from microencapsulated constructs.  We 
demonstrated that this system significantly enhanced angiogenesis at the 
transplantation site; however, this approach was still an insufficient method to 
improve islet viability and functionality.  Lastly we applied the oxygen generating 
materials sodium percarbonate and calcium peroxide as oxygen sources for 
islets during the period in which islets are most vulnerable to hypoxia, beginning 
at the start of isolation until engraftment in vivo.  The work with O2-generating 
materials was divided into three studies, first sodium percarbonate particles were 
used as an oxygen source for islets during isolation. The second study utilized 
silicone films containing sodium percarbonate to provide additional oxygen to 
islets for up to 4 days in culture.  Lastly, calcium peroxide was used as an 
oxygen source following encapsulation by co-encapsulating calcium peroxide 
particles with islets in alginate microspheres.  These studies provide an important 
proof of concept for the feasibility of using these oxygen generating materials to 
prevent cell death caused by hypoxia induced from the start of islet isolation 
through the immediate post-transplant period.  
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TYPE-1 DIABETES 

 

Type-1 diabetes mellitus (T1DM) is an autoimmune disorder which results in the 

complete destruction of the insulin-producing pancreatic beta cells.  The 

incidence rate for T1DM is approximately 13.1 per 100,000 person years, with an 

estimated 3 million people diagnosed with T1DM within the US [1, 2] and 

accounts for $14.9 billion in health care costs annually within the United States.  

[3]  Additionally, the incidence of T1DM has been shown to be increasing at rates 

of 2 to 5% annually throughout Europe, Australia, North America and the Middle 

East [2, 4-7]. While the cause of this increase in currently unknown, it occurs 

primarily in children under the age of four, with studies reporting an increase in 

incidence of 5.4% annually for children under 4, 4.3% for children ages 5 to 9 

and 2.9% for children 10 to 14 years old [8, 9].  

 

T1DM typically presents during childhood with 45% of individuals diagnosed 

before the age of 10.  T1DM is triggered in genetically susceptible individuals by 

a number of environmental factors including diet, perinatal factors, and viral 

infections [10-12].  Polymorphisms on several genes have been identified to be 

associated with an increased risk of T1DM including HLA-DQalpha, HLA-

DQbeta, HLA-DR, preproinsulin, the PTPN22 gene, CTLA-4, interferon-induced 

helicase, IL2 receptor (CD25), a lectin-like gene (KIA0035), ERBB3e, BACH2, 

PRKCQ, CTSH,  and C1QTNF6 [13-18].   Of these genes, those located on the 

human leukocyte antigen region on chromosome 6p are considered major 
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susceptibility genes.  Mutations in this region result in the creation of class II 

major histocompatibility complexes which can present auto-antigens associated 

with T1DM to T cells [19].  These auto-antigens include insulin, glutamic acid 

decarboxylase, insulinoma-associated protein 2, and zinc transporter ZnT8 [20-

23].  While there are certain genetic and environmental factors that increase the 

risk of T1DM, the mechanism which triggers the initial autoimmune response is 

not clear, nor is it clear which auto-antigens are responsible for the initial beta 

cell destruction and which are generated after the onset of T1DM. 

 

INSULIN THERAPY 

 

Since its discovery in 1921 by Banting, Best, Colip, and Macleod, exogenous 

insulin therapy is the current treatment option for the treatment of T1DM [24].  

Insulin therapy transformed T1DM, which had previously been a virtual death 

sentence brought on by the onset of ketoacidosis, into a chronic metabolic 

disorder.  In addition to the lifelong commitment to monitoring blood glucose 

levels, it soon became apparent that exogenous insulin failed to prevent the 

secondary complications of diabetes including diabetic nephropathy, retinopathy, 

neuropathy, and vascular disease [25-27].   

 

The limitations of exogenous insulin were best described in the Diabetes Control 

and Complications Trial (DCCT) [26] which sought to answer two questions.  The 

first was: would intensive insulin therapy prevent the development diabetic 
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comorbidities? This referred to primarily retinopathy, but renal, neurologic 

complications, cardiovascular, and neurophysiological were also studied.  The 

second question was: will intensive insulin therapy affect the progression of these 

comorbidities? To answer these questions, 1,441 volunteers, ages 13 to 39, 

which had been diagnosed with type-1 diabetes for at least 1 year, but no longer 

than 15 years, were randomly divided into two groups: one received conventional 

insulin therapy and the second received intensive insulin therapy [28].  

Conventional insulin therapy consisted of two insulin shots per day of both rapid 

and intermediate-acting insulin administered with the goal of preventing 

hyperglycemia and frequent hypoglycemia.  Intensive insulin therapy was defined 

as three or more insulin shots given each day through injection or by insulin 

pump and was adjusted daily with the goal of maintaining blood glucose levels 

between  70 to 120 mg/dL  pre-meal and less than 180 mg/dL post-meal. Today, 

this is considered to be standard therapy.  Both groups were followed for a mean 

of 6.5 years and capillary glucose, glycosylated hemoglobin, as well as the 

development of retinopathy, nephropathy, neuropathy, and the development of 

cardiovascular disease were closely followed over this period. 

 

The DCCT found that there was a significant reduction in the development of 

diabetic comorbidities with the intensive insulin therapy group compared to the 

conventional insulin therapy group, and the use of intensive insulin therapy also 

significantly slowed the progression of these diabetic comorbidities.  Specifically, 

the study found that there was a 76% reduced risk of developing retinopathy, a 
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50% reduced risk in developing nephropathy, and a 60% risk in developing 

neuropathy.  Also, following the DCCT, an additional study using 90% of 

individuals involved in the DCCT known as the Epidemiology of Diabetes 

Interventions and Complications (EDIC) [29], found that intensive insulin therapy 

also reduced the risk of any cardiovascular disease event by 42%, and the risk of 

nonfatal heart attack, stroke or death from cardiovascular related diseases was 

reduced by 57%. Furthermore, for individuals who did develop these 

comorbidities, the rate of progression was slowed by 47% for retinopathy, 43% 

for nephropathy, and 57% for clinical neuropathy. It is important to note, 

however, that the DCCT fount that intensive insulin therapy did not prevent the 

development of diabetic comorbidities and could only slow the worsening of 

these complications over time.  Also, the intensive insulin therapy came at a 

significant price, in addition to the significant time burden required to constantly 

monitor blood sugar, individuals in the intensive insulin therapy group were three 

times more likely to experience severe hypoglycemia. During this study, there 

were 54 cases of hospitalization, 16 cases of coma, 5 seizure episodes, and 2 

fatal motor vehicle accidents which were attributed directly to hypoglycemia [29].  

 

The DCCT and EDIC found that improved management of blood glucose levels 

played a significant role in reducing the development of diabetic comorbidities; 

however, the study also found that even in the most strictly managed cases, the 

comorbidities still persisted.  The development of these secondary complications, 

even with excellent glycemic control, can be partly explained by the absence of 
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C-peptide, which is not present in commercially available exogenous insulin nor 

is it produced by individuals with T1DM.  C-Peptide is a polypeptide with a 

molecular weight of 3600 kDa, containing 31 amino acids; it is used to bind the 

precursor molecule of insulin, proinsulin within β-cells.   When proinsulin is 

cleaved, C-peptide is released and then stored within β-cells alongside insulin. 

Upon insulin secretion, C-peptide is released with insulin in equal molar amounts. 

C-Peptide then enters the bloodstream where it leaves the pancreas via the 

hepatic artery and goes into the liver. C-peptide is then circulated through the 

circulatory system with a half-life 2-5 times longer than insulin and is eventually 

degraded within the kidneys [30].  

 

While originally thought to be of little biological importance other than to bind the 

α and β polypeptide chains of insulin, hence the name “connecting peptide,” [31] 

more recent work has shown that C-peptide is involved as a signaling agent 

throughout the body.  C-peptide has been shown to alter or influence the function 

of beta cells, skeletal muscle, renal tubular cells, red blood cells, and neurons 

[32-34].  Further studies have shown that administering exogenous C-Peptide 

improves cardiovascular function, [35, 36] and reduces neuropathy, [37] 

retinopathy, [38] and nephropathy [38-40] in diabetic patients.   

 

While strict blood glucose management and the administration of exogenous C-

peptide both limit the long-term comorbidities of T1DM, the only way to truly cure 

T1DM is through the physiological production of insulin and C-peptide.   
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Currently, only the successful transplantation of pancreatic endocrine tissue, 

either as a whole organ pancreas or as islets, is able to consistently achieve this 

ultimate goal. 

 

BETA CELL REPLACEMENT: PANCREAS TRANSPLANTATION  

 

Currently, pancreas transplantation is the only option that is therapeutically 

available that can reproducibly achieve normoglycemia by reestablishing 

endogenous insulin secretion responsive to normal feedback regulation. Since 

the first pancreas transplant was successfully performed in 1966 by Kelly and 

Lillehei, over 30,000 procedures have been performed worldwide.  According to 

the 2013 Annual Report from the Scientific Registry of Transplant Recipients, the 

1-year rate of pancreas graft survival is 85.8% when a pancreas and a kidney are 

transplanted simultaneously, 78.7% when pancreas is transplanted after kidney 

transplant, and 74.3% when pancreas is transplanted alone [41]. Most pancreatic 

grafts were from cadaver donors, although transplantation of a segment of the 

pancreas donated by a living relative has also been reported [42].  Pancreas 

transplantation is a major surgical procedure with surgical morbidity rates of 5-

7% [43]; however, the major risk of pancreas transplantation is related to the 

immunosuppressants used to prevent rejection or the autoimmune destruction of 

the beta cells [44].  Most pancreas transplants are performed with quadruple 

immunosuppression with antibody induction therapy (monoclonal or polyclonal 

agent) and maintenance immunosuppression typically consists of triple therapy 
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immunosuppression with a calcineurin inhibitor (cyclosporine or tacrolimus), an 

antimetabolite (mycophenolate mofetil or azathioprine), and corticosteroids [45, 

46]. Overall, the incidence of acute rejection 1 at year post-transplant is 22.1% 

for pancreas transplants alone, 16% for simultaneous pancreas and kidney 

transplants, and 17.4% for pancreas transplant after kidney transplants [42].  In 

addition to complications arising from the graft rejection, another major problem 

associated with pancreas transplantation is the shortage of available organs; this 

problem is not expected to improve in the future, based on the steady gradual 

decline in pancreas donation rates since 2005 [41].  Unfortunately, because of 

the risks associated with pancreas transplantation and the shortage of available 

pancreases, it is not feasible that pancreas transplantation will become a 

treatment option for most individuals with T1DM or the even larger population of 

Type 2 diabetes patients.   

 

BETA CELL REPLACEMENT: ISLET CELL TRANSPLANTATION 

 

Islet transplantation promises to be a cure for T1DM that is at least as effective 

as pancreas transplantation while having the added benefit of being much less 

invasive. Islet transplantation is the multistep process in which islets are retrieved 

from cadaveric pancreases are implanted into diabetic individuals.  First 

cadaveric pancreases are removed and then infused via the pancreatic duct with 

a collagenase solution.  Following the distention of the pancreas, the tissue is 

placed in a Ricordi chamber where it is enzymatically digested and mechanically 
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dissociated over approximately 20 to 40 minutes at 37⁰C.  Following digestion, 

the islets are purified using a density gradient purification method within a COBE 

2991 cell separator.  Following purification, the cells are either placed in culture 

or immediately transplanted by injecting the purified cell suspension into the 

liver’s portal vein [47].  Then, after this injection, the islets will embolize to the 

distal portal venous tract within the liver where they will begin to engraft at 1 to 3 

days post-transplant [48, 49].                 

 

Since the implementation of the Edmonton Protocol, which utilized a steroid free 

immunosuppressant regimen which was less toxic to islets cells, islet cell 

transplantation has been shown to result in insulin independence, at least in the 

short term in diabetic patients [50].  Since then, the Collaborative Islet Transplant 

Registry has followed islet transplant cases between 1999 and 2010.  They have 

reported that, of the 325 individuals receiving islet transplants during that period, 

70% were insulin independent at 1 year, 55% insulin independent at 2 years, and 

35% insulin independent at 3 years post-transplant [51].  Currently, the Clinical 

Islet Consortium has recently finished and/or is currently conducting two phase-3 

clinical trials in an effort to support the US Food and Drug Administration (US 

FDA) biological license application (and NCT00434811 NCT00468117 

respectively) [51, 52]. 

 

While islet cell transplantation is less invasive than whole organ transplantation, 

its success is limited by the same two issues that have limited whole organ 
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transplantation: the shortage of available organs for islet isolation and the 

necessity of immunosuppressants.  The shortage of available pancreases is 

even more of a problem for islet transplantation since current isolation protocols 

isolate less than half of the 1 million islets contained within the pancreas.  

Therefore, for allografts, two or more pancreases are often required for a single 

islet transplant.  Since this implies multiple organ sources for transplantation, this 

increases the risk of individuals developing new donor specific HLA antibodies, 

which adversely affects the ability of individuals to receive future transplants [53]. 

To minimize the risk of high sensitization and graft rejection, immunosuppression 

is required; however, as with whole organ transplantation this is associated with 

multiple problems. Immunosuppression is associated with an increased risk of 

life threatening infections and malignancy. In addition, the side effects of these 

immunosuppressants, which may include diarrhea, neutropenia, anemia, fatigue, 

and hypertension, often adversely affect the transplant recipient’s quality of life 

[54].  Adverse events associated with immunosuppression, including sirolimus 

and tacrolimus, have been reported, and in some studies, the complications from 

the immunosuppressants alone were severe enough to force the patients to 

withdraw from the study [55-57].  While beta cell replacement via whole organ 

transplantation or islet cell transplantation offers the promise of successfully 

treating T1DM, both approaches are severely limited in their ability to treat a wide 

number of diabetics directly as a result of the limited availability of transplantable 

tissue or organs and the need for immunosuppressants.   
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IMMUNOISOLATION OF PANCREATIC ISLETS 

 

One approach to beta cell transplantation which addresses both issues of donor 

organ shortage and the need for immunosuppressants, is the process of islet 

immunoisolation.  The principle behind this technique is outlined in Figure 1.  

Immunoisolation consists of encapsulated tissue in a hydrogel matrix, then 

coating this material with a polymeric semi-permeable membrane.  While there 

are a few different strategies used to generate these semipermeable membranes 

including conformal coatings of poly (hydroxyethyl methacrylate-co-methyl 

methacrylate) and polyethylene glycol-diacrylate, the most common 

semipermeable membranes consist of poly-l-lysine (PLL) or poly-l-orthinine 

(PLO).  These semi-permeable membranes have an average pore size which is 

small enough to prevent the penetration of white blood cells and antibodies but 

still large enough to allow for the free diffusion of essential nutrients, hormones, 

oxygen, and water.  By preventing white blood cells and antibodies from 

penetrating into the capsule, the encapsulated tissue is protected from the 

immune system.  Without the risk of rejection, there is no longer a need for 

immunosuppressants and a larger source of tissues can be used, such as 

mismatched allografts or xenografts.  The principle of immunoisolation can be 

applied to macroencaspulated islets as well as microencapsulated islets, and a 

wide variety of materials can be used for encapsulation and the formation of the 

semi-permeable membranes.   
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Figure 1: Schematic representation of immunoisolation through encapsulation.   
After encapsulating islets within an alginate microsphere, a selectively permeable 
PLO membrane is added to prevent white blood cells or antibodies from 
interacting with the islets while still allowing for the diffusion of nutrients, 
hormones, oxygen and water. The permselective membrane is then covered with 
a thin outer layer of alginate to prevent electrostatic interactions between the 
positively charged PLO and negatively charged proteins and cells in vivo.  
 

 

MACROENCAPSULATION  

 

There are two types of macrocapsule systems, classified on the basis of  their 

transplant location: extravascular and intravascular. Intravascular macrocapsules 

are based on the principle of “dialysis cartridges.” Islets are seeded between 

hollow fibers that are perfused by blood flow. These hollow fibers are enclosed 

within a larger tube and implanted into the vessels of the host by vascular 

anastomoses. These devices have been successful to induce normoglycemia in 

various diabetic animal models including rats, dogs and monkeys [58, 59]. The 

use of these devices, however, requires intense systemic anticoagulation (due to 
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direct contact of foreign material with blood) and thus has the potential for fatal 

thrombus formation.  

 

Extravascular macrocapsule devices, in contrast, have the advantage that 

biocompatibility issues do not pose a serious risk to the patient. They have been 

designed in both flat sheet membrane and hollow fiber forms [60]. A semi-

permeable membrane around the sheet allows for the diffusion of nutrients and 

secreted hormones but not macrophages. They are usually coated with 

hydrogels to achieve a smooth outer surface to improve biocompatibility. Initial 

studies with extravascular macrocapsules have encapsulated multiple islets in 

one or several large capsules. Islets aggregated in large clumps, and these 

studies were not successful due to necrosis at center of these clumps [61]. Later, 

this problem was addressed by solitary immobilization of islets in a matrix before 

encapsulation. Promising results were observed in animal studies, with survival 

of islets in the device up to 200 days after implantation in the peritoneal cavity of 

rodents [62].  However similar results in humans have not yet been achieved 

[62]. 

 

The major drawback of macrocapsules is their relatively low surface-to-volume 

ratio, which interferes with optimal diffusion of nutrients and oxygen. For 

adequate nutrients and oxygen, the islet density in the macrocapsules is kept 

quite low (usually 5-10% volume). This makes the macrocapsules rather 

impractical as large devices have to be implanted to provide sufficient masses of 
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islets, and these devices cannot be implanted in conventional transplantation 

sites [63]. Low surface-to-volume ratio also interferes with glucose regulation due 

to slow exchange of glucose and insulin.  

 

MICROENCAPSULATION 

 

In most tissues, it has been shown that the maximum diffusion distance for 

effective oxygen and nutrient diffusion from blood capillary to cells is about 200 

µm.   Present insights suggest microcapsules as a preferable system due to high 

surface-to-volume ratio for fast exchange of hormones and nutrients compared to 

the larger macrocapsule systems. 

 

Microencapsulation uses the interfacial precipitation predominantly, where a 

polyanionic polymer (alginate) gels with a divalent cation (Ca2+, Ba2+). Islets are 

suspended in an alginate solution and its droplets are generated either by air jet 

spray method [64], electrostatic generators [65, 66], submerged oscillating 

coaxial extrusion nozzles [67], conformal coatings [68], or spinning disk 

atomization [69].  Of these methods, the air jet spray method, which uses a two-

channel air droplet microencapsulator, is most commonly used.  Two-channel air 

droplet microencapsulators operate by allowing the alginate-cell suspension to 

drip through an inner channel of the device while the outer channel uses an air 

jacket to shear off the alginate droplet.  Using this method, the diameters of the 

inner and outer channels, the flow rate of the alginate, and air pressure of the 
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outer channel can be adjusted to vary the microcapsule size [64]. In order to 

prevent hypoxic damage to islet cells, microencapsulation must be done 

relatively quickly at a temperature of around 4°C.   

 

One major limitation to the current encapsulation devices is that they are 

incapable of efficiently encapsulating large numbers of islets in a reasonable 

amount of time.  This may result in hypoxic stress and loss of functionality to 

islets in larger, scaled-up experiments [27, 70]. A recently proposed alternative 

microencapsulation method utilizes multichannel air jacket microfluidic devices.  

These devices have the advantage of rapidly encapsulating large numbers of 

islets into microcapsules, at speeds in excess of 8 times conventional methods, 

without affecting the functionality of the islets.  Additionally, this device can be 

easily scaled up to increase production rates, and can be cost-effectively 

produced using rapid prototyping technology [71]. 

 

MATERIALS 

 

The material used to encapsulate islets is as important as the semi-permeable 

membrane which prevents the rejection of this tissue.  Without the appropriate 

biocompatible material, implanted grafts would be subject to immediate fibrosis 

and subsequent failure.  Additionally, materials which do not allow for the free 

diffusion of oxygen and nutrients to the encapsulated tissue would lead to cell 

death from necrosis. Hydrogels are the ideal choice for islet cell encapsulation 
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since they are typically biocompatible, do not promote cell or protein adhesion, 

and typically have high rates of diffusivity. Furthermore, the soft and pliable 

features of the gel reduce the mechanical and frictional irritations to surrounding 

tissue [72]. 

 

Extravascular macrocapsules have been made with various biomaterials, 

including nitrocellulose acetate, 2-hydroxyethyl methacrylate, acrylonitrile, 

polyacrylonitrile and polyvinylchloride copolymer, sodium methallylsulfonate, and 

alginate.  The most commonly applied materials for microencapsulation are 

alginate [73], chitosan [74], agarose [75], cellulose [76], 

poly(hydroxyethylmethacrylate-methyl methacrylate) [77], copolymers of 

acrylonitrile [78], and polyethylene glycol (PEG) [79]. 

 

SEMI-PERMEABLE MEMBRANES 

 

The essential part of microencapsulation is the system’s ability to immunoisolate 

the encapsulated tissue, and special consideration should be given to the 

material used to create these semi-permeable membranes.  Non-permselectively 

coated alginate microbeads have been reported to have a high permeability 

(>600 kD). Uptake studies with IgG (150 kD) and thyroglobulin (669 kD) indicated 

that these antibodies were able to freely diffuse into the beads. Additional in vitro 

studies with uncoated alginate microbeads implanted in peritoneum were positive 

for both IgG and C3 component after only 1 week [80]. To immunoisolate the 
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microcapsules, it is essential to apply a permeability barrier between the 

encapsulated islets and host immune system.  Applying a polyamino acid layer, 

followed by an additional outer coating of alginate, is typically used to create this 

barrier.  The positively charged polyamino molecules will readily bind to the 

negatively charged alginate molecules [81, 82] forming a complex membrane 

[81, 83], which significantly reduces the pore size of the microcapsule, and 

prevents immune cells, antibodies and C3 component from entering the 

microcapsule [66, 84, 85].  In order to prevent interactions of non-bound 

polyamines to host tissue, a second thin layer of alginate is added.  This 

polyamino barrier acts as a shell, providing mechanical stability to the 

microcapsule, allowing for the liquefaction of the inner alginate [86]. The 

thickness of this barrier can be varied through incubation time and concentration 

of the polyamine [87].  

 

Since the introduction of the concept of islet microencapsulation, PLL has been 

routinely used as the selective permeable membrane for microcapsules. Many 

studies have shown the effectiveness of alginate-poly-L-lysine-alginate (APA) 

microcapsules in small animals [73, 88-94], large animals [95-98], and humans 

[97, 99, 100].  However, unbound PLL has been shown to cause an inflammatory 

response and result in fibrotic overgrowth over microcapsules [83, 101]. This 

fibrotic overgrowth can severely affect islet functionality and viability by 

significantly reducing the rate of diffusion into the capsule [102].  Recent studies 

which have examined the alginate–PLL interface have found that the PLL does 
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not form a distinct membrane separate from the alginate as originally thought, but 

rather the PLL is found within 30 µm of the alginate [83, 103].  These results 

indicate that even in a capsule system which uses an outer alginate coating, PLL 

is still present to some extent on the surface of the capsule. This exposed PLL 

would increase the chance of triggering an inflammatory reaction and fibrotic 

overgrowth [84, 101, 104].  An additional problem caused by the PLL layer is an 

increase in surface roughness, which has also been shown to cause significant 

fibrotic overgrowth [105]. However, when PLL is properly bound, the implanted 

capsules can avoid an inflammatory response [106]. 

  

One well-investigated alternative to PLL is PLO. Like PLL, PLO is a positively 

charged polyamine which, when applied to alginate microcapsules, forms a semi-

permeable membrane which significantly reduces the porosity of the 

microcapsules, allowing for immuno-isolation without impairing oxygen and 

nutrient diffusion. Unlike PLL, PLO has been shown to evoke less of an immune 

response and has been shown to have improved mechanical properties [107-

111].  When compared to alginate-PLL microcapsules, alginate-PLO 

microcapsules have been shown to better resist swelling and bursting under 

osmotic stress [111].  Bead swelling is an important factor to take into 

consideration because it can lead to increased pore size, permeability, and shear 

stress, which leads to decreased islet viability [112, 113]. 
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It has been hypothesized that the improved mechanical properties of alginate-

PLO microcapsules over alginate-PLL microcapsules is due to the improved 

bonding of PLO to alginate due to the shorter monomer structure of PLO [114, 

115].  

 

FAILURE OF MICROENCAPSULATED ISLETS IN THE ABSENCE OF 

FIBROTIC OVERGROWTH 

 

The technique of microencapsulation of islets prior to transplantation has shown 

promise in both large animal trials and pilot clinical trials.  Multiple canine and 

primate studies have been conducted and have demonstrated the ability of large 

animals receiving encapsulated islets to maintain insulin independence [95-98, 

116]. A study conducted by Sun Y. et al. demonstrated the ability of 

encapsulated islet xenografts to reverse diabetes for periods of time greater than 

800 days [97].  A more recent study by Dufrane et al. demonstrated the ability of 

encapsulated islets to survive and produce insulin in the kidney capsule of 

Cynomolgus macacus for up to six months [116]. 

 

Furthermore, several clinical studies [99, 117] have been conducted on humans.  

While these trials have failed to establish long-term insulin independence in any 

of the subjects, they have established that the implantation of viable 

encapsulated islets can stabilize blood glucose levels and reduce the required 

amount of exogenous insulin. In a study by Soon-Shiong et al., a long-term type 
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1 diabetic was implanted with 15,000 encapsulated islet equivalents per kilogram 

body weight and evaluated for up to 9 months post-transplantation.  Following 

transplantation the average blood glucose levels were maintained at 135mg/dl, 

and daily insulin requirements decreased from 0.69±0.01 U/kg to 0 U/kg, and 

hyperglycemic episodes (>200 mg/dl) decreased from 11.7% to 6.14% at nine 

months.  Furthermore, the patient’s quality of life was evaluated and shown to 

have greatly improved over the duration of the study [118].   Another human 

study by Calafiore et al. evaluated two individuals 60 days after receiving 

encapsulated allografts.  Although insulin independence was not attained, there 

was a significant reduction in the daily insulin requirements and consequently a 

significant reduction in the number of hypoglycemic events [99].  A third human 

study by Elliot RB et al. evaluated the effectiveness of porcine xenografts 

encapsulated islets up to 9.5 years after implantation. In this study, immediately 

after implantation, the daily insulin dosage was reduced by 30% and C-peptide 

was present in urine samples up to 14 months post transplantation.  Retrieval of 

the capsules 9.5 years later revealed that the islets were still capable of 

producing insulin, however the levels of insulin were significantly reduced and C-

peptide could no longer be measured [117].  This lack of C-peptide likely 

indicates capsule failure, but these examples do show that encapsulation does 

allow function, albeit function insufficient to bring about insulin independence. 

 

In addition to these small pilot trials, larger clinical trials are underway in New 

Zealand and Russia by Living Cell Technologies Limited (LCT). LCT is currently 
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undergoing phase I and II clinical trials on DIABECELL® which are encapsulated 

neonatal porcine islets that are injected into the peritoneal cavity via laparoscopy 

at doses of 10,000-20,000 islet equivalents/kg [119].  Currently the short-term 

and long-term safety and effectiveness, as well as proper dosage, are being 

evaluated [120]. 

 

While the microencapsulated islet has shown great potential as a treatment for 

T1DM, clinical trials to date have not yet shown long-term insulin independence, 

in spite of the large numbers of transplanted islets.  Major reasons for this failure 

may be that the transplanted islets are unable to properly engraft before 

perishing due to hypoxia, or for those who are able to engraft, they do not receive 

enough vasculature to receive the necessary nutrients to maintain long-term 

function  [121]. Determining the exact cause of the failure of these encapsulated 

islets is difficult since they are not easily retrieved once implanted.  In order to 

achieve insulin independence with a reasonable amount of islets, and to maintain 

this independence long-term, a more systematic approach to implanting 

microencapsulated islets is required.   

 

THE BIOARTIFICIAL PANCREAS 

 

One such approach to the implantation of microencapsulated islets is the 

bioartificial pancreas.  The bioartificial pancreas is a biologically based implant 

capable of achieving normoglycemia; it should require little to no 
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immunosuppression for its survival, and the transplantation should be performed 

with technical ease.  Lastly, the graft should be capable of long-term function and 

be retrievable for biopsy when desired [27].  The work presented in the following 

chapters is focused on producing a bioartificial pancreas which is able to meet 

these requirements.  In Chapter 2, the optimum transplantation site for the 

bioartificial pancreas is discussed, one which allows for the long-term function of 

encapsulated islets, requires no immunosuppression, and can easily be retrieved 

for standard histologic and ex vivo functionality testing.  In Chapter 3, the use of 

angiogenic growth factors is discussed for improving the functional outcomes of 

the bioartificial pancreas.  In Chapters 4-6, the use of oxygen biomaterials is 

discussed to improve the viability and functionality of islets from the start of 

isolation through the immediate post-transplant period. 
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THE OMENTUM AS THE TRANSPLANTATION SITE FOR THE BIOARTIFICIAL 
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INTRODUCTION 

 

In order to maintain islet functionality it is important to transplant islets in a well 

vascularized location. Unfortunately, finding such a site proves difficult since the 

site should combine the capacity to bear a large graft volume with the immediate 

vicinity of blood vessels. Implantation of encapsulated islets is most commonly 

done intraperitoneally as it offers the advantages of laparoscopic implantation or 

implantation through injection, and it allows for ample room to implant numerous 

microcapsules [99, 100].  However, there are several disadvantages to this site.  

Microcapsules implanted into the peritoneum are especially difficult to retrieve for 

post-transplant evaluation.  More importantly, microcapsules implanted in the 

peritoneal space have less access to the vasculature [121, 122]. As a result of 

this insufficient vasculature, there is a massive loss of graft function due to 

hypoxia immediately after transplantation [123]. The problem of insufficient 

vasculature can be exacerbated by fibrotic overgrowth. Microcapsules that are 

implanted intraperitoneally are vulnerable to an immune response from intra-

peritoneal T-cells and macrophages, [121, 124-126] which results in an 

increased likelihood of fibrotic growth over encapsulated islets, a loss of graft 

functionality, and a delay in insulin uptake into the blood circulation [127].  For 

the islets which are able to survive and engraft, often these cells are unable to 

receive enough blood supply to support long-term functionality and gradually lose 

function as they develop larger and larger necrotic cores [121]. 
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 Consequently, alternative transplantation sites have been investigated, including 

transplanting into the liver [128], kidney capsule [116, 129], subcutaneously 

[129], and into an omentum pouch [27, 130-134].  In a study conducted by Toso 

et al., microcapsules were injected into the portal veins of rats; however, the 

results of the study showed that immunosuppressants are necessary to prevent 

fibrotic overgrowth [128], and the risk of hepatic thrombosis makes this approach 

impractical.  Studies by Dufrane et al. investigated implant sites both 

subcutaneously and in the kidney capsule, and the results indicated that 

encapsulated islets implanted in these two sites had less cellular overgrowth 

compared to encapsulated islets implanted intraperitoneally  [129].  Additional 

studies demonstrated the functionality of encapsulated islets implanted within the 

kidney capsule of primates [116]; however, for clinical applications the kidney 

capsule may be too limited in space, and it is not feasible to easily retrieve these 

grafts for biopsy [72].  Studies have also investigated the use of the omentum as 

a pouch for implanting islets, which, like the kidney capsules, offers a well 

vascularized site for transplantation but has more space for microcapsules and is 

easier to access [135]. 

 

The use of an omental pouch as a site for islet transplantation has also been 

investigated, and early studies [136, 137] demonstrated the ability of 

unencapsulated islet grafts to survive within an omental pouch.  More recent 

research has shown that encapsulated islets implanted into the omentum pouch 

have increased periods of functionality compared to encapsulated islets 
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implanted intraperitoneally [133, 138].   In a study by Aomatsu et al., diabetic 

Balb/c mice were implanted with 1000 agarose microencapsulated  islets in both 

the peritoneal cavity and omentum pouch; the results indicated that graft 

functionality was exhibited for a significantly longer period in the omentum pouch 

(27.1±5.5 days) than in the peritoneal cavity (12.5±12.5 days) [138].  In one long-

term study, agarose microencapsulated islets were implanted into the omentum 

pouch of diabetic NOD mice and evaluated up to 400 days post transplantation.  

Results from this study indicated that the islets were able to maintain 

normoglycemia for up to 100 days; however, a portion of islets evaluated at 400 

days showed signs of central necrosis [133].  

 

In addition to transplanting islets in a sufficiently vascularized location, another 

important consideration is the ease in which these islets can be retrieved for 

post-transplant analysis.  While some islets implanted within the peritoneum can 

be retrieved through lavage or through biopsy, this only represents a small 

portion of the total number of implanted microcapsules. [117, 139]  For 

microencapsulated islets implanted within the kidney capsule the only way to 

retrieve the capsules is through nephrectomy, which is not practical clinically.   

Ideally microencapsulated islets should be transplanted in location where if 

needed the majority of the implanted islets can be retrieved for evaluation with 

minimal risk to the patient.   The purpose of the present study was to first 

demonstrate the long term functionality of microencapsulated islets within the 

omentum pouch of immunocompetent diabetic rats without the use of 
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immunosuppressants. Secondly, we wanted to demonstrate that the omentum 

pouch allows for the easy retrieval of intact encapsulated islets after a prolonged 

period of transplantation for ex vivo testing.  

 

MATERIALS AND METHODS 

 

MATERIALS 

 

Collagenase P from Clostridium Histolyticum was purchased from Roche 

(Indianapolis, IN).  Low viscosity (20-200 mPa·s) ultra-pure sodium alginate with 

high mannuronic acid (LVM) and high guluronic acid (LVG) contents were 

purchased from Nova-Matrix (Sandvika, Norway).  LVM and LVG alginates were 

reported by the manufacturer to have molecular weights of 75-200 kDa and a 

guluronic acid to mannuronic acid (G/M) ratios of ≤1 and ≥1.5, respectively. Poly-

L-orthinine (PLO) hydrochloride with molecular weight 15,000 - 30,000 kDa, was 

purchased from Sigma-Aldrich (St. Louis, MO). Solutions for alginate microbead 

fabrication were made using the following chemicals: 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), NaCl, CaCl2, and MgCl2 (Fisher 

Scientific).  RPMI-1640, Hank’s balanced salt solution (HBSS), streptozotocin, 

and Dithizone were all purchased from Sigma-Aldrich (St. Louis, MO).  For 

live/dead cell staining the Vybrant carboxyfluorescein diacetate, succinimidyl 

ester (CFDA) cell tracer kit with propidium iodide (PI), purchased from Invitrogen 
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(Eugene, OR), was used. 125I-insulin was purchased from Perkin Elmer 

(Waltham, MA).  

 

ANIMALS  

 

Our studies were performed according to the animal protocol approved by the 

Wake Forest University Health Sciences Institutional Animals Care and Use 

Committee (IACUC). 

 

DIABETES INDUCTION BY STREPTOZOTOCIN ADMINISTRATION AND 

MANAGEMENT OF DIABETES 

 

Male Lewis and Wistar-Furth rats between 225-250g were purchased from 

Harlan (Dublin, VA) and housed 2 rats per cage in a temperature controlled room 

with a 12 hour light/dark cycle where the animals had unlimited access to food 

and water.  To induce T1DM, animals were given a single intraperitoneal 

injection of 65 mg/kg of Streptozotocin (STZ) dissolved in 250 µl of 50 mM 

sodium citrate at pH 4.5. Diabetes was diagnosed when blood glucose levels 

were >400 mg/dL on two consecutive measurements following STZ 

administration. [140, 141]  Daily non-fasting afternoon blood glucose levels were 

measured via tail vein puncture in all experimental animals, and in those whose 

blood sugars exceeded 400 mg/dL, insulin (at the dose of 10 Units/kg body 

weight) was administered daily by subcutaneous injection.   

28 
 



 

 

ISLET ISOLATION FROM THE RAT PANCREAS 

 

Islets were isolated from the pancreases of male Lewis and Wistar-Furth rats 

(225-250g) using the procedure of collagenase digestion of pancreatic tissue 

[142].  Following euthanasia, 10 mL of 1 mg/mL of cold collagenase P was 

infused into the pancreas via the common bile duct.  After removal, the pancreas 

was digested at 37°C for 20 minutes and washed with HBSS supplemented with 

10% FBS.  The cell suspension was then purified using an Optiprep density 

gradient and cultured overnight in RPMI 1640 with 10% FBS and 1% 

penicillin/streptomycin under normal culture conditions.   

 

MICROENCAPSULATION OF ISLETS 

 

Following overnight culture, islets were handpicked to increase purity and 

encapsulated with an 8-channel microfluidic device, [143] as previously 

described [144].  Islets were suspended in 1.5% LVM alginate and loaded into 

the microfluidic device. This cell suspension was then split equally across eight 

concentric nozzles and compressed air was used to shear off alginate droplets 

which were then collected in a calcium chloride bath.  Alginate droplets were then 

allowed to cross-link for 10 minutes in a 100 mM CaCl2 solution. After cross-

linking, the microcapsules, measuring 400-500 µm in diameter, were rinsed in 
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0.9% normal saline then incubated with 0.1% PLO in normal saline for 20 

minutes and rinsed again. After PLO coating, the microbeads were partially 

liquefied by incubating with 55 mM sodium citrate for 2 minutes. The capsules 

were rinsed and coated with 1.25% LVG for 5 minutes and rinsed again to 

generate alginate-polyornithine-alginate (APA) microcapsules. Next, the 

encapsulated islets were cultured overnight in RPMI-1640 supplemented with 

10% FBS and 1% Penicillin/Streptomycin. Also, empty APA microcapsules 

containing no islets were made for transplantation in control diabetic animals 

maintained by daily insulin injections during the entire post-transplant period. 

 

LIVE/DEAD AND DITHIZONE STAINING OF RETRIEVED ISLETS 

 

Prior to transplantation and after retrieval, microencapsulated islets were stained 

with both Dithizone and a live/dead stain using 6-carboxyfluorescein diacetate 

and propidium iodide (CFDA/PI). For Dithizone staining, islets were stained with 

a solution of 2 mg/mL Dithizone in HBSS and 25% dimethyl sulfoxide (DMSO) for 

2 minutes, and washed in PBS buffer prior to imaging. Cell viability was 

quantitatively assessed using a CFDA/PI stain.  For viable cells, CFDA will enter 

the cell membrane via diffusion and is by cleaved intracellular esterase to form 

the fluorescent marker CFSE, staining these cells green.  However, if the cell 

membrane is compromised, PI binds to the nuclei of the damaged cells and 

stains them red[145]. Islets were first incubated with 200 μL of 25 μM CFDA in 

RPMI-1640 for 15 minutes. The CFDA was then aspirated and replaced with 200 
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μL of RPMI 1640 supplemented with 10% FBS and incubated for 30 minutes. 

The RPMI was then replaced with a 50 μg/mL of PI in PBS and was incubated at 

room temperature for 2 minutes, then washed with PBS. The stained islets were 

imaged under fluorescent light with an Olympus IX71 inverted microscope 

equipped with standard filters. Percent viability was then quantified by calculating 

the viable (green fluorescence) tissue quantity vs. the total (viable plus non-

viable, green and red fluorescence) tissue quantity using Image J software.  

 

DEMONSTRATION OF ENCAPSULATED ISLET FUNCTION IN VITRO VIA 

DYNAMIC PERIFUSION OF ISLETS AND MEASUREMENT OF INSULIN 

SECRETION 

 

Perifusion experiments were conducted prior to transplantation and immediately 

after retrieval, 90 days post-transplantation.  Islets retrieved from each of the 

animals were handpicked under a dissecting microscope and placed into flow-

through perifusion chambers obtained from Kiyatec Inc. (Greenville, SC).  For 

each animal, 4 perifusion chambers were used with 15 islets per chamber and 

then perifused as previously described [146].  Islets were pre-perifused for 1 hour 

at 37°C at a rate of 1.4 mL/min with a modified Krebs-Ringer-bicarbonate 

solution (KRB) containing 0.2% bovine serum albumin and a3.3 mM (60 mg/dl) 

glucose, at pH 7.4  maintained by continuous gassing with 95% air/5% CO2 in an 

open reservoir.  Following the 1 h pre-perifusion, basal effluent samples were 

collected every five minutes on ice for 20 minutes before changing the glucose 
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concentration in the perifusate to 16.7 mM (300 mg/dL) glucose for 30 minutes.  

During the high glucose perifusion, effluent samples were collected every 2 

minutes.  Following the 30-minute high glucose perifusion, the islets were 

returned to the basal 3.3 mM glucose perifusion for 20 minutes and effluent 

perifusate samples were collected every 5 minutes.  All effluent samples were 

stored at -20°C until they were analyzed by radioimmunoassay for insulin content 

[147]. 

 

DEMONSTRATION OF ENCAPSULATED ISLET FUNCTION IN VIVO: 

TRANSPLANTATION OF MICROCAPSULES IN THE OMENTUM POUCH 

 

The microencapsulated islets were transplanted as previously described  [148]. 

Under general anesthesia with isoflurane, Lewis rats underwent a mini-

laparotomy and the greater omentum was placed onto moist gauze. A 4-0 

uncoated vicryl suture in a running fashion was placed along the edge of the 

omentum. For each animal, ~800 microcapsules, each containing one islet, were 

placed onto the exposed omentum, the suture was pulled up and tied, and a 

pouch for the microcapsules was created.  Only ~800 microcapsules (a marginal 

mass of islets) were transplanted in these experiments with the goal of reducing 

blood glucose levels in order to make room for the potential effect of FGF-1 

induced neovascularization in reducing the blood glucose levels further in 

subsequent experiments performed in Chapter 3. .  After hemostasis was 

confirmed, the surgical incision was closed using a standard surgical technique. 
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For this study, five diabetic Lewis rats were transplanted with isografts, 5 Lewis 

rats were transplanted with allografts using islets from Wistar-Furth donor rats, 

and 5 Lewis rats were used as controls and were transplanted with an equivalent 

number of empty microcapsules containing no islets using the same procedure. 

 

POST-TRANSPLANT ASSESSMENTS 

 

BLOOD GLUCOSE AND BODY WEIGHT 

 

Food intake, body weight, and non-fasting blood glucose levels were routinely 

measured. Blood glucose was measured from the tail vein using the lancet 

technique with a glucometer, and body weight was measured with an electronic 

scale.  

 

PLASMA C-PEPTIDE 

 

C-Peptide levels were measured with a rat C-Peptide ELISA kit (Mercodia) 

according to the protocol guidelines provided with the kit.  

 

 

 

HEMATOXYLIN AND EOSIN (H&E) STAIN 
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At the end of 90 days transplant follow-up, all transplant recipients were 

euthanized and their omentum pouches and pancreases were harvested and 

fixed in 10% neutral buffered formalin overnight. The tissues were then washed 

with deionized water and transferred to 60% ethanol prior to being processed 

with a tissue processor (Leica ASP300 S) and embedded in paraffin blocks 

(Leica EG1160). The microscope slides were accordingly labeled with an 

automated inkjet printer (Leica IP S). Thin sections, 5 µm in thickness, were cut 

with a fully automated rotary microtome (Leica RM2255). These sections were 

stained with an autostainer (Leica Autostainer XL ST5010 staining system) for 

hematoxylin and eosin (H&E).   

 

IMMUNOHISTOCHEMISTRY 

 

Tissue sections from the omentum pouches that were 5 µm thick were also 

stained for insulin and CD-31, a marker for endothelial cells. The paraffin 

sections were first de-paraffinized and hydrated. Antigen retrieval was performed 

with a microwave. After blocking the slides for non-specific binding with Dako 

serum free protein block, the primary antibodies dilutions for insulin (1:2000; 

mouse monoclonal anti-insulin antibody, Sigma-Aldrich) and CD-31 (1:25; 

PECAM-1, goat polyclonal IgG, Santa Cruz, CA) were prepared in Dako antibody 

diluent. These primary antibodies were detected with goat anti-mouse IgG (Alexa 

Fluor 488, Invitrogen) and rabbit anti-goat IgG (Alexa Fluor 594, Invitrogen) at 

dilutions of 1:200.  
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Both H&E and immunohistological sections were imaged at 20x with an upright 

microscope (Leica DM4000 B, Leica Microsystems), using the Imagepro 

software.  

 

RETRIEVAL OF OMENTUM POUCH AND ISOLATION OF MICROCAPSULES 

 

After 90 days of implantation, the animals receiving isografts were sacrificed, and 

these animals underwent a full-laparotomy, and the greater omentum was 

harvested. Following the resection of the greater omentum, the pouch from each 

animal was removed and placed in a 15 mL conical tube containing 5 mL of 

1mg/mL of Collagenase P at 4°C. The tissue was then digested for 20 minutes at 

37°C.  Following the 20 minute digestion period, 10 mL of cold HBSS 

supplemented with 10% FBS and 1% Penicillin/Streptomycin was added to the 

15 mL conical tube, and the tube was vigorously shaken for 30 seconds. The 

microcapsules were allowed to settle for 2 minutes on ice, the supernatant was 

aspirated, and the microcapsules were washed twice with the HBSS medium.  

Microcapsules were then stained with Dithizone and CFDA/PI, and the 

functionality was tested using the dynamic glucose perifusion protocol as 

described above. 

 

STATISTICAL ANALYSIS 
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Insulin release data are expressed as means ± standard error of the mean 

(SEM). To determine the significance of the differences in insulin release during 

the three phases of perifusion, a one-way analysis of variance (ANOVA) with 

Bonferroni correction was performed, and the Student’s t-test was used to 

compare the difference between two group means. In all cases, a value of p 

<0.05 was considered significant.  

 

RESULTS 

 

Figure 1 shows images of samples of Dithizone-stained islets at different stages 

during our studies. Figure 1A shows dispersed islets immediately after digestion 

of the pancreas; at this point islet purity is low and the majority of the tissue 

present is exocrine. Figure 1B shows an islet following purification using an 

Optiprep density gradient, indicating a significant increase in the amount of islets 

relative to exocrine tissue. We further purified the islets by hand-picking islets 

from the remaining exocrine tissue using a stereo-microscope under a cell 

culture hood (Biosafety level II) thus leaving very little exocrine tissue in the 

preparation before encapsulation (Figure 1C). Figure 1D shows an islet within an 

APA microcapsule immediately after the encapsulation process ready for 

transplantation. 
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Figure 1: Immediately following digestion and washing of the pancreatic tissue 
digest, islets were stained red with Dithizone amidst a lot of acinar tissue (A). 
After purification with the Optiprep gradient, the purity of the preparation 
improved with little exocrine tissue (B), prior to handpicking for enhanced purity 
before encapsulation (C). After encapsulation and Dithizone staining, an islet 
enclosed in the APA microcapsule is shown in (D). 
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Prior to transplantation, the islets were characterized for viability and 

functionality. Figure 2 shows a sample set of pictures of live/dead stains of naked 

and encapsulated islets used for quantitative viability analyses.  Percent viability 

was determined by counting individual cells within islets and dividing the total 

number of viable cells within the islet to the total number of counted cells within 

the islet.  While the mean viability was similar for the fresh islets before and after 

encapsulation (75±3% and 77±2.7% for naked and encapsulated, respectively, 

mean + standard deviation), the encapsulated islets retained their viability 

(75±3.4%) in contrast to naked islets whose viability dropped to 60±4.2%, (p = 

0.001, n = 5) after overnight culture in RPMI. This suggests that the 3D 

environment created by the microcapsules helps to preserve the structural 

integrity of the islets, thus preventing them from losing cell mass in culture.  
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Figure 2: For quantitative viability assessments live and dead cells islets were 
stained with the CFDA/PI dyes and the live and dead cells were imaged and 
assessed immediately after isolation (A); 24 hours after isolation (B); immediately 
following microencapsulation (C); and 24 hours after encapsulation (D).  
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We found no difference in daily food intake among animals within the transplant 

groups throughout the study. Two weeks after transplantation, insulin pellets 

were carefully removed from all control (empty) microcapsule and islet transplant 

recipients, and the control animals were then maintained on daily insulin 

injections throughout the remainder of the study. The mean non-fasting blood 

glucose levels measured in the isografts, allografts, and control (empty 

microcapsule) recipient animals are shown in Figure 3. The marginal mass of 

transplanted islets reduced the blood glucose of the isograft and allograft 

recipients to a range of 300 - 400 mg/dL compared to consistently greater than 

500 mg/dL for control animals. The mean blood glucose measured in the allograft 

group was reduced by 22% compared to control group (p<0.01), and this level of 

sustained reduction in blood glucose levels was similar to that observed with the 

isograft group, showing that our microencapsulation procedure effectively 

protected the allografts from the host body’s immune system in the absence of 

any immunosuppressant. These observations on blood glucose levels were in 

agreement with the level of insulin secretion in the three groups of animals based 

on the animals’ measured C-peptide levels. Once the diabetic model was 

established, the animals did not produce any detectable C-peptide, but following 

transplantation with encapsulated islets, C-peptide levels increased significantly 

and remained stable through the duration of study (Figure 4). The plasma C-

peptide levels measured after transplantation of the marginal mass of islets was 

lower than the level measured in normal non-diabetic rats, as shown in Figure 4; 

however, the post-transplant insulin secretion was sufficient to maintain the pre-
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transplant body weights of the islet transplant recipients.  This is in contrast to the 

control group whose mean body weight fell precipitously after transplantation of 

empty microcapsules and removal of the insulin pellets. Despite receiving daily 

insulin injections, the body weights of the control group remained lower than the 

body weights of the islet transplant recipients (p<0.05) throughout the study as 

shown in Figure 5. The weight gain observed in animals receiving islets relative 

to control animals demonstrates a decrease in lipolysis and an increase in lipid 

synthesis which is indicative of insulin production and therefore persistent islet 

function.  
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Figure 3: Microencapsulated islets, isolated from either normal Lewis rats 
(isografts) or Wistar-Furth rats (allografts) were transplanted in omentum 
pouches created in STZ-diabetic Lewis rats. Control empty microcapsules were 
also transplanted in a group of diabetic rats and non-fasting blood glucose levels 
were measured daily for 90 days. Data represent the mean blood glucose levels 
in each group and error bars represent the standard error of the mean (SEM) 
n=5.  
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Figure 4: Islets isolated from either normal Lewis rats (isografts) or Wistar-Furth 
rats (allografts) were microencapsulated prior to transplantation in omentum 
pouches created in diabetic Lewis rats. Control empty microcapsules were also 
transplanted in a group of diabetic rats and plasma C-peptide levels were 
measured biweekly in all for 90 days using the Mercodia rat C-Peptide ELISA kit. 
The mean plasma C-peptide levels measured in normal Lewis rats are provided 
for reference, while no C-peptide was detected in the control microcapsule 
recipients, which received daily insulin injections. 
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Figure 5: Microencapsulated islets isolated from either normal Lewis rats or 
Wistar-Furth rats (allografts) were transplanted in omentum pouches created in 
diabetic Lewis rats. Control empty microcapsules were also transplanted in a 
group of diabetic rats and body weights were measured daily for 90 days. Lines 
represent the percentage of body weight gained or loss from the time the insulin 
pellets were removed, error bars represent SEM, N=5.  
 

 

At the end of the 90 days of islet transplantation, the animals were sacrificed and 

the pancreases and omentum pouches were retrieved and characterized through 

histological techniques, or were digested and the individual microcapsules were 

retrieved and evaluated with Dithizone staining, live/dead staining, and 

perifusion. The omentum pouch site of transplantation of the encapsulated islets 

was easily retrievable by resection from the exposed omentum tissue, as 

illustrated in Figure 6. Figures 7 and 8 show representative images of the 

omentum pouches which were retrieved for histologic examination. Figure 7(a) 

shows a retrieved omentum pouch after 90 days transplantation in a diabetic rat. 
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Microcapsules can be clearly seen with the blood vessels spread throughout the 

pouch indicating good integration of the blood supply to the microcapsules. 

Figure 7(b) shows the H&E section for a normal rat pancreas. The islets can be 

seen to be distributed throughout the tissue with blood vessels in the section. In 

contrast, a diabetic rat pancreas which contains no live islets is shown in Figure 

7(c).  Figures 7(d), 7(e) and 7(f) show the H&E sections of microcapsules in an 

omentum pouch retrieved after 90 days from animals which received empty 

microcapsules, encapsulated islet allografts, and encapsulated islet isografts, 

respectively. Both encapsulated allogenic and isogenic islets can be observed in 

the microcapsules with surrounding blood vessels.  Figure 8(a) and 8(b) show 

the sections of pancreases from a normal healthy rat and our diabetic model, 

respectively. We can clearly detect insulin in the normal rat section while no 

insulin was visible in the diabetic rat. Figures 8(c), 8(d) and 8(e) are the sections 

of the omentum pouch where the microcapsules were transplanted. Insulin is 

clearly visible in both 8(c) and 8(d), which received allografts and isografts, 

respectively. This suggests that islets were still active and functional after 90 

days of microencapsulated islet transplantation. These data are also supported 

by blood glucose, C-peptide and animal weight results. Fig 8(e) is a section from 

blank microcapsules transplanted in omentum tissue of control animals and 

hence has no insulin. No immune cells were detected inside the microcapsules 

and no morphological damage to the microcapsules was detected, and this 

indicates that the APA microcapsule protected the islets from the host body 

immune cells 
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Figure 6: Omentum pouch retrieved after 90 days in vivo (A) Omentum 
immediately before surgical removal of omentum pouch with the microcapsules. 
(B) Omentum pouch immediately following surgical removal. (C) Omentum pouch 
with microcapsules magnified, spacing between the white lines is 1 mm. 
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Figure 7: (A) Retrieved omentum pouch after 90 days transplantation in a 
diabetic rat. Microcapsules can be clearly seen with the blood vessels spread 
throughout the pouch indicating good integration of the blood supply to the 
microcapsules. (B) H&E section for a normal rat pancreas. The islet of 
Langerhans can be seen distributed throughout the tissue with blood vessels in 
the section. (C) Diabetic rat pancreas which contains no live islets. (D) H&E 
sections of microcapsules in an omentum pouch retrieved after 90 days from 
animals which received empty microcapsules. (E) H&E sections of microcapsules 
in an omentum pouch retrieved after 90 days from animals which received 
encapsulated islet allografts. (F) H&E sections of microcapsules in an omentum 
pouch retrieved after 90 days from animals which received encapsulated islet 
isografts. Both encapsulated allogeneic and isogeneic islets can be observed in 
the microcapsules with surrounding blood vessels.   
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Figure 8: Tissue sections stained for insulin (green), and nuclei (blue), for a 
normal healthy rat (A) and our diabetic model (B). We can clearly detect insulin in 
the normal rat section while no insulin was visible in the diabetic rat. (C), (D) and 
(E) are the sections of the omentum pouch where the microcapsules were 
transplanted. Insulin is clearly visible in both allografts (C) and isografts (D) 
suggesting that islets were still active and functional after 90 days of 
microencapsulated islet transplantation. No insulin was detected in control 
microcapsules (E).   
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The encapsulated islets in the omentum pouch were successfully isolated 

following 20 minutes digestion of the omentum tissue with collagenase at 37oC, 

also shown in Figure 9. After isolation of the intact alginate microcapsules, the 

enclosed islets were tested for viability by two different histological techniques. 

Based on the live/dead and Dithizone staining (Figure 10), the majority of the 

cells in the retrieved islets were alive and viable; however, necrotic cores were 

observed in several cases.  

 

Figure 11 illustrates the responses of samples of encapsulated islets to changes 

in glucose concentrations before transplantation in figure 11(A) and after 

omentum retrieval and encapsulated islet isolation in figure 11(B). Both groups of 

encapsulated islets responded to the changes in glucose concentration 

appropriately with a bi-phasic release of insulin in response to an increase in the 

glucose concentration in the perifusate from 3.3 mM to 16.7 mM.  Additionally, 

the increase in insulin secretion following high glucose stimulation promptly 

returned to basal levels after the glucose concentration was returned to 3.3 mM.  

The mean + SEM glucose stimulation index (GSI) for insulin secretion of the 

retrieved islets was 2.74±0.68, which was not significantly different from that of 

the pre-transplant group, which was 4.11±0.48, p=0.13, n = 5) and is shown in 

figure 11(C).   
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Figure 9: Digestion of omentum pouch. (C) Omentum pouch and microcapsules 
prior to collagenase P digestion.  (B) Dispersed omental tissue and 
microcapsules following 10 minutes of digestion at 37°C.  (C) Free microcapsules 
after 20-minute digestion and wash in HBSS with 10% FBS. 
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Figure 10: Live/dead and Dithizone staining of retrieved encapsulated islets.  
While a portion of retrieved microcapsules retained their spherical shape over 
time, throughout the isolation process the majority of retrieved capsules 
collapsed as shown above. However as indicated by the live/dead staining 
majority of the encapsulated islets were viable. (A) Phase contrast image of 
encapsulated islets (10X objective) (B) 10X objective of image of encapsulated 
islets stained with CFDA (green) and PI (red). (C) Phase contrast image of 
encapsulated islets (4X objective) (D) Encapsulated islets stained with CFDA 
(green) and PI (red) (4X objective).  Additionally, after retrieving islets from the 
omentum islets were stained with a 2 mg/mL Dithizone solution in HBSS and 
25% DMSO for 2 minutes, and washed in PBS buffer prior to imaging. (E) 4X 
objective (F) 10X objective. 
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Figure 11: Islet Function before and after transplantation. (A) Insulin secretion by 
encapsulated islets prior to implantation. (B) Insulin secretion by retrieved 
encapsulated islets 90 days after implantation. (C) Glucose stimulation index 
(GSI) for encapsulated prior to transplantation and following retrieval. The GSI is 
defined as a ratio of the maximum amount of insulin secreted during the high 
glucose period over the average amount of insulin secreted over low glucose 
period. The GSI for retrieved islets was not significantly different from that for the 
pre-transplant group (2.75± 0.68 vs. 4.11± 0.48 respectively, p=0.13).  Error bars 
represent mean ± SEM, N=5). 
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DISCUSSION 

 

In this study, we have shown that islets encapsulated in the perm-selective APA 

microcapsules can be transplanted in the omentum where they remain viable 

over a long time, even in the face of chronic hyperglycemia, consistent with 

previous observations in mice transplanted with islets encapsulated in agarose 

microcapsules by Kobayashi et al [133].  In the study by Kobayashi et al 

extensive histological assessment was performed on the encapsulated islets in 

situ in the pouch; however, retrieval of the encapsulated islets from the pouch 

was not performed. In the present study, we have designed a reliable procedure 

for successful isolation of encapsulated islets after long-term implantation in the 

omentum pouch. The retrieved islets were shown to be viable as assessed by 

histological techniques as well as by their responsiveness to changes in glucose 

concentrations in the dynamic perifusion system. The ex vivo viability staining 

also showed that the majority of islets were viable; however, we did detect a 

portion of islets with necrotic cores.  The sustained long-term functionality of the 

implanted islets as determined by both blood glucose levels and C-peptide, in 

spite of the presence of necrotic cores, suggests that the damage to the 

implanted islets occurred early on, presumably during the immediate post-

transplant period and prior to engraftment.  

 

An inability to retrieve encapsulated islet grafts after extended periods of 

transplantation is a significant drawback of the use of the peritoneal cavity as a 
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site of encapsulated islet transplantation, which currently is the most common 

location for transplanting microencapsulated islets. Another major obstacle to 

clinical application of the microencapsulated islet technology is the death of large 

proportions of encapsulated islet grafts following prolonged hypoxia after 

transplantation in the avascular peritoneal cavity, resulting in the need to use 

large quantities of islets to achieve normoglycemia in experimental diabetic 

animals. Although islets only constitute approximately 1% of the pancreas’ mass, 

they receive about 6-10% of the blood flow to this gland, [149] indicating a 

disproportionate level of perfusion, meaning that islets both receive and consume 

high levels of oxygen. The usually high oxygen requirement of islets is 

interrupted during the period preceding isolated islet transplant revascularization, 

and studies have shown that hypoxia has significant deleterious effects on the 

survival and function of islets [150, 151].  In the immediate post-transplant period, 

isolated islet transplants are forced to depend upon diffusion of oxygen and 

nutrients through peripheral perfusion from the surrounding tissue within the site 

of transplantation, until the islet transplants are re-vascularized by angiogenesis, 

a process that requires 7-10 days [152],  However, when isolated islets are 

microencapsulated and transplanted in the avascular peritoneal cavity, very 

limited revascularization takes place, thus subjecting the islet grafts to extended 

periods of hypoxia and resulting in eventual death. 

 

The alginate microcapsules we have used contained a perm-selective membrane 

made with poly-L-ornithine (PLO), which has been shown to be superior to poly-

54 
 



L-lysine (PLL), as it invokes less immunogenic reaction and produces 

mechanically stronger capsules [111]. However, one study had suggested that a 

higher immune response was induced by PLO and poly-D-lysine coating 

compared to PLL [153] in contrast to observations in the more recent study by 

Tam SK et al [154].  The reason for the discrepancies reported in immune 

responses to the polycationic coating membranes in these previous studies is 

unclear, but our data in the present study are consistent with the observations 

from the study by Tam SK et al. Furthermore, we would like to point out that in 

the modified encapsulation procedure used in our study, the PLO membrane is 

covered with a cross-linked alginate layer.  Crosslinking the alginate prevents the 

degradation of this outer layer thereby preventing any negative reactions 

associated with uncovered PLO. It has been recently shown that degradation of 

the uncross-linked outer alginate layer leaves the underlying PLO membrane 

exposed, which ultimately leads to reduced biocompatibility in vivo [155]. Our 

modified microencapsulation system contains a thick and cross-linked outer 

alginate layer which is less likely expose the underlying PLO membrane and may 

explain why the microcapsules remained intact without any apparent fibrotic 

reactions in the retrieved omentum tissues 90 days post-transplantation. It is 

noteworthy that alginate microcapsules with perm-selective PLO membrane for 

encapsulated pig islets are currently being used in clinical trials by Living Cell 

Technologies, Auckland, New Zealand [119]. 
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We conclude from the present study that the omentum represents a viable 

alternative site of transplantation to the peritoneal cavity.  The omentum pouch is 

preferable not only because it is a highly vascularized tissue loaded with 

angiogenic factors to promote revascularization and enhance the delivery of 

oxygen and nutrients to the islet grafts, but also because of the technical ease in 

which encapsulated islets can be removed for post-transplant analyses, as 

shown in our study [144]. 

 

CONCLUSION 

 

In this study we have shown that our multilayer APA microcapsules can be 

effectively used for islet graft immunoisolation in immune-competent STZ-

diabetic rats. Furthermore, our data indicates that the omentum pouch is a viable 

site of encapsulated islet transplantation which can be retrieved with technical 

ease for post-transplant analyses. We therefore propose that the omentum 

should be considered as an alternative site to the avascular peritoneal cavity, 

where encapsulated islet transplants are subjected to a long period of hypoxia 

and subsequent cell death. There is abundant omental tissue to accommodate 

high transplant volumes of encapsulated islets in large animal and human 

studies.  However in spite of the well-vascularized transplant location there still 

appears to be some damage to the transplanted islets as seen in our ex vivo 

functionality testing.  Hypoxic injury and metabolic insult likely begin during the 

process of tissue procurement and continue through the isolation and 
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transplantation steps and during the immediate post-transplantation period 

before engraftment.  Preventing this graft loss during the immediate post-

transplant period remains a critical step in achieving normoglycemia in this 

animal model.
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CHAPTER 3 

 

NEW ALGINATE MICROCAPSULE SYSTEM FOR ANGIOGENIC PROTEIN DELIVERY 

AND THE EFFECT OF ENHANCED ANGIOGENESIS ON THE LONG-TERM 

FUNCTIONALITY OF MICROENCAPSULATED ISLETS WITHIN AN OMENTAL 

POUCH  

 

John P. McQuilling, Sittadjody Sivanandane, Rajesh Pareta, Alan C. Farney, Eric M. 

Brey, Emmanuel C. Opara 
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INTRODUCTION 

 

In the previous chapter, we demonstrated the feasibility of the omentum pouch 

as a location for the bioartificial pancreas.  Not only were islets functional long-

term without the use of immunosuppressants, they were also easily retrieved for 

post-transplant evaluation.  However, in the study we were unable to achieve 

normoglycemia in diabetic rats.  This was, in part, because the small size of the 

rodent omentum pouch prohibited the implantation of a large number of APA 

microcapsules, but also because of the loss of implanted islets following 

transplantation before engraftment occurred.  One approach to solving this 

problem of graft loss is to increase the rate of angiogenesis by the delivery of 

angiogenic growth factors, in particular, FGF-1.  Through this approach, there is 

the potential to decrease the time required for islets to engraft and to increase 

the density of the blood vessel network around the transplanted islets. 

 

The process of engraftment requires vascularization, meaning that the 

transplanted tissue needs a network of blood vessels to supply oxygen and 

nutrients and carry away waste products from the tissue.  When a new blood 

vessel or a network of blood vessels is formed, it is known as neovascularization. 

One of the approaches for promoting new blood vessel formation upon tissue 

implantation is through the delivery of angiogenic growth factors such as vascular 

endothelial growth factor (VEGF), fibroblast growth factor (FGF) and platelet 

derived growth factor (PDGF). The efficacy of growth factors depends both on 
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the amount of growth factor delivered and its rate of delivery.  For example, high 

bolus dosages of VEGF have been shown to lead to disorganized vascular 

structure and hyper-permeable vessels in one study [156].  Other studies have 

shown that the continuous delivery of low levels of FGF-1 promotes new vessel 

formation and maintains the vascular network over time, whereas higher levels 

resulted in abnormal microvasculature structure formation accompanied by 

regression [157]. 

 

Previous studies have demonstrated that alginate microcapsules can be used to 

provide a sustained release of FGF-1 for up to 30 days in vitro [158, 159].  

Additionally, these studies have found that this release of FGF-1 promotes a 

significant increase in angiogenesis at the site of transplantation [160, 161].  

Here, we have applied the strategy of incorporating FGF-1 with heparin into the 

outer alginate layer of the APA microcapsule as described by Khanna et al [162].   

The goal of this study was to first assess the efficacy of FGF-1 released from the 

external layer of the microcapsule in enhancing graft neovascularization in the 

omentum pouch.  Secondly, we wanted to determine if this increase in 

angiogenesis would improve the functionality of microencapsulated islets that 

had been transplanted into the omentum pouch of immunocompetent diabetic 

rats. 
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MATERIALS AND METHODS 

 

MATERIALS 

 

Collagenase P from Clostridium Histolyticum was purchased from Roche 

(Indianapolis, IN).  Low viscosity (20-200 mPa·s) ultra-pure sodium alginate with 

high mannuronic acid (LVM) and high guluronic acid (LVG) contents were 

purchased from Nova-Matrix (Sandvika, Norway).  LVM and LVG alginates were 

reported by the manufacturer to have molecular weights 75-200 kDa and G/M 

ratios of ≤1 and ≥1.5, respectively. PLO hydrochloride with molecular weight 

15,000 - 30,000 kDa, was purchased from Sigma-Aldrich (St. Louis, MO). 

Solutions for alginate microbead fabrication were made using the following 

chemicals: HEPES, NaCl, CaCl2, and MgCl2 (Fisher Scientific).  RPMI-1640, 

Hank’s balanced salt solution (HBSS), Streptozotocin, and Dithizone were 

purchased from Sigma-Aldrich (St. Louis, MO).  Human fibroblast growth factor 

(FGF-1) was purchased from Peprotech (Rocky Hill, NJ) and heparin sodium was 

purchased from McKesson (USA). 

 

ANIMALS 

 

Male Wistar-Furth (WF) and Lewis rats were purchased from Harlan (Dublin, VA) 

and housed 2 rats /cage in a temperature-controlled room with a 12-hour light-

dark cycle where the animals had unlimited access to food and water. All animal 
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protocols were approved by the Wake Forest University Institutional Animal Care 

and Use Committee (IACUC).  

 

ASSMENT OF FGF-1 TO INDUCE NEOVASCUALRIZATION IN THE 

OMENTUM POUCH 

 

FGF-1 PREPARATION 

 

 FGF-1 was reconstituted with 37 µl of 5 mM sodium phosphate and 0.1% BSA to 

a final concentration of 270µg/µL.  The stock concentration of FGF-1 and heparin 

sodium were added to 1.5% LVG alginate to a final concentration of 5 units 

heparin + 3µg FGF-1 per µL 1.25% LVG. 

  

MULTILAYER MICROBEAD SYNTHESIS AND ENCAPSULATION OF FGF-1 IN 

THE OUTER LAYER OF THE APA MICROCAPSULE  

 

Microcapsules were prepared aseptically in a biosafety cell culture hood. 1.5% 

LVM was extruded through an 8-channel microfluidic device at flow rate of 2 

ml/min with an air jacket pressure of 18 psi to form 500-600 µm diameter 

capsules. The capsules were extruded into a 100 mM CaCl2 solution, and 

allowed to cross-link for 15 minutes. Capsules were then strained through a 100 

µm cell strainer and rinsed with 25 ml of a mixture of 22 mM CaCl2 and 0.9% 

NaCl. The capsules were subsequently placed in a 0.1% PLO solution and 
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rocked for 20 minutes. Capsules were then rinsed with 25 ml 0.9% saline and 

mixed with either 1.25% LVG + ultrapure water (control) or 1.25% LVG with FGF-

1 and Heparin for 45 minutes. Finally, the capsules were rinsed with 0.9% saline 

to remove unbound alginate and dried prior to implantation.   

 

MICROBEAD IMPLANTATION IN THE OMENTUM POUCH 

 

The animal surgical procedure was approved by Wake Forest University 

Institutional Animal Care and Use Committee (IACUC). Under general 

anesthesia, the two groups (5 rats/group) of normal Lewis rats underwent a mini-

laparotomy and the greater omentum was mobilized and placed onto moist 

gauze. A 4-0 uncoated vicryl suture in a running fashion was placed along the 

edge of the omentum. Frequent irrigation with saline was ensured through the 

entire procedure to prevent the omentum from drying up. For each animal, 100 

empty (control) or FGF-1-loaded microcapsules were placed onto the exposed 

omentum, the suture was pulled up and tied, creating a pouch for the 

microcapsules. After hemostasis was ensured, the surgical incision was closed 

using a standard surgical technique. After 2 weeks of implantation, the animals 

were sacrificed, and immediately after the animal terminal procedure was 

performed, the transplant recipients underwent a full-laparotomy where the 

omentum pouch containing the microcapsules was harvested, fixed in formalin 

and paraffin embedded. Specimens were serially sectioned (5 µm thickness) for 

immunohistochemical analysis.  
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IMMUNOHISTOCHEMISTRY AND IMAGE ANALYSES 

 

Serial sections were stained for CD-31, a sensitive marker of endothelial cells 

(ECs)[163]. Deparaffinized and rehydrated sections underwent steam antigen 

retrieval using Dako target retrieval solution (Dako, Carpinteria, CA) prior to 

immunohistological staining. Specimens were stained following an indirect 

procedure using rabbit anti-human CD31 (Santa Cruz Biotechnology, Santa 

Cruz, CA) or rabbit anti-alpha smooth muscle actin (Abcam) and a biotinylated 

anti-rabbit secondary antibody using the Vectastain Elite ABC kit  (Vector Labs, 

Burlingame, CA). Sections were digitally imaged (20X objective, 0.017 μm/pixel) 

using an Axiovert 200 inverted microscope (Carl Zeiss, Germany). Areas stained 

positive for CD31 were manually selected using the Axiovision AC. The blood 

vessels per tissue view area were then counted based on CD31 staining, and the 

vessel density was calculated as previously described [158].  

 

STATISTICAL EVALUATION OF DATA 

 

The mean + SD vessel density measured in animals implanted with FGF-1-

loaded microcapsules was compared to the vessel density that was measured in 

control animals using the Student’s t-test.  A value of p<0.05 was accepted as 

significant. 
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EVALUATION OF MICROENCASPULATED ISLET WITH FGF-1 IN 

IMMUNOCOMPETENT DIABETIC RATS 

 

INDUCTION OF DIABETES IN RATS  

 

Lewis rats were obtained at 350-400 g and made diabetic after a week of arrival. 

Briefly, a Streptozotocin (STZ) solution was prepared in 0.1 M sodium citrate with 

a pH of 4.5. Each rat was injected intraperitoneally with 65 mg of STZ/kg of body 

weight. The rats were monitored for any sign of sickness or behavioral change. 

The rats’ blood glucose was closely monitored using a glucometer, and the rats 

were judged to be diabetic when blood glucose levels were higher than 400 

mg/dL for two consecutive days. After diagnosis of diabetes, insulin pellets 

(Linshin, Canada) were subcutaneously inserted in the back of the neck to 

maintain the health of the animals 

 

ISLET ISOLATION AND PURIFICATION 

 

Wistar-Furth rats (250-300 g) were used as islet donors for both control islets and 

islets with FGF-1. Islets were isolated from the pancreases of the rats using the 

procedure of collagenase digestion of pancreatic tissue [142] with modifications 

[164]. Briefly, following euthanasia by CO2 asphyxiation, shaving, cleaning, and 

laparotomy of the animals, the pancreatic ducts were cannulated for the infusion 

of 12 ml of 1 mg/ml freshly prepared Collagenase P solution (Roche, 

65 
 



Indianapolis, IN) through the bile duct in order to distend the pancreases. The 

distended pancreases were collected in ice-cold glass tubes pre-filled with 3 ml 

of the same collagenase solution and digested for 20 minutes at 37o C with 

uniform shaking in a water bath. The digestion mixture was filtered through a 

nylon mesh (500 µm) and washed twice with a wash buffer comprised of HBSS, 

10% FBS and 10 mM HEPES (Sigma-Aldrich), and pelleted by centrifugation for 

1 minute at 200 g and 4o C.  

 

Islets were purified and separated from the exocrine tissue with Optiprep (Sigma-

Aldrich) density gradients. Two density solutions were prepared at 1.125 g/ml 

and 1.09 g/ml in University of Wisconsin solution (UWS; Perfadex, Xvivo 

Perfusion, Englewood, CO). The digested tissue was pelleted and dispersed in 

10 ml of the1.125 g/ml density solution to bring the resulting density to 1.1 g/ml. It 

was topped with 10 ml of 1.09 g/ml density solution and 10 ml of UWS solution 

(1.045 g/ml) without mixing in a 50 ml centrifuge tube. This column was carefully 

centrifuged for 5 minutes at 375 g at 4o C. The first interface between the top two 

density layers (1.045 and 1.09) was carefully pipetted out and washed with wash 

buffer (as described previously). The purified islets were cultured overnight in 

RPMI-1640 (Sigma-Aldrich) media supplemented with 10% FBS and 10 mM 

HEPES.  
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MICROENCAPSULATION PROCEDURE 

 

Microencapsulation of islets was performed using a modification [111] of a 

previously described procedure [162].  After overnight culture, the islets were 

pelleted for 1 minute at 200 g and 4o C and were then dispersed in 1.5% LVM at 

2000 islets/ml. The islet suspension was pumped at a constant flow rate of 1.4 

ml/min, and microspheres were formed using a high-throughput flow-focusing 

microfluidic device at 1.4 psi [165]. These microspheres were collected in 100 

mM calcium chloride solution where they were allowed to cross-link for 15 

minutes. The microbeads were subsequently transferred to a 50 ml conical tube 

and washed twice with the wash solution prior to incubation in 0.1% PLO for 20 

minutes at 4o C with gentle rotational mixing to apply a uniform semi-permeable 

coating. The PLO-coated microcapsules were partially liquefied by incubating in 

55 mM sodium citrate solution for 2 minutes at 4o C. After washing with wash 

solution, a final outer coating of LVG was applied with 1.25 % LVG solution in the 

absence or presence of FGF-1 at a concentration of 3 μg of FGF-1 and 5 units of 

heparin per mL LVG for 5 minutes at 4o C with uniform mixing and the addition of 

22 mM solution of CaCl2 to cross-link the outer layer. Two additional washes 

were performed with 2 mM CaCl2 and 0.9% NaCl solution to remove unbound 

alginate. Finally, the microcapsules were rinsed with normal saline solution and 

immediately transplanted.  
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TRANSPLANTATION OF MICROCAPSULES  

 

For our transplant experiments, groups of five diabetic Lewis rats received either 

blank microcapsules (control), microencapsulated islets alone, or 

microencapsulated islets with FGF-1. Animals were anesthetized with isoflurane 

and then underwent a mini-laparotomy.  The greater omentum was then 

mobilized and placed onto moist gauze and a 4-0 uncoated vicryl suture in a 

running fashion was placed along the edge of the omentum. Frequent irrigation 

of the omentum with saline through the entire procedure prevented the omentum 

from drying.  Approximately 800 microcapsules were placed directly into the 

omentum pouch which was then closed and carefully placed back into the 

peritoneal cavity.  After 14 days of microcapsule transplantation, the 

subcutaneous insulin pellets were removed.  Following the insulin pellet removal, 

daily blood glucose measurements were taken.  For animals with a blood glucose 

reading above were 400 mg/dL, a slow releasing insulin (Lantis) was 

administered subcutaneously at the dose of 10 U/kg.   

  

POST-TRANSPLANT ASSESSMENTS 

 

BLOOD GLUCOSE AND BODY WEIGHT 

 

Food intake, body weight, and non-fasting blood glucose levels were routinely 

measured. Blood glucose was measured from the tail vein using the lancet 
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technique with a glucometer and body weight was measured with an electronic 

scale.  

 

PLASMA C-PEPTIDE 

 

C-Peptide levels were measured with a rat C-Peptide ELISA kit (Mercodia) 

according to the protocol guidelines provided with the kit.  

 

DATA ANALYSES 

 

Statistical evaluation of multiple groups of data was performed using a one-way 

analysis of variance (ANOVA) with the Tukey-Kramer post-tests (GraphPad 

Prism software). For comparison of two groups of data, the student’s t-test was 

used. In all cases, a value of p ≤ 0.05 was considered as significant. 

 

RESULTS 

 

We have previously shown that the outer layer of the APA capsules can provide 

sustained release of FGF-1 when incorporated with heparin [162].  When 

implanted in the omentum, the effect of FGF-1 can be seen in Figure 1, which 

shows gross images of retrieved omentum tissue. A greater number of vessels 

are apparent in the FGF-1 treated samples.  When examining 

immunohistochemical stains, a higher density of vessels appears in the FGF-1 
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treated samples relative to the control omentum tissue samples (Figure 2). 

Capillaries containing red blood cells can be seen near the surface of the 

alginate microbeads.  A relatively thin layer of fibrous encapsulation can be seen 

at the surface of the microbeads separating the vascularized tissue from the 

bead.  As reported previously and shown in table 1 [148], the density of 

vasculature is increased in response to the microcapsules containing FGF-1 in 

the outer layer to 128.9 ± 10.9 vessels/mm2 relative to control empty 

microcapsules without FGF-1 which had a vessel density of 198.8 ± 59.2 

vessels/mm2 (average ± standard deviation, p < 0.05, N=5). 
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Figure 1: Following encapsulation of recombinant human FGF-1 in the external 
layer of some multi-layer APA microcapsules, the FGF-1 containing-
microcapsules and control empty microcapsules with no FGF-1 were separately 
transplanted in omentum pouches created in two groups of normal Lewis rats. 
The omentum pouches were retrieved after 14 days for microscopic assessment. 
A representative sample of retrieved omentum containing microbeads with FGF-
1 is shown in Figure 1A, and Figure 1B represents a sample obtained from 
control empty microcapsule implants.  More vessels are visible in the FGF-1 
treated samples.  
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Figure 2: Following retrieval of the omentum pouches after 14 days, samples 
were stained for CD-31 as a measure of new blood vessel formation. A 
representative sample of CD-31 stain obtained from control microcapsule 
implants is shown in Figure 2A, and Figure 2B represents a sample obtained 
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from FGF-1 loaded microcapsule implants.  Arrows indicate some locations of 
CD31 positive vessels. 
 

Table 1: Quantitative Analysis of Vessel Density 

Control FGF-1 

128.9 ± 10.9 vessels/mm2 198.8 ± 59.2 vessels/mm2 

Data are significantly different from one another (p < 0.05).  

 

 

Similar to previous results, [144] we found no difference in daily food intake 

among the transplant groups throughout the study. Two weeks after 

transplantation insulin pellets were carefully removed from all control (empty) 

microcapsule and islet transplant recipients, and the control animals were then 

maintained on daily insulin injections throughout the study. The mean non-fasting 

blood glucose levels measured in the isografts, allografts, and control (empty 

microcapsule) recipient animals are shown in Figure 3. The marginal mass of 

transplanted islets reduced the blood glucose of the recipients to a range of 300 - 

400 mg/dL compared to levels that were consistently greater than 500 mg/dL for 

control animals; this 22% drop in blood glucose levels was considered to be 

significantly different (p<0.01).  

 

These observations of blood glucose levels agreed with the level of insulin 

secretion in the three groups of animals, based on measured C-peptide levels in 

the animals. Once the diabetic model was established, the animals did not 

produce any detectable C-peptide, but following transplantation with 
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encapsulated islets, C-peptide levels increased significantly and remained stable 

through the duration of study (Figure 5). The plasma C-peptide levels measured 

after transplantation of the marginal mass of islets was lower than the level 

measured in normal non-diabetic rats; however, the post-transplant insulin 

secretion was sufficient to maintain the pre-transplant body weights of the islet 

transplant recipients in contrast to the control group, whose mean body weight 

fell precipitously after transplantation of empty microcapsules and removal of the 

insulin pellets. Despite receiving daily insulin injections, the body weights of the 

control group remained lower than the body weights of the islet transplant 

recipients (p<0.05) throughout the study, as shown in Figure 6.  

 

We did not observe any additional benefit of co-encapsulation of FGF-1 with 

islets on blood glucose levels compared to microencapsulated islets alone 

(Figure 3).  However C-peptide levels (Figure 5) were significantly lower (p<0.05) 

in the microencapsulated islets with FGF-1 compared to the microencapsulated 

islets alone. Interestingly, despite lower level of insulin secretion as determined 

by the C-peptide levels, the rats that received FGF-1 with islet transplants gained 

significantly more weight (p<0.05) than those that received islet transplants alone 

(Figure 5), suggesting that FGF-1 might have a trophic effect on body weight 

independent of insulin.  
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Figure 3: Islets isolated from Wistar-Furth rat donors were either 
microencapsulated alone (islet microcapsules) or co-encapsulated with FGF-1 
(islet+FGF-1 microcapsules) prior to transplantation in omentum pouches created 
in diabetic Lewis rats. Blood glucose levels were measured for 90 days. Data 
represent the mean blood glucose levels in each group, shown without error bars 
to avoid distortion of group means (N=5 per group). 
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Figure 4: Islets isolated from Wistar-Furth rat donors were either 
microencapsulated alone (islet microcapsules) or co-encapsulated with FGF-1 
(islet+FGF-1 microcapsules) prior to transplantation in omentum pouches created 
in diabetic Lewis rats, and body weights were measured for 90 days. The data 
represent mean body weight in each group, n= 5 rats/group, shown without the 
error bars to avoid distortion of group data. The mean + SD weight gained by the 
islet+FGF-1 group was 61.7 + 12.6 g compared to 33.2 + 18.6 g gained by the 
islet alone transplant group (p<0.05). 
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Figure 5: C-peptide levels were measured biweekly in all for 90 days using the 
Mercodia rat C-Peptide ELISA kit. The mean plasma C-peptide levels measured 
in normal Lewis rats are provided for reference, while no C-peptide was detected 
in the control microcapsule recipients, which received daily insulin injections. 
 
 
DISCUSSION 

 

We had previously suggested that using our restructured APA microcapsule, the 

external alginate layer could be used for controlled release of angiogenic protein 

to induce neovascularization of encapsulated islet grafts in an omentum pouch 

[27, 159, 160, 162].   In the present study, we have shown that FGF-1 

encapsulated in this external layer can indeed enhance angiogenesis in the 

omentum pouch. Based on these results, we expected that the enhanced 

vascularization of the microencapsulated islet graft would result in sustained graft 

function and the use of lower numbers of encapsulated islets to achieve long-
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term normoglycemia. However, we observed that the transplantation of APA 

microcapsules with islets encapsulated in the inner alginate core and FGF-1 in 

the outer alginate layer did not result in improved graft function as judged by the 

assessment of glycemic control and C-peptide secretion, perhaps because the 

endogenous vascularity of the omentum [166] was already sufficient for adequate 

supply of oxygen and nutrients to the graft. A recent report by Veriter S, et al 

[167, 168] showed that although co-encapsulation of islets with mesenchymal 

stromal cells improved implant oxygenation and neoangiogenesis, it had only 

slight improvement in the function of encapsulated islets transplanted 

subcutaneously, a site that is even less vascularized than the omentum.  

 

Alternatively, another explanation could be that the enhanced angiogenesis did 

not occur fast enough to prevent hypoxic injury to the implanted grafts.  This 

would explain why several studies which allowed for a period of pre-

vascularization prior to islet transplantation were able to show improvements in 

islet functionality with the application of growth factors [169, 170].  In one study 

by Balamurugan et al., the authors implanted a polyethylene terephthalate mesh 

bag, containing gelatin microspheres loaded with FGF-2, which was used to 

induce angiogenesis at the intermuscular space in diabetic rats. After 

confirmation of adequate new vasculature formation, islets mixed in 5% agarose 

were transplanted into the same site as the polyethylene terephthalate mesh 

bag. Further neovascularization was observed around the cells within 10 days 

post-transplantation, and normoglycemia was achieved and maintained for more 

78 
 



than 35 days [171].  However, one drawback to the pre-vascularizing approach is 

that it typically requires more than one surgery; a more efficient approach would 

be to develop an alternative method to supply oxygen to implanted grafts which 

would last until the islets are able to engraft either with or without the application 

of angiogenic growth factors. 

 

One unexpected result in this study with islets co-encapsulated with FGF-1 was 

that although insulin secretion after transplantation of these islets in the omentum 

pouch was lower than obtained in the transplantation of encapsulated islets 

alone, the diabetic rats transplanted with islets and FGF-1 gained significantly 

more weight than those that received encapsulated islets without FGF-1. This 

observation suggests a potential trophic effect of FGF-1 hitherto unreported.  

 

CONCLUSION 

 

In conclusion, our data shows that the external layer of our new alginate 

microcapsule system is an effective drug delivery device for enhancement of 

encapsulated islet neovascularization in a retrievable omentum pouch via the 

release of FGF-1. However, the induction of new microvessels by FGF-1 

delivered from the outer layer of the microcapsules offered no additional benefit 

to encapsulated islet grafts in the omentum. While this could be because the 

omentum is already sufficiently vascularized tissue, it is likely that no additional 

benefit was observed because the addition of FGF-1 did not increase the rate of 
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angiogenesis early enough to prevent hypoxic injury to the transplanted islets 

during the first few days of transplantation.  Therefore, we hypothesize that an 

alternative method for delivering oxygen early to the islets, between the time of 

transplant and persisting until engraftment, will prevent this type of injury and 

result in sustained graft function and permit the use of lower numbers of 

encapsulated islets to achieve long-term normoglycemia.
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SODIUM PERCARBONATE PARTICLES AS AN OXYGEN SOURCE FOR 
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INTRODUCTION 

 

As previously discussed, overcoming hypoxic injury to encapsulated islets during 

the early post-implantation period remains a critical challenge to the long-term 

function of these implants.  Islets, which become necrotic immediately following 

transplantation, die as a result of hypoxia rather than any other nutritional 

deficiency that causes necrosis over an extended period of time. 

 

Oxygen plays a critical role in tissue engineering.  Oxygen is required for 

effective cellular respiration, and cells rely on respiration to produce the energy 

required for cell division and metabolism.  Hemoglobin transports oxygen to cells 

near capillary beds, but, further away from these locations, oxygen can only be 

supplied by diffusion.  However, the diffusion of oxygen is slow, only diffusing at 

a rate of approximately 3x10-5 cm2/second at 37°C [172]. The slow rate of 

diffusion of oxygen prevents cells and tissues from surviving more than a few 

hundred microns from a blood source. In cases of injury, or when implanting 

tissue engineered constructs, this blood supply is disrupted resulting in ischemia, 

which leads to hypoxia, or a deficiency of oxygen.  In cases of hypoxia, cells and 

tissues will react in three ways, depending on the severity of the hypoxia and the 

metabolic requirements of the cell or tissue.  These outcomes include 

angiogenesis, injury, and necrosis.  In certain cases, the body will adapt either 

through angiogenesis (the process of producing new blood vessels) or the cells 

and tissue will become injured but continue to function, or the tissue will become 
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necrotic and die.  Hypoxia is an especially complex problem to overcome in 

tissue engineering when implanting cell constructs within the body. Since the 

cells within this construct are dependent on diffusion for their oxygen supply, 

oxygen levels drop dramatically within the center of the construct, resulting in a 

necrotic center and the consequent failure of the implant  [173].  The problem of 

hypoxia is compounded for specialized cells which require large amounts of ATP 

in their normal function, such as the insulin-producing beta cells located within 

the pancreatic islets.   During high glucose conditions, glucose is metabolized in 

the cytoplasm via the glycolytic pathway to pyruvate, which is rapidly degraded in 

the mitochondria to produce ATP by oxidative phosphorylation.  This causes the 

ATP/ADP ratio in the cytoplasm to rise, causing the inhibition of K+ channels, 

which in turn leads to depolarization of the plasma membrane and Ca2+ influx 

into the cytosol, resulting in insulin release from beta cells.  As a result of this 

process, beta cells require high levels of oxygen in order to produce ATP for the 

insulin secretion process [174]. 

 

Therefore, it is clear that one construct which is hindered by a lack of oxygen is 

the microencapsulated islet.  As stated earlier, this is largely due to the fact that 

islet cells have high metabolic requirements; these cells require approximately 10 

to 12 % of the blood flow to the pancreas, while only accounting for 1 to 2 % of 

the gland’s weight [149, 175].  
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Currently, there are multiple oxygen therapies that are designed to either deliver 

or generate oxygen to areas under hypoxic stress.  However, of these therapies, 

only a select few have potential for use in islet therapies.  Currently available 

oxygen therapies include hemoglobin-based oxygen carriers (HBOCs), oxygen-

carrying solutions, perfluorocarbons (PFCs), and particulate oxygen generating 

substances (POGS). 

 

HEMOGLOBIN-BASED OXYGEN CARRIERS (HBOCS) 

 

HBOCs are therapies which mimic the oxygen-carrying molecule, hemoglobin.  

Currently, there are multiple products undergoing clinical trials such as MP4OX 

(Sangart Inc., CA) and Hemospan® (Sangart Inc., CA).  While these therapies 

have applications as a blood substitute, they would be largely ineffective in 

providing oxygen to encapsulated islets once transplanted, since HBOCs require 

an oxygen source or blood supply to replenish their oxygen supply, which is not 

available in the immediate post-transplant period.  They could potentially be 

useful during the isolation process.  Additionally, HBOCs have been shown to 

cause a number of problems including the release of free radicals into the body 

[176].   

 

OXYGEN-CARRYING SOLUTIONS 
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Oxygen-carrying solutions, such as Lifor®, utilize liposomal nano-particle systems 

for carrying oxygen [177]. These products have been shown to provide sufficient 

oxygen to be used as an organ preservation solution for the heart [178-180], liver 

[181], and kidneys [182, 183].  However, oxygen-carrying solutions require a 

reservoir of oxygen in order to be effective, which is not feasible for implanted 

encapsulated islets.    

PERFLUOROCARBONS (PFCS) 

 

PFCs are hydrocarbon molecules in which all hydrogen atoms have been 

replaced with fluorine atoms. The addition of fluorine atoms creates a highly 

stable ionic bond with low polarizability that increases the total amount of 

dissolved oxygen in a solution [184].  PFCs have shown promise as oxygen 

carriers due to their stability, limited reactivity, and high solubility for oxygen 

[185].  PFCs have been used in a number of tissue-engineered constructs 

including tracheas [186], cardiac constructs [187], and HepG2 liver cells 

immobilized in an alginate matrix. [188].  Additionally, PFCs have been shown to 

be beneficial for pancreas storage prior to islet isolation [189] and islet storage 

prior to transplantation [190]. However, in vivo PFCs have been shown to have 

little benefit in providing sufficient oxygen to encapsulated islets.  Part of the 

reason why PFCs are useful in vitro but not in vivo is that in vitro PFCs are able 

to move freely though media to deliver oxygen to tissue, while in vivo PFCs are 

immobilized and can only facilitate diffusion [191].  Another limitation of PFCs is 

many of their formulations are toxic to beta cells [192].  
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PARTICULATE OXYGEN GENERATING SUBSTANCES (POGS) 

 

Chemically-generated oxygen is a method of supplying oxygen to tissues through 

the controlled decomposition of peroxides into oxygen and water.  The oxygen 

generating materials sodium percarbonate (SPO) and calcium peroxide (CPO) 

are of particular interest.  Unlike the previously mentioned therapies, these 

materials do not need additional oxygen reservoirs (like oxygen-carrying 

solutions) and are functional in the absence of vasculature (unlike HBOCs).  

Therefore, these oxygen-carrying materials have potential to provide oxygen to 

encapsulated islet grafts prior to neovascularization.  

SODIUM PERCARBONATE (SPO) 

Sodium Percarbonate (SPO) is a material which has been previously 

utilized as an oxygen source for soil remediation [193] and as a cleaning 

agent for teeth [194, 195]. More recently SPO has been established as an 

oxygen generator for tissue engineering applications [196] which rapidly 

decomposes to produce hydrogen peroxide as shown below: 

2[Na2CO3∙1.5H2O2]  2Na2CO3+3H2O2    (Equation 1) 

 2H2O2 2H2O + O2      (Equation 2) 

The hydrogen peroxide, then decomposes into oxygen and water 

(accelerated by the presence of catalase and shown in Equation 2). This 

rapid release of oxygen from SPO and its soluble byproducts could make 

SPO useful in delivering oxygen during the islet isolation process by 
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infusing the pancreas with SPO and collagenase digestion solution. 

Additionally, incorporating SPO into hydrophobic materials such as 

silicone dramatically decreases the rate of oxygen release, and has 

potential to be utilized in providing oxygen to islets in culture for longer 

periods of time. 

CALCIUM PEROXIDE (CPO) 

CPO, which originally was used for soil bioremediation [197-199], has 

been studied for its antimicrobial properties [200], and has more recently 

been shown to improve cell viability in hypoxic environments in vitro [201].   

In the presence of water, CPO will generate hydrogen peroxide which will 

degrade into oxygen and water in the two step reaction shown below in 

equations 3 and 4.  This reaction occurs gradually, thus providing a 

continuous supply of oxygen for several days. CPO has been shown to be 

beneficial to islets in culture when combined with silicone [202] and this 

material could be utilized to provide oxygen to the encapsulated islet in 

low-oxygen environments for up to seven days.   

CaO2 +2 H2O  Ca(OH)2 + H2O2    (Equation 3) 

2H2O2 2H2O + O2      (Equation 4) 

Through the utilization of SPO and CPO, in the presence of catalase, a 

continuous supply of oxygen can be provided to islets cells from the time of 

isolation until vasculature is re-established, which occurs approximately one 

week after implantation. It is predicted that an uninterrupted supply of oxygen to 
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islets will diminish hypoxia and reduce hypoxia-induced beta cell death.  This 

would result in the improved survival and long-term function of encapsulated islet 

grafts.  This chapter and the following two chapters will discuss three applications 

of the oxygen generating materials.  In the current chapter, we will discuss the 

use of SPO particles as a means to supply oxygen to islets during the islet 

isolation process, from the time the blood supply is removed from the pancreas 

until the islets are placed in culture; the next two chapters will describe both the 

application of silicone film containing SPO for delivering oxygen supply to islets 

during islet cell culture and the application of CPO particles within alginate 

microcapsules for oxygen delivery to islets immediately following encapsulation 

through the immediate post-tranplant period. 

 

MATERIALS AND METHODS 

 

ETHICS STATEMENT 

 

All animal-related protocols were approved by the Animal Care and Use 

Committee (IACUC) of Wake Forest University and carried out with strict 

adherence to the guidelines set forth. 

 

MATERIALS 
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Unless otherwise noted, all materials and reagents were purchased from Sigma 

(St. Louis, MO, USA). Collagenase P was purchased from Roche (Indianapolis, 

IN, USA).  Density gradient solutions were prepared using Optiprep (Sigma) and 

University of Wisconsin solution (UWS; Perfadex, Xvivo Perfusion, Englewood, 

CO).    High-mannuronic acid-low viscosity alginate and high-guluronic acid-low 

viscosity alginate were purchased from Nova-Matrix (Sandvika, Norway) and 

were reported by the manufacturer to have molecular weights 75-200 kDa and 

G/M ratios of ≤1 and ≥1.5, respectively.    [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) was 

purchased from Promega (Madison, WI, USA). 125I-insulin was purchased from 

Perkin Elmer (Waltham, MA). 

 

COATING OF SPO PARTICLES  

 

SPO particles were sieved and particles with a diameter of 200-250 µm were  

coated in paraffin wax by dissolving paraffin at a concentration of 10mg/mL into 

chloroform.  After dissolving the paraffin, SPO particles were added and the 

chloroform was allowed to evaporate off at room temperature for 24 hours. The 

coated particles were then sterilized with gamma irradiation with a dosing of 1.5 

M Rad. Coated and uncoated particles were sputter-coated and visualized via 

Hitachi S-2600N scanning electron microscope with accompanying 

manufacturer’s image-capture software (Hitachi High Technologies America, Inc., 

Gaithersburg, MD). 
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OXYGEN MEASURMENTS FROM OXYGEN-GENERATING 

BIOMATERIALS 

 

Oxygen generation was measured for SPO particles at both 4°C and 37°C and 

both with and without catalase and with or without paraffin coatings.  Oxygen 

measurements were taken in a sealed 2.6 L tank using an Orion four-star 

dissolved oxygen (DO) probe (Thermo Scientific, Waltham, MA, USA) filled with 

phosphate buffered saline (PBS).  First, PBS was degassed by boiling and 

cooling under a low vacuum to either 37°C or 4 °C, and then the tank was 

submerged and sealed in the degassed PBS with care taken to ensure that no air 

bubbles were in the sealed tank.  After the tank was equilibrated to the 

appropriate temperature, 0.5 mL of an antibiotic-antimycotic (Clear Bath, 

Spectrum, Rancho Dominguez, CA, USA) was added through a one-way valve.  

The tank was then mixed using a stir bar at a rate of 60 rpm, and once DO and 

temperature measurements were stable, SPO was added through the one-way 

valve.  The probe then sampled every five minutes automatically, and data was 

logged using the software HyperTerminal.  To determine O2 production profiles, 

oxygen entering the system through diffusion, which was determined from control 

measurements, was subtracted and oxygen release is presented as a 

percentage of the theoretical oxygen generated, which was determined using 

Equation 4.  To describe the release rates of SPO, oxygen release 

measurements were fit to Equation 4 below: 
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C=C*(1-e-ϰt) + Cstart*e-ϰt   (Equation 4) 

 

which has been previously used to describe the release rates of solid peroxides 

including calcium peroxide (CPO) and sodium percarbonate (SPO)  [203]; where 

C is the concentration of O2 (described here as the percentage of the total 

oxygen released), C* is saturation concentration of O2 (also described here as 

the percentage of the total oxygen generated), Cstart is the initial concentration of 

oxygen, ϰ is the generation rate (h-1), t is the time (h).  Since the starting 

solutions for these experiments were degassed, the initial concentration of 

oxygen is 0 mg/L, and Equation 5 shows the simplified expression:  

 

C=C*(1-e-ϰt)     (Equation 5) 

 

RODENT ISLET ISOLATION AND CULTURE 

 

Female Fisher 344 rats were purchased from Harlan (Dublin, VA) and housed 2 

rats/cage in a temperature-controlled room with a 12-hour light-dark cycle.  

Animals had unlimited access to food and water.  Islet isolations were conducted 

as previously described [142, 164]; however, a fresh 100 µM solution of sodium 

percarbonate with 100 unit/mL catalase was added to all reagents immediately 

prior to use.  Following euthanasia by CO2 asphyxiation, the abdomen was 

shaven and disinfected using 10% Betadine followed by 70% ethanol.  A midline 
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incision was made and the pancreatic duct was cannulated and infused with 10 

mL of a 1 mg/mL Collagenase P solution with 100 U/mL catalase in Hanks 

Balanced Salts Solution (HBSS) with or without (control) 100 µM SPO. Following 

distention, the pancreas was collected and placed on ice with an additional 2 mL 

of the digestion solution.  The tissue was then digested for 20 minutes at 37 °C in 

a shaking water bath.  Following digestion, the tissue was then filtered through a 

500 µm nylon mesh into 20 mL of ice cold wash solution consisting of HBSS with  

10% fetal bovine serum (FBS), 10 mM HEPES, 100 U/mL catalase, with or 

without 100µM SPO.  Next, the tissue was gently inverted for 45 seconds and 

then centrifuged for 5 minutes at 250 g and 4 °C.  The digestion solution was 

then removed and the tissue was washed thrice with additional wash solution.   

 

Following the washing steps islets were purified using an Optiprep density 

gradient as previously described [144] with the addition of 10 U/mL catalase and 

with or without 100 µM SPO.  Pelleted tissue was re-suspended in 30 mL of a 1.1 

g/mL density gradient solution, and then 8 mL of a 1.09 g/mL and 1.046 g/mL 

solutions were gently layered on top.  The columns were allowed 10 minutes to 

return to 4 °C prior to centrifugation at 380 g for 5 minutes.  After centrifugation, 

islets were collected at the 1.046/1.09 interface, washed with wash solution, and 

then placed in culture in a RPMI 1640 media with 10% FBS, 1 % 

Penicillin/Streptomycin, 10 mM HEPES, 100 U/mL catalase, and with or without 

100 µM SPO under standard culture conditions for 4 and 24 hours prior to 

analysis with MTS assay, live/dead staining, dynamic perifusion, and qPCR.  Islet 
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yield was determined by Dithizone staining, using a 1 mg/mL solution of 

Dithizone in a 1:5 (v/v) solution of DMSO and Dulbecco’s PBS.   

 

MTS ASSAY 

 

At the above mentioned time points, MTS assays were used to determine islet 

viability.  500 islets from each group were handpicked and incubated with 300 µL 

of culture media with 20% of the MTS reagent for 4 hours in standard conditions.  

After the incubation, the islets were removed by centrifugation and the 

colorimetric change was measured by absorbance at 490 nm.  

 

LIVE/DEAD STAINING OF RETRIEVED ISLETS 

 

At both 4 and 24 hours, the percent cell viability was measured with live/dead 

staining.  First, islets were dispersed by incubating in a 0.05% trypsin solution 

along with gentle dissociation with a 1 mL pipette.  Following dissociation, islets 

were stained using Live/Dead Reduced Biohazard Cell viability Kit #1, (Life 

technologies), according to the manufacturer’s instructions.  For this kit, the 

membrane-permeant SYTO 10 dye labels the nucleic acids of live cells with 

green fluorescence, and membrane-impermeable DEAD Red® dye labels nucleic 

acids of membrane-compromised cells with red fluorescence.  After staining, the 

dispersed islets were counted; for each experiment, at least 500 cells were 

counted per set.  Percent viability was defined as the total number of viable cells 
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(SYTO 10 positive) over the total number of cells (SYTO 10 + and DEAD Red 

Positive).  

 

DYNAMIC PERIFUSION OF ISLETS AND MEASUREMENT OF INSULIN 

SECRETION 

 

Perifusion experiments were conducted as previously described [204] with the 

following modifications.  At the above mentioned time points, islets were 

handpicked into perifusion chambers available from Biorep Technologies (Miami, 

FL, USA) with 200 islets per chamber.  Then a low glucose solution consisting of 

125 mM NaCl, 5.9 mM KCl, 2.56 mM CaCl2, 1 mM MgCl2, 25 mM HEPES, 0.1% 

BSA and 3.3 mM glucose (pH=7.4) was used to pre-perfused for 1 hour at 37°C 

at a rate of 120  µL/min.  Following the 1 h pre-perfusion, basal effluent samples 

were collected every five minutes on ice for 20 minutes before changing the 

glucose concentration in the perifusate to 16.7 mM (300 mg/dL) glucose for 30 

minutes.  During the high glucose perifusion, effluent samples were collected on 

ice every 2 minutes.  Following the 30-minute high glucose perifusion, the islets 

were returned to the basal 3.3 mM glucose perifusion for 20 minutes, and effluent 

samples were collected on ice every 5 minutes.  All effluent samples were stored 

at -20°C until they were analyzed by radioimmunoassay (RIA) for insulin content 

[147]. 
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mRNA ISOLATION, CDNA SYNTHESIS, AND QUANTATIVE 

POLYMERASE CHAIN REACTION (QPCR) FOR INSULIN EXPRESSION 

 

Immediately after harvesting, islets were washed with ice-cold PBS, snap frozen 

in liquid nitrogen, and stored at -80 °C until analysis. Total RNA was extracted 

from approximately 1000 islets per group using an RNAeasy kit (Qiagen, Sussex, 

UK) and quantified on a NanoDrop 2000 UV/Vis spectrophotometer (Thermo 

Scientific, Waltham, MA, USA). Reverse transcription to cDNA was performed 

using the Applied Biosystems High Capacity cDNA synthesis kit (Carlsbad, CA, 

USA). Each sample value was normalized to TATA box binding protein (TBP) 

and relative expressions of mRNAs calculated by the 2−△△ Ct method. Levels of 

mRNA were measured using TaqMan probes on a 7300 Real Time PCR System 

(Applied Biosystems, Waltham, MA, USA). The probes used to detect INS1 and 

TBP were Rn00577560_m1, Rn01455646_m1 and Rn01775763_g1 

respectively. 

 

STATISTICAL ANALYSIS 

 

Statistical assessments were performed on functional and histological data using 

GraphPad Prism software. All results were presented as the arithmetic mean ± 

standard error of the mean (SEM). Analysis of variance (ANOVA) was performed 

for all parameters. Additionally, when an ANOVA revealed significance (p<0.05), 

a Bonferroni post-hoc test was performed.   
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RESULTS 

 

Based on SEM images we found that our uncoated SPO particles (Figures 1A 

and 1C) had a diameter of 330 µm ± 8 µm (average ± SEM; n=80) compared to 

particles coated in paraffin (Figures 1B and 1D) which had an average diameter 

of 356 µm ± 10 µm.  SEM images of the uncoated particles revealed the 

crystalline structure of SPO (Figure 1C), which was undetectable on the coated 

particles (Figure 1D).   

 

The oxygen generation rates of SPO particles with or without catalase, and with 

or without paraffin coating at 37 ⁰C are shown in Figure 2A, and Figure 2B shows 

the oxygen generation rates for the same groups at 4⁰C.  The best fit equations 

using equation 5 above are shown in Table 1 below.  For uncoated SPO without 

catalase, uncoated SPO particles with catalase, and paraffin coated SPO 

particles with catalase at 37 ⁰C the generation rates for O2 were found to be 

C=17.8(1-e-0.428t), C=91(1-e-21.68t), and C=66.3(1-e-5.31t) with coefficients of 

determination to be 0.99, 0.99, and 0.78 respectively.  For uncoated SPO without 

catalase, uncoated SPO particles with catalase, and paraffin-coated SPO 

particles with catalase at 4 ⁰C the generation rates for O2 were found to be C 

=36.2 (1-e-0.136t), C=98.1(1-e-5.73t), and C=69.3(1-e-1.75t) with coefficients of 

determination of 0.82, 0.92, and 0.98 respectively.  Based on this oxygen 

generation data assuming we have 1000 islets, the approximate number of islets 
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isolated prior to purification, with an approximate oxygen consumption rate 

(OCR) of 60 pmol O2/islet/hour (based off of in house measurements and 

previously reported data) [205-207] in a 50 mL solution containing 100 µM coated 

or uncoated SPO particles we can predict how long the oxygen generated can 

match the OCR of the islet mass.  For uncoated SPO particles 100% or more of 

the OCR for these islets can be met for up to 19 minutes at 37⁰C and up to 64 

minutes at 4⁰C.  10% of the OCR for these islets can be met for up to 26 minutes 

at 37⁰C and up to 90 minutes at 4⁰C.  For coated SPO particles 100% or more of 

the OCR for these islets can be met for up to 64 minutes at 37⁰C and up to 2.47 

hours at 4⁰C.  10% of the OCR for these islets can be met for up to 1.51 hours at 

37⁰C and up to 3.78 hours at 4⁰C.   

 

For our islet isolation experiments, we found no significant differences in cold 

ischemia (Control: 28.5±11.7 min vs SPO: 24.5±2.06 min; average ± SEM; n=5), 

or isolation and purification time between our control and experimental groups 

(Control: 118.75±2.92 min vs SPO: 114.5±2.06 min; average ± SEM; n=5).  

Additionally, we found no significant difference between the pre-purification yield 

per rat (Control: 1150±260 islets vs SPO: 1010±140 islets; average ± SEM; n=5) 

and post-purification yields (Control: 510±30 islets vs SPO: 590±190 islets; 

average ± SEM; n=5) for islets isolated with or without SPO.  

 

MTS results are shown in Figure 3.  At 4 hours, islets isolated with SPO and 

paraffin-coated SPO were found to have a normalized absorbance of 1.33±0.07 
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and 1.36±0.09, which was a significant increase over the control (p<0.05).  Islets 

isolated with hydrogen peroxide and sodium carbonate had normalized 

absorbances of 1.2±0.24, and 1.07±0.14 respectively; these were found to not be 

significantly different compared to the control.  At 24 hours following isolation, 

MTS absorbance values for islets isolated with hydrogen peroxide, sodium 

carbonate, SPO, and paraffin-coated SPO to be 1.01±0.15, 1.17±0.35, 

1.36±0.17, and 1.17±0.35 which were not significantly different when compared 

to the control. All MTS values are reported as average ± SEM, n=4. 

 

We found no significant difference in the percentage of viable cells (Figure 4) four 

hours after isolation, with 62.3±18% of cells within the control group viable 

compared to 61.2±13.1% of cells isolated with SPO and 73.6±17.1% of cells 

isolated with paraffin-coated SPO.  At 24 hours after isolation, there was a 

significant increase (p<0.05) in viable cells for both the SPO and paraffin-coated 

SPO groups compared to the control group, with 49.5±14.5% of cells within the 

control group viable compared to 87.1±13.2% of cells isolated with SPO and 

84.0±2.7% of cells isolated with paraffin-coated SPO.  The overall increase in cell 

viability at 24 hours in all groups compared to 4 hours is due to the loss of 

exocrine tissue during overnight culture [208]. 

 

The results from the dynamic perfusion are found in Figure 5 and were quantified 

using the glucose stimulation index (GSI).  The GSI is defined as the average 

insulin secretion rate during the high glucose period divided by the basal insulin 
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secretion rate.  At four hours after isolation, islets isolated with SPO and paraffin-

coated islets had a significantly higher GSI compared to the control group 

(Control: 1.76±0.12, SPO: 3.15±0.37, Paraffin coated SPO: 2.89±0.15; Average ± 

SEM, n=5, p<0.05). No significant differences were found in the GSI between the 

control group and islets isolated with either hydrogen peroxide or sodium 

carbonate (hydrogen peroxide: 1.65±0.15, sodium carbonate: 1.78±0.19; 

Average ± SEM, n=5, p>0.05).     After 24 hours of culture, we found no 

significant differences between the control group and the SPO or paraffin-coated 

SPO groups (Control: 1.42±0.41, SPO: 1.58±0.23, Paraffin coated SPO: 

1.22±0.04; Average ± SEM, n=5, p>0.05).   

 

qPCR results for islets isolated with SPO and paraffin coated SPO 4 hours after 

isolation showed that INS expression relative to control groups was significantly 

increased compared to controls.  The average fold expression for control SPO 

and paraffin groups were 1±0.19, 7.71±0.91, and 5.81±1.28 respectively. 

Following overnight culture we observe no difference between our control groups 

and islets isolated with SPO, however there was an increase in the expression of 

INS with islets isolated with paraffin coated SPO particles.  The average fold 

expression for control, SPO, and paraffin coated groups were: 1± 0.3, 1.97±0.37, 

and 6.32±0.55. (Figure 6) 
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Figure 1: SEM images of coated and uncoated SPO particles. Figure 1A is a 
representative image of uncoated SPO particles with an average diameter of 
330±8 µm, Figure 1B is a representative image of SPO particles coated with 
paraffin wax with an average diameter of 356±10 µm.  Magnified images of the 
uncoated SPO particles reveals the crystalline structure of SPO as seen in 
Figure 1C, this structure was undetectable in coated SPO particles as seen in 
Figure 1D, indicating that the paraffin coating completely coated the SPO.  
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Figure 2: Oxygen generation from coated and uncoated SPO particles at 
temperatures of 4 and 37 ⁰C.  Figure 2A: Oxygen release from SPO particles in 
PBS, pH=7.4, at 37⁰C without catalase (Black), with catalase (Red), and paraffin-
coated with catalase (Green).  Figure 2B: Oxygen release from SPO particles in 
PBS, pH=7.4, at 4⁰C without catalase (Black), with catalase (Red), and paraffin-
coated with catalase (Green). For both figures, the O2 release is described as the 
percentage of total oxygen release, which was determined by the total theoretical 
amount of oxygen release per mg of SPO. Each line in panels 2A and 2B 
represents the average ± SEM, n=5. 
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Group 
37 ⁰C 4 ⁰C 

ϰ (h-1) Cmax (%) r2 ϰ (h-1) Cmax (%) r2 

SPO 0.428 17.8 0.99 0.136 36.2 0.82 

SPO 

+ 100 U/mL catalase 
21.68 91.0 0.99 5.73 91.8 0.92 

Paraffin Coated SPO 

+ 100 U/mL catalase 
5.31 66.3 0.78 1.75 69.3 0.98 

 

Table 1: Release kinetics for SPO particles. To describe the release rates of 
SPO, oxygen release measurements were fit to the following equation:  
C=C*(1-e-ϰt) + Cstart∙e-ϰt, which has been previously used to describe the release 
rates of solid peroxides, including calcium peroxide and sodium percarbonate   
[203]. In the equation, C is the concentration of O2 (described here as the 
percentage of the total oxygen released), C* is saturation concentration of O2 
(also described here as the percentage of the total oxygen released), Cstart is the 
initial concentration of oxygen, ϰ is the release rates (h-1), t is the time (h).  Since 
the starting solution for these experiments was degassed the initial concentration 
of oxygen is 0 mg/L, reducing the equation to: C=C*(1-e-ϰt). 
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Figure 3: MTS Results for islets isolated with SPO, Paraffin coated SPO, H2O2, 
and sodium carbonate.  All groups were isolated with 100 U/mL of catalase. At 4 
hours, islets isolated with SPO and paraffin-coated SPO were found to exhibit a 
significant increase in absorbance compared to control (p<0.05).  At 24 hours, 
however, no significant difference was detected between groups.  Absorbance 
values are normalized to control values for each time point, values represent 
averages + SEM, * indicates significance (p<0.05). 
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Figure 4: Viability Results for islets isolated with SPO. 4A shows representative 
Live/Dead images of dispersed islets after 4 and 24 hours post-isolation with 
either no additive (control), SPO, or paraffin-coated SPO.  Green cells represent 
viable cells which stained positive for SYTO-10, and red cells represent dead 
cells which stained positive for Dead Red.  4B shows the quantification of 
live/dead images, data is depicted as percent viable cells, (Syto-10 positive 
cells/Syto-1 positive cells + Dead Red positive cells).  At 4 hours following 
isolation there is no significant difference between groups; however, by 24 hours 
there is a significant difference in viability for islets isolated with either SPO or 
paraffin-coated SPO compared to control.  Data is displayed as averages ± SEM, 
* indicates significance (P<0.05). 
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Figure 5: (A) Perifusion results for rat islets isolated with SPO 4 hours after 
isolation. (B) GSI results 4 hours after isolation, both islets isolated with SPO and 
paraffin-coated SPO had significantly higher GSI compared to control. (C) 
Perifusion results for islets isolated with SPO for 24 hours after isolation. (D) GSI 
results 24 hours after isolation, no significant differences were detected between 
groups.  All experimental and control groups were isolated with catalase. Data is 
displayed as averages ± SEM, *  and ** indicate significance (p<0.05 and p<0.01 
respectively). 
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Figure 6: qPCR results for islets isolated with SPO at (A) 4 hours and (B) 24 
hours following isolation. 
 
 

DISCUSSION 

 

The purpose of these experiments was to determine if SPO could be used as an 

effective source of oxygen during the islet isolation and post-isolation period to 

prevent cell damage from hypoxia.  Additionally, we wanted to see if the addition 

of a hydrophobic coating to SPO particles would slow the release of oxygen from 
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the particles, and if so, would this slower release of oxygen improve islet viability 

more than the burst release of oxygen from the uncoated SPO particles.  As 

Figure 1 indicated we were able to successfully coat the SPO particles with 

paraffin. Based on the differences in diameter between the uncoated and coated 

particles, we believe the thickness of this paraffin coating to be approximately 

10µm.     

 

The oxygen generated from SPO indicated that the release rate of SPO is 

temperature sensitive, with an approximate 3-fold increase in the rate of oxygen 

generated from SPO at 37⁰C compared to 4⁰C.  However, the biggest driver of 

the reaction appeared to be catalase, which at 4⁰C, at a concentration of 100 

U/mL increased the reaction rate approximately 40-fold.  As expected the activity 

of catalase is also temperature sensitive, and consequently the SPO with 

catalase at 37⁰C had a release rate approximately 4-fold higher than at 4⁰C.  This 

dependence on temperature is beneficial for our purposes with isolating islets, 

considering that the majority of the isolation process occurs at 4⁰C, with the 

exception of the 20 minute digestion period at 37⁰C.  The addition of the paraffin 

coating did extend the release rate approximately 4-fold at 37⁰C and 3-fold at 

4⁰C.  Considering that fresh SPO is added during each stage of the isolation the 

oxygen requirements for islets should be met if not exceeded during the entirety 

of this process.  
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As we expected, the addition of SPO during the islet isolation process resulted in 

increasing the metabolic activity of islets immediately following isolation, as 

determined by both MTS, insulin expression, and dynamic perifusion tests; 

however, this increase in metabolic activity was temporary, and we did not see 

any increase 24 hours after isolation.   This temporary increase in metabolic 

activity can be explained due to the short term period in which SPO generates 

oxygen.  Once the oxygen from these particles was consumed, the islets’ 

metabolic activity decreased as well.   Interestingly, we did see a significant 

difference in cell viability 24 hours following isolation, even though there was no 

significant difference immediately following the isolation.   One possible 

explanation for this is that the addition of SPO prevented or significantly reduced 

the ischemic reperfusion injury within the islets during the isolation.  If this was 

the case we would expect islets in the control group to undergo apoptosis 

following the reperfusion injury (i.e. the isolation) which would explain why the 

change in viability was observed 24 hours after, but not immediately following the 

isolation.  Ischemic reperfusion injury to islets during the isolation has been 

shown to significantly decrease the quality of islets following isolation [209] and 

significantly decrease the viability of islets following overnight culture [210].  

 

What is not clear is whether the SPO was most effective during the cold ischemia 

period prior to isolation, or during the actual isolation process itself; further 

studies will be needed to determine this.  We hypothesize that SPO will be more 

beneficial during the cold ischemia time as a way to prevent reperfusion injury to 
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organs than during the isolation, especially considering that in the case of 

standard human islet isolations, which use a Ricordi chamber, the process is 

presently done with an oxygenated perfusion loop. Interestingly, we did not 

observe an additional benefit to coating SPO with paraffin.  This could be due to 

the fact that the burst release of oxygen from SPO is sufficient enough to 

improve islet quality during these isolations.  Alternatively, this could be a result 

of the relatively short cold ischemia and isolation time; it is possible that with 

longer cold ischemia times the longer release of paraffin-coated SPO particles 

will provide more a benefit to tissue than the uncoated SPO particles; however, 

the amount of coated SPO will need to be adjusted to account for the reduction in 

oxygen release.  We should also mention that there is a limit to the amount of 

SPO which can be utilized to prevent hypoxic damage to islets.  The addition of 

too much SPO will result in damage to islets as a result of oxidative stress, which 

islets are especially susceptible to [211, 212]. In initial studies we found that 

exceeding 100 µM SPO typically resulted in a loss of cell viability as a result of 

oxidative stress.  However, there are several antioxidants, in particular Trolox, 

which may allow for an increase in concentration by preventing this damage 

[213]. 

 

The addition of the two individual components of SPO (H2O2 & H2CO3) had no 

effect on the viability and functionality of islets.  This suggests that the production 

of O2 via the catalytic decomposition of SPO is necessary to prevent hypoxic 

damage.  These results are consistent with the results of similar experiments 
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conducted on skeletal muscle [196]; however, this is the first report that we are 

aware of in which the application of SPO is used to prevent beta cell loss due to 

hypoxia during isolation.   

 

CONCLUSION 

 

To the best of our knowledge, this is the first report of using oxygen-generating 

materials to improve islet cell viability during the cold ischemia time, isolation, 

and purification.  Hypoxic injury to islets has been shown to occur as soon as the 

blood supply to the pancreas is removed which has led researches to develop a 

method for supplying oxygen to this tissue during this period. Many alternative 

approaches to providing oxygen to islets during this period rely heavily on an 

oxygen reservoir. One major advantage of SPO is that it is a self-generating 

source of oxygen in aqueous environments. This study demonstrates that SPO 

can be applied as an oxygen source to improve the quality of isolated islets.  
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CHAPTER 5 

 

AN OXYGEN-GENERATING CULTURE SYSTEM TO IMPROVE ISLET 

FUNCTIONALITY AND VIABILITY 

 

John P. McQuilling, Benjamin S. Harrison, Emmanuel C. Opara 
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INTRODUCTION 

 

One of the major benefits of islet transplantation as compared to pancreas 

transplantation is the ability to culture islets prior to transplantation.  The culture 

of islets allows for an extended period of time between the islet isolation and 

transplantation and has been shown to improve islet purity and morphology 

[208]. This extended period of time affords the clinicians time to run extended 

serological tests on the tissue, isolate more islets as organs become available, 

immunomodulate the tissue, and transport the islets to different locations for 

transplantation.  

 

Specific examples of immunomodulation in culture include strategies like 

culturing islets with nicotinamide. This kind of immunomodulation has been 

shown to reduce islet secretion of tissue factor (or CD 142), which triggers a 

negative thrombotic reaction after islet transplantation via the portal vein and 

macrophage chemoattractant protein-1 which is an effective recruiter of 

monocytes that are detrimental to islets [214-218].  Another immunomodulatory 

strategy is to pre-coat islets with the variable region of antibodies specific to MHC 

1 molecules.   This strategy prevents T-cell mediated antibody immune response 

by blocking potential antigens with antibody segments incapable of eliciting an 

immune response [219, 220].  The removal of passenger leukocytes from islets is 

an additional immunomodulatory strategy which prevents donor antigen 

presenting cells from migrating to host lymph nodes and presenting donor 
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antigens, this can be accomplished through various treatment methods in culture 

[221, 222]. 

 

The shipment of islets between centers is another factor which necessitates islet 

culture prior to transplantation.  Because clinical islet cell allo-transplantation is 

regulated as an investigational new drug under the somatic cell therapy category, 

all islet isolation centers must follow Good Manufacturing Practices (GMP).  The 

GMP require a very specific set of equipment as well as appropriate facilities, 

which imposes a substantial economic burden on islet centers, especially for 

groups trying to establish a new facility [223-225].  Furthermore, recent multi-

center studies have found that there is a strong correlation between technical 

experience in islet isolation and the success rate of the islet cell transplantation 

[226, 227]. As a result of these factors, there has been demand to establish 

centralized regional centers for isolating islets which could ship the purified 

product (isolated islets) out for transplantation, thereby focusing the technical 

experience at one center and spreading the cost of the facilities and equipment 

over several hospitals [228-231]. 

 

While there are clear benefits to culturing islets prior to transplantation, many 

centers still try to minimize the time in culture, or if possible, avoid culturing islets 

altogether [232, 233]. This is due to the loss of islets during culture, their 

decrease in functionality, and the potential for contamination [234]. This loss in 

islet mass in culture is caused by several factors including: trauma from the islet 
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isolation, expression of pro-inflammatory cytokines and chemokines, and lack of 

oxygen during isolation and in culture.  The process of islet isolation, even under 

ideal circumstances, is considered traumatic for islet cells.  The native pancreatic 

environment, in particular the extracellular matrix, is essential for maintaining the 

homeostasis of islet cells.  The removal of islets from this environment has been 

shown to be highly detrimental to islets [235-238]. Consequently, the stress 

caused by isolation triggers the generation of a number of cytokines and 

chemokines, such as CXCL8/IL8, CXCL6/GCP-2, CXCL2/Gro-β, CXCL1/Gro-α, 

CXCL5/ENA78, CCL2/MCP-1, CXCL12/SDF-1, CCL28/MEC, HMGB1, and 

Tissue Factor which have been shown to trigger cell death in vitro [106, 215, 218, 

239-242].  Lastly, as mentioned previously, islets are a highly vascularized tissue 

and the disruption of the vasculature causes islets to become dependent upon 

diffusion to receive oxygen.  However, because islets have such high metabolic 

requirements, especially under stressful conditions, like in culture immediately 

following isolation, diffusion alone is insufficient to provide the needed oxygen 

supply, and consequently, a large portion of islet mass is lost as a direct result of 

hypoxia [172, 243, 244]. 

 

In order to maintain islet mass and quality during culture, certain strategies are 

employed, including the optimization of islet seeding density, media composition, 

genetic modifications, and the co-culture of islets with either epithelial cells or 

mesenchymal stem cells.   
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Most of these strategies have resulted in improved islet quality, and consequently 

allowed for longer culture periods; however, these strategies have been 

unsuccessful in preventing hypoxic damage to islets. Several studies have been 

conducted on determining the optimum culture density for islets[245-248]; 

currently the Integrated Islet Distribution Program uses a culture density of 

20,000 islet equivalents per 175 cm2 in 30 mL of culture media [249].  

Considerable research has gone into the appropriate formulation of islet cell 

culture media, [250-253]  and the most common formulation of islet culture media 

for clinical transplantation uses the Connaugh Medical Research Laboratories 

(CMRL) 1066 medium with human serum albumin with 5.38 mM glucose, and 

supplemented with insulin selenium and transferrin [254].  Genetic modifications 

for immune, inflammation, and apoptosis protection include the up-regulation of 

VEGF, interleukin-1 receptor antagonist, tissue factor alpha antagonist, Bcl-2, 

A20, heme oxygenase I, tissue growth factor beta, CTLA-4 Ig, interleukin 

4;10;12,  FasL, Adv E3, insulin-like growth factor-I, dominant negative protein 

kinase Cδ, dominant negative MyD88, nuclear factor ϰB repressor, heat shock 

protein 70, manganese superoxide dismutase, and catalase [255-280]. The co-

culture of islets and epithelial or mesenchymal cells has also been shown to 

improve post-transplant functionality [281-283]. 

 

Cell loss due to hypoxia remains one of the most critical barriers to successful 

long-term culture of islets without graft loss or functionality.  There have been 

several attempts to reduce hypoxic injury to islets during culture including genetic 
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modification, modifying the culture temperature[221], using PFCs in culture 

media[284-291], and creating culture systems designed to enhance oxygen 

diffusion[246, 292-296].  While most of these attempts have reduced the hypoxic 

injury to islets, many of them, in particular the silicone oxygen permeable 

devices, require an external oxygen source in order to be effective, which is not 

practical when transporting the tissue [293]. 

 

In this study, we have developed a culture dish which generates oxygen from the 

bottom of the dish as a means to reduce the hypoxic burden on islets during the 

culture period, following isolation and prior to encapsulation or transplantation, a 

period which can last up to one week.   By supplying oxygen from the bottom of 

the culture dish, we will not only provide more oxygen to the islets in culture, but 

also prevent the oxygen concentration gradient that is seen in most standard 

culture systems where dissolved oxygen levels rapidly decrease towards the 

bottom of the culture dish, which results in the development of necrotic cores in 

islets [297, 298].  By generating oxygen, as opposed to simply increasing the 

diffusion of oxygen into a culture system, we remove the need for an external 

oxygen source, which is typically unavailable during the transport of islets. For 

this culture dish, we decided to utilize sodium percarbonate (SPO) as the oxygen 

generating biomaterial, which as previously stated, has been used as an oxygen 

source in other tissue engineering applications [196, 299]. In order to delay the 

release of oxygen from SPO which typically releases oxygen rapidly in the 

presence of water, we have incorporated large SPO particles into a two-layer film 
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of silicone.  The hydrophobic silicone film prevents water from coming into 

contact with the SPO particles, except at the interface between the two layers of 

silicone, as seen in Figure 1A, thereby greatly decreasing the reaction rate of 

SPO.   We hypothesize that the use of this oxygen generating culture system will 

increase the amount of oxygen available to islets and reduce the hypoxic injury to 

islets in culture, thereby improving the functionality and viability of these cells. 

 

MATERIALS AND METHODS 

 

ETHICS STATEMENT 

 

All animal-related protocols were approved by the Animal Care and Use 

Committee (ACUC) of Wake Forest University and carried out with strict 

adherence to the guidelines set forth. 

 

MATERIALS 

 

Unless otherwise noted all materials and reagents were purchased from Sigma 

(St. Louis, MO, USA). Density gradient solutions were prepared using Optiprep 

(Sigma) and University of Wisconsin solution (UWS; Perfadex, Xvivo Perfusion, 

Englewood, CO).    3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) was purchased from Promega 
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(Madison, WI, USA). 125I-insulin was purchased from Perkin Elmer (Waltham, 

MA). 

 

GENERATION OF PDMS-SPO CULTURE DISHES 

 

Oxygen generating culture dishes were generated using the Sylgard 184 silicone 

elastomer kit (World Precision Instruments, Sarasota, FL).  First, a 1 mm thick 

silicone film was prepared by pouring silicone (10:1 (wt/wt) silicone elastomer 

base: curing agent) into a 150 mm x 20 mm Petri dish then SPO particles, which 

were selected by sieving between 1 and 2 mm sieves. The particles were then 

added on top of the silicone and allowed to cure at room temperature for 48 

hours.  In order to determine the optimum concentration of SPO particles needed 

in culture, four groups of plates were created each time containing either 0 

(control), 90, 180, or 360 mg of SPO (as shown in Figure 1C).  After 48 hours, a 

second 1 mm layer was added over the SPO particles and was allowed to cure at 

room temperature for an additional 48 hours prior to sterilization with ethylene 

oxide. SPO particles, prior to incorporating into the silicone film,  were sputter-

coated and visualized via Hitachi S-2600N scanning electron microscope with 

accompanying manufacturer’s image-capture software in order to determine the 

exact diameter of the particles (Hitachi High Technologies America, Inc., 

Gaithersburg, MD). 
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OXYGEN MEASURMENTS FROM OXYGEN GENERATING 

BIOMATERIALS 

 

Oxygen generation was measured for the oxygen producing culture dishes, 

described below, at 37°C in the presence of catalase.  Oxygen release 

measurements were taken in a sealed 2.6 L tank using an  Orion four star 

dissolved oxygen (DO) probe (Thermo Scientific, Waltham, MA, USA) filled with 

phosphate buffered saline (PBS).  First, PBS was degassed by boiling and 

cooling under a low vacuum to 37 °C, and then the tank was submerged, the 

culture dish was added, and the tank was sealed in the degassed PBS with care 

taken to ensure that no air bubbles were in the sealed tank.  After the tank was 

equilibrated to the appropriate temperature, 0.5 mL of an antibiotic-antimycotic 

solution (Clear Bath, Spectrum, Rancho Dominguez, CA, USA) was added 

through a one-way valve.  The tank was then mixed using a stir bar at a rate of 

60 rpm, and once the DO and temperature measurements were stable, the probe 

then sampled every five minutes automatically and data were logged using the 

software HyperTerminal.  To better describe the oxygen generation profile for the 

SPO films, the release rates were fit to the following equation, as described in 

chapter 4, C=C*(1-e-ϰt),  where C is the concentration of O2 (described here as 

the percentage of the total oxygen released), C* is saturation concentration of O2 

(also described here as the percentage of the total oxygen generated), ϰ is the 

release rates (h-1), and t is the time (h)  [203].  
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PORCINE ISLET ISOLATION AND CULTURE 

 

Porcine islets were isolated using the selective osmotic shock method [300].  

Briefly, young adult pigs (20kg) were intravenously heparinized (400U/kg) then 

euthanized according to ACUC guidelines. Following euthanasia, the pancreas 

was removed and placed in sterile saline on ice until isolation.  Pancreases were 

first washed with 1 L sterile PBS and incubated for 5 minutes in a 10% betadine 

solution and then washed again with an addition 1L sterile PBS.  The tissue was 

then finely minced and incubated in RPMI-1640 with 300 mM glucose and 2 mM 

Trolox for 20 minutes at room temperature.  Then, the tissue was centrifuged at 

200 g for 5 minutes and the high glucose solution was removed and replaced 

with RPMI-1640 without glucose.   The tissue was washed thrice with the no 

glucose RPMI solution and then gently dissociated with a syringe for 15 minutes.  

The dissociated tissue was then filtered, first through a 500 µm filter then a 350 

µm filter, and then washed three times again prior to purification.   

 

Following the washing steps, islets were purified using an Optiprep density 

gradient as previously described [144].  Pelleted tissue was re-suspended in 30 

mL of a 1.1 g/mL density gradient solution, then 8 mL of a 1.09 g/mL and 1.046 

g/mL solutions were gently layered on top.  The columns were allowed 10 

minutes to return to 4 °C prior to centrifugation at 380 g for 5 minutes with no 

brake.  After centrifugation, islets were collected at the 1.046/1.09 interface, and 
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dishes islets were immediately placed into culture on culture dishes containing no 

SPO (control), or in dishes with 90, 180 or 360 mg of SPO embedded within a 

silicone film at the bottom of the dish.  Islets were cultured in an RPMI-1640 

media with 20% porcine serum, 1 % penicillin/streptomycin, 10 mM HEPES, 1.5 

mM Trolox, and 100 U/mL catalase.  Media was changed after overnight culture, 

and then every 48 hours, and islets were collected following 1 and 4 days of 

culture for analysis with live/dead staining, dynamic perifusion, and qPCR 

analysis for insulin, caspase 3, and HIF-1α expression after 24 hours of culture.   

 

LIVE/DEAD STAINING OF RETRIEVED ISLETS 

 

At the above mentioned time points, cell viability was assessed using a live/dead 

stain with CFDA (vital dye) and PI (nuclear stain).  Islets were first incubated with 

200 μL of 25 μM CFDA in RPMI-1640 for 15 minutes. The CFDA was then 

aspirated and replaced with 200 μL of RPMI 1640 supplemented with 10% FBS 

and incubated for 30 minutes. The RPMI was then replaced with a 50 μg/mL of 

PI and was incubated at room temperature for 2 minutes, then washed with PBS. 

The stained islets were imaged under fluorescent light with an Olympus IX71 

inverted microscope equipped with standard filters. 
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DYNAMIC PERIFUSION OF ISLETS AND MEASUREMENT OF INSULIN 

SECRETION 

 

Perifusion experiments were conducted as previously described [204] with the 

modifications described as follows.  At the time points of 1, 4, and 7 days in 

culture, islets were handpicked into perifusion chambers available from Biorep 

Technologies (Miami, FL, USA) with 200 islets per chamber.  Then, a low 

glucose solution consisting of 125 mM NaCl, 5.9 mM KCl, 2.56 mM CaCl2, 1 mM 

MgCl2, 25 mM HEPES, 0.1% BSA and 3 mM glucose (pH=7.4) was used to pre-

perfuse for 1 hour at 37°C at a rate of 120  µL/min.  Following the 1 h pre-

perfusion, basal effluent samples were collected every five minutes on ice for 20 

minutes before changing the glucose concentration to 16.7 mM (300 mg/dL) 

glucose for 30 minutes.  During the high glucose perifusion, effluent samples 

were collected on ice every 2 minutes.  Following the 30 minute high glucose 

perifusion, the islets were returned to the basal 3.3 mM glucose perifusion for 20 

minutes and effluent perifusate samples were collected on ice every 5 minutes.  

All effluent samples were stored at -20°C until they were analyzed by 

radioimmunoassay for insulin content [147]. 
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mRNA ISOLATION, cDNA SYNTHESIS, AND QUANTATIVE 

POLYMERASE CHAIN REACTION (QPCR) FOR INSULIN, CASPACE 3, 

AND HIF-1α EXPRESSION 

 

Immediately after harvesting, islets were washed with ice-cold PBS and snap-

frozen in liquid nitrogen prior to storage in a -80 °C freezer until analysis. Total 

RNA was extracted from approximately 1000 islets per group using an RNAeasy 

kit (Qiagen, Sussex, UK) and quantified on a NanoDrop 2000 UV/Vis 

spectrophotometer (Thermo Scientific, Waltham, MA, USA). Reverse 

transcription to cDNA was performed using the Applied Biosystems High 

Capacity cDNA synthesis kit (Carlsbad, CA, USA). Each sample value was 

normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the 

relative expression of mRNAs was calculated by the 2−△△Ct method. Levels of 

mRNA were measured using TaqMan probes on a 7300 Real Time PCR System 

(Applied Biosystems, Waltham, MA, USA). The probes used to detect HIF-1α, 

Casp3, INS1, and GAPDH, were Ss03390447_m1, Ss03382792_u1, 

Ss03386682_u1, and Ss03374854_g1, respectively. 

 

STATISTICAL ANALYSIS 

 

Statistical assessments were performed on functional and histological data using 

GraphPad Prism software. All results are presented as the arithmetic mean ± 

standard error of the mean (SEM). Analysis of variance (ANOVA) was performed 
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for all parameters. When an ANOVA revealed significance (p<0.05), a Bonferroni 

post-hoc test was performed. 

 

RESULTS 

 

Based on SEM images we found that our SPO particles (Figures 1B and 1 C) 

had an average diameter of 1810 µm ± 90 µm (average ± SEM; n=20).   

The results from the oxygen release measurements are shown in Figure 2.  

Oxygen release was measured for up 5 days in culture at 37 ⁰C with 100 U/mL 

catalase.  Using the best fit equation C=32.9(1-e-0.0114t) with coefficients of 

determination to be 0.96.  Based on this oxygen generation data and assuming 

we culture approximately 35,200 islets per culture dish based on a seeding 

density of 200 islets/cm2, with an approximate oxygen consumption rate (OCR) of 

60 pmol O2/islet/hour (based off of in house measurements and previously 

reported data) [205-207] we can predict how long the oxygen generated can 

match the OCR of the islet mass.  Based on these assumptions, and assuming 

that islets maintain the same OCR rate over several days in culture, dishes 

containing 90, 180, and 360 mg of SPO  can meet or exceed 100% of the OCR 

for these islets for 22.7, 25.24, and 27.77 days respectably.    

 

Our live/dead staining shown in Figure 3 below indicates that islets cultured on 

standard control dishes began to develop necrotic cores beginning by day 4.  In 

contrast, islets cultured on SPO plates containing 90 mg of SPO were more 

124 
 



viable at periods of up to 4 days in culture; there appeared to be a marginal 

improvement in islets cultured on culture dishes containing 180 mg SPO; 

however, by 4 days in culture this group appeared no different from control 

groups.  Interestingly, we found that islets cultured on culture dishes containing 

360 mg SPO, contained more necrotic cells when compared to the control as 

soon as 1 day after culture period began, presumably due to oxidative stress.    

 

The dynamic perifusion results are found in Figure 4.  There was a significant 

increase in the GSI with islets in culture on culture dishes containing 90 mg of 

SPO at both 1 and 4 days of culture compared to control groups.  Following one 

day in culture, the GSI for islets were 1.29 ± 0.13, 1.67 ± 0.16, 1.67 ± 0.23, 1.30 

± 0.15 for culture dishes containing 0, 90, 180, and 360 mg SPO respectively.  

Here, the 90 mg SPO group was considered to have a statistically significant 

increase in GSI compared to control (Average ± SEM, n=5, p>0.05).  Following 

four days of culture the GSI for islets were 0.89 ± 0.11, 1.58 ± 0.22, 1.13 ± 0.07, 

0.97 ± 0.19 for culture dishes containing 0, 90, 180, and 360 mg SPO 

respectively; again, the 90 mg SPO group was considered statistically 

significantly higher when compared to the control group (Average ± SEM, n=4, 

p>0.05).  (Average ± SEM, n=4).   

 

qPCR analysis of islets cultured on oxygen generating dishes following 24 hours 

of culture indicate that insulin was over expressed with the fold increase for 90 

mg and 180 mg culture groups at 5.93±1.36 and 2.44±0.57 respectively. CASP3 
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expression was elevated for islets cultured on the 180 mg SPO but not the 90 mg 

SPO culture dishes with the average fold change of 0.819±0.23 for the 90 mg 

SPO group and 1.98±0.75 for the 180 mg SPO groups.  HIF-1α was also 

elevated in the 180 mg group but not the 360 mg group with the average fold 

change of 1.46±0.77 for the 90 mg SPO group and 2.75±0.21 for the 180 mg 

SPO groups.  We were unable to extract enough mRNA from islets cultured on 

dishes with 360 mg SPO to perform qPCR presumably due to the poor quality of 

the tissue resulting from oxidative stress.  

 

 

Figure 1: (A) Schematic representation of oxygen generating culture system. (B) 
SEM images of SPO particles. (C) Culture dishes with films containing 0 
(control), 90, 180, and 360 mg SPO. 
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Figure 2: Oxygen Generated from culture dishes with silicone bottoms 
containing SPO particles in PBS at 37 ⁰C. (A) Comparison between 
unincorporated SPO particles and SPO particles embedded within a silicone film, 
demonstrated the ability of the silicone film in delaying the generation of oxygen 
from SPO particles, measurements were taken in PBS at 37 ⁰C with 100 U/mL 
Catalase.  (B) Oxygen generated from SPO within a silicone film for one week at 
37 ⁰C with 100 U/mL Catalase. (Average ± SEM, n=5) 
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Figure 3: Representative Live/Dead images of islets cultured on oxygen 
generating culture dishes containing 0, 90, 180, and 360 mg SPO at 1 and 4 
days of culture. Green cells represent viable cells which stained positive for 
CFDA-SE, and red cells represent dead cells which stained positive for PI.  
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Figure 4: Perifusion results for islets cultured on oxygen generating culture 
plates containing 0, 90, 180, and 360 mg SPO at (A) 1 and (B) 4 days of culture. 
Each line represents the mean insulin secretion rate/min normalized to the 
average basal secretion rate (Average ± SEM, n=5 for day 1 and n=4 for day 4).  
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Figure 5: qPCR results for islets cultured on oxygen generating culture plates 
following one day of culture. Bars represent average ± SEM, n=3.  
 
 

DISCUSSION 

 

The incorporation of SPO particles into silicone successfully delayed the oxygen 

release from the SPO by approximately ten-fold.  Delaying the oxygen generated 

from SPO increases the number of potential applications for SPO as opposed to 

the immediate delivery of oxygen to prevent reperfusion injury. [196, 299].  With 

some additional modifications to further improve the release kinetics, silicone 
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coated SPO particles could be utilized as an oxygen supply to organs during cold 

storage and transport, a process often taking up to 12 hours.    

 

Based on this study, we can conclude that using culture systems with 

approximately 90 mg of SPO improved the viability and functionality of islets in 

culture.  Both the live/dead staining of islets and dynamic perifusion data strongly 

indicate that islets cultured on dishes containing 90 mg of SPO are both more 

functional and viable than control islets.  This is also supported by the trends 

observed in the gene expression data where islets cultured within this group 

tended to express more of the pre-proinsulin gene, INS compared to the control.  

The improvement in islet viability and functionality was shown for up to 4 days in 

culture, a time period which is significantly longer than the typical culture period 

of approximately 24 hours that is used in the majority of clinical islet transplant 

programs [208, 226].  It is also apparent that excess concentrations of SPO are 

detrimental to the viability and functionality of islets as seen in this study with the 

islets cultured on dishes with180 and 360 mg of SPO.  In this case, the most 

likely cause of the islet damage is from excessive oxygen and free radicals due 

to the excess production of hydrogen peroxide, to which islets are particularly 

sensitive  [301].  The decreases in the viability and functionality of this tissue 

support this claim as well as the gene expression data which showed that for 

islets cultured dishes containing 180 mg of SPO the apoptotic gene CASP3 and 

the gene for HIF-1α were both up regulated.  These two genes have both been 

shown to be upregulated as a result of oxidative stress, in particular H2O2. [302, 
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303] Because of the risk of superoxide damage to islets it is important that this 

system be utilized only in situations where hypoxia is a concern and may not be 

appropriate for use in well-oxygenated systems.  

 

SPO, unlike other strategies for reducing hypoxic injury to islets in culture, such 

as the application of PFCs in culture [284-286] or the use of highly permeable 

oxygen  culture systems [246, 248, 295, 304], generates its own oxygen, and as 

a result, its usage does not require an external source of oxygen.  This is a 

particularly important consideration when culturing islets that may be transported 

significant distances and is consequently one of the reasons why many 

permeable devices may not be effective in preventing hypoxic injury to islets 

[293]. 

 

In Pedraza et al [202], the authors use a similar approach to prevent hypoxic 

injury to islets in culture.  In that study, CPO was utilized as the oxygen 

generating material and the authors were able to show an improvement in islet 

viability for up to 48 hours in culture.  One benefit to the use of SPO, as opposed 

to CPO, in culture systems is that SPO is typically purer when compared to CPO, 

and the particle size of SPO can be more easily controlled.  These factors allow 

for better control of oxygen release.  
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CONCLUSION 

 

The culture of islets prior to transplantation offers multiple opportunities to 

improve transplant outcomes though transporting, banking, or modifying islet 

tissue.  However, one of the most critical limitations to successful culture of islets 

is hypoxic damage.  While oxygen delivery to islets during culture has been 

previously investigated, the majority of this research has focused on utilizing 

oxygen carrying solutions, which require an external oxygen source, which is not 

always practical, especially during the transport of islets.  An alternative strategy 

for preventing islet death from hypoxia is to utilize oxygen generating materials 

such as SPO, which does not require an additional oxygen source.   

 

Here we have demonstrated the feasibility of SPO as an oxygen source for 

preventing hypoxic damage to islets for up to 96 hours in culture.  By 

incorporating this material into silicone films lining the bottom of culture dishes, 

the rate of oxygen generation was significantly lengthened compared to SPO 

particles alone.  Additionally, we have illustrated the careful balance required in 

supplying oxygen to islets in culture, as the excessive application of oxygen 

generating materials can lead to islet death from oxidative stress.  However, 

based on our results, we have found that appropriate concentrations of SPO can 

prevent hypoxic injury to islets in culture without causing oxidative stress.   
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CHAPTER 6 

 

OXYGEN GENERATING BIOMATERIALS AS AN OXYGEN SOURCE FOR 

ENCAPSULATED ISLETS DURING THE IMMEDIATE POST-TRANSPLANT 

PERIOD 

 

John P. McQuilling, Benjamin S. Harrison, Emmanuel C. Opara 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

134 
 



INTRODUCTION 

 

Immunoisolation of islets through microencapsulation has the potential to treat 

T1DM. The transplantation of microencapsulated islets is far less invasive than 

whole organ transplantation.  Furthermore, unlike islet cell transplantation, 

microencapsulated islets do not require the use of immunosuppressants, will not 

be rejected nor cause HLA sensitization, and can utilize mismatched allografts 

and xenografts [89, 305].  As described in previous chapters, one of the major 

limitations to this treatment is the loss of islets due to hypoxia [72, 108, 121, 124, 

306].  Islets consist of very metabolically active cells due to their biochemical 

requirements in the synthesis and secretion of insulin.  Within the pancreas, 

islets receive about 10% to 12% of the organ’s blood flow while only accounting 

for 1% to 2% of the organ’s mass [149, 175].  As a result of these high metabolic 

demands, unencapsulated islets are typically transplanted directly into the portal 

vein where they receive adequate oxygen and nutrients as they engraft into the 

liver.  However, because encapsulating islets increases their size, they cannot be 

transplanted directly into the blood stream.  Instead, encapsulated islets are 

typically transplanted into the peritoneal cavity, and without direct access to the 

blood supply, many of these transplanted cells perish from a lack of oxygen and 

nutrients.  It is important to note that the process of encapsulating islets does not 

increase the occurrence of hypoxia, rather it is the removal of islets from a well 

vascularized location that is the cause of hypoxia [307]. 
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Transplanting islets into more vascularized areas such as the omentum pouch 

improves transplant outcomes by preventing cells death from a lack of nutrients 

and oxygen [132, 133, 137, 144]. However, even in well-vascularized locations, 

many islets perish from hypoxia prior to engraftment, a problem which can be 

compounded by crowding effects which can occur when large numbers of islets 

are transplanted into the same location.   Cell death from hypoxia not only 

increases the number of islets required to achieve normoglycemia, antigens from 

dead cells can cross the semi-permeable membrane of the microcapsules and 

trigger a large immunogenic stimulus and fibrotic response, which can damage 

nearby healthy and immune-isolated islets   [308].  Multiple strategies have been 

attempted to reduce this graft loss due to hypoxia, including strategies for 

increasing the rate of angiogenesis by releasing various growth factors, 

increasing beta cell resistance to hypoxia, and using oxygen carriers to deliver 

oxygen to encapsulated islets.  

  

The co-delivery of angiogenic growth factors with encapsulated cells has been 

described in several studies [309-318].  When released from microcapsules FGF-

1 [130, 144, 158, 159, 162, 319] and VEGF [309, 316]  have been shown to 

increase the rate of angiogenesis and result in increased vessel density at the 

site of transplantation. However, this approach has shown mixed results in 

improving transplant outcomes of encapsulated islets.  Possible explanations for 

these mixed results include that the transplant site was already sufficiently 
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vascularized or that the development and maturation of new blood vessels 

occurred too slowly to prevent cell death from hypoxia.  

 

Another strategy to prevent hypoxic injury to islets is to increase beta cell 

resistance to the stresses associated with transplantation and hypoxia.  This has 

been done through genetic modification techniques.  Examples include strategies 

to reduce beta cell apoptosis in nutrient deficient environments through the 

overexpression of Bcl-2, Bcl-XL, and human interleukin-1 receptor antagonist 

[320-323].  Non-genetic modifications include the co-encapsulation of islets with 

CXCL12 and Exedrin-4, a GLP-1 agonist, in order to up-regulate pro-survival 

signals in beta cells[324].  Defroaxamine, when co-encapsulated with islets, has 

been shown to increase the production of HIF-1α within beta cells; HIF-1α  then 

triggers several mechanisms to protect these cells from hypoxia [325]. 

 

Islet preconditioning has also been shown to be a potential strategy to reduce 

hypoxic damage to encapsulated islets.  Originally described by Murry et al. in 

1986 for cardiac infarctions[326], preconditioning tissue for hypoxia has been 

shown to be beneficial for a wide range of tissue, including kidney grafts and 

nerves[210, 327-330].  More recently Lo et al. demonstrated through the use of 

microfluidic devices that exposed islets to cycles of intermittent hypoxia can 

provide long-term protection to islets in low oxygen environments [330].  A study 

by Bloch et al. used a similar strategy to precondition βTC6 cells to hypoxia 

through repeatedly transplanting the encapsulated cells into the peritoneal cavity 
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for short periods of time (1-2 days) then retrieving and re-encapsulating the 

cells[331]. 

 

Hemoglobin and perfluorocarbons (PFCs) have been used as delivery systems 

for supplementing oxygen to encapsulated cells with mixed results.  Chae et al. 

co-encapsulated cross-linked hemoglobin in alginate microcapsules with islets. 

The authors found that mice receiving islets co-encapsulated with cross-linked 

hemoglobin remained normoglycemic for twice as long as mice with islets 

encapsulated with alginate alone [332].  While Chae et al. proposed that the 

cross-linked hemoglobin facilitated oxygen transport, an alternative hypothesis is 

that hemoglobin was beneficial due to its ability to trap nitric oxide [123].  Khattak 

et al. successfully showed that alginate microcapsules which were made with 

emulsifications of the PFCs perfluorotributylamine and perfluorooctylbromide 

were able to improve cell functionality and viability for encapsulated HepG2 cells 

[333].  However, Goh et al.  found that islets encapsulated in alginate with the 

PFC emulsions of up to 10% offered no additional benefit to islets in low oxygen 

environments. [191]  Mathematical modeling of encapsulated islets with PFCs 

found that the benefit offered to islets was most likely too small to be 

experimentally demonstrated [191, 334]. The limitation of these oxygen-carriers 

is that they only increase the solubility of oxygen in solution and they do not 

provide additional oxygen to the system.  While these solutions may be useful in 

environments with oxygen reservoirs where solutions are able to be replenished, 

for oxygen, in the case of transplanted islets, prior to engraftment, there is little to 
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no vasculature to re-oxygenate these solutions and the problem of graft loss due 

to hypoxia remains.   

 

An alternative approach is to use chemically-generated oxygen, which generates 

its own O2 and can therefore work in environments without appropriate blood 

flow.  Calcium peroxide (CPO) has also been shown to improve cell viability in 

hypoxic environments in vitro [201].  In the presence of water, CPO will generate 

hydrogen peroxide which will degrade into oxygen and water as shown in 

Equation 1.  This reaction occurs gradually, thus providing a continuous supply of 

oxygen for several days. CPO has been shown to be beneficial to islets in culture 

when combined with silicone [202], and this material could be utilized to provide 

oxygen to encapsulated islet in low-oxygen environments for up to several days.   

 

CaO2 +2 H2O  Ca(OH)2 + H2O2    (Equation 1) 

2H2O2 2H2O + O2      (Equation 2) 

 

The purpose of this study is to demonstrate the effectiveness of CPO as an 

oxygen source to encapsulated islets in a low oxygen environment.  To do this, 

we have co-encapsulated porcine islets with CPO particles (illustrated in Figure 

1A) and then cultured the encapsulated islets in a 5% O2 environment for 7 days 

to represent the immediate post-transplant environment to which encapsulated 

islets would be exposed.  A level of 5% O2 has been shown to be detrimental to 

islets and result in cell death to islets due to hypoxia, [335] and we have chosen 
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a period of 7 days because islet engraftment has been shown to occur within 7 

days post-transplant [151].  We hypothesize that the addition of CPO will prevent 

hypoxic damage to encapsulated islets and consequently improve beta cell 

viability and functionality. 

 

MATERIALS AND METHODS 

 

ETHICS STATEMENT 

 

All animal-related protocols were approved by the Animal Care and Use 

Committee (ACUC) of Wake Forest University and carried out with strict 

adherence to the guidelines set forth. 

 

MATERIALS 

Unless otherwise noted all materials and reagents were purchased from Sigma 

(St. Louis, MO, USA). Collagenase P was purchased from Roche (Indianapolis, 

IN, USA).  Density gradient solutions were prepared using Optiprep (Sigma) and 

University of Wisconsin solution (UWS; Perfadex, Xvivo Perfusion, Englewood, 

CO).    High-mannuronic acid-low viscosity alginate and high-guluronic acid-low 

viscosity alginate were purchased from Nova-Matrix (Sandvika, Norway) and 

were reported by the manufacturer to have molecular weights 75-200 kDa and 

G/M ratios of ≤1 and ≥1.5, respectively.    [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) was 
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purchased from Promega (Madison, WI, USA). 125I-insulin was purchased from 

Perkin Elmer (Waltham, MA). 

 

OXYGEN MEASURMENTS FROM OXYGEN GENERATING 

BIOMATERIALS 

 

Oxygen generation was measured for CPO particles which were encapsulated 

with 2% low viscosity high mannuronic acid alginate (LVM) (as described below) 

at 37°C in the presence of catalase.  Oxygen generation measurements were 

taken in a sealed 2.6 L tank using an Orion four star dissolved oxygen (DO) 

probe (Thermo Scientific, Waltham, MA, USA) filled with phosphate buffered 

saline (PBS).  First, PBS was degassed by boiling and cooling under a low 

vacuum to 37°C, and then the tank was submerged and sealed in the degassed 

PBS with care taken to ensure that no air bubbles were in the sealed tank.  After 

the tank was equilibrated to the appropriate temperature, 0.5 mL of an antibiotic-

antimycotic solution (Clear Bath, Spectrum, Rancho Dominguez, CA, USA) was 

added through a one-way valve.  The tank was then mixed using a stir bar at a 

rate of 60 rpm, and once DO and temperature measurements were stable, 

microspheres were added through the one-way valve. The DO probe then 

sampled every five minutes automatically and data were logged using the 

software HyperTerminal.  To determine release profiles, the oxygen entering the 

system through diffusion, which was determined from control measurements, 

was subtracted, and oxygen generated is presented as a percentage of the total 
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possible oxygen generated, which was determined using Equation 1 above.  To 

better describe the oxygen generation profile for the encapsulated CPO, the 

generation rates were fit to the following equation, as described in Chapter 4, 

C=C*(1-e-ϰt),  where C is the concentration of O2 (described here as the 

percentage of the total oxygen released), C* is saturation concentration of O2 

(also described here as the percentage of the total oxygen released), ϰ is the 

release rates (h-1), and t is the time (h) [203]. 

 

PORCINE ISLET ISOLATION AND CULTURE 

 

Porcine islets were isolated using the selective osmotic shock method [300].  

Briefly, young adult pigs (20kg) were intravenously heparinized (400U/kg) then 

euthanized according to IACUC guidelines. Following euthanasia, the pancreas 

was removed and placed in sterile saline on ice until isolation.  Pancreases were 

first washed with 1 L sterile PBS and incubated for 5 minutes in a 10% betadine 

solution and washed again with an additional 1L sterile PBS.  The tissue was 

then finely minced and incubated in RPMI-1640 with 300 mM glucose and 2 mM 

Trolox for 20 minutes at room temperature.  Then, the tissue was centrifuged at 

200 g for 5 minutes and the high glucose solution was removed and replaced 

with RPMI-1640 without glucose.   The tissue was washed thrice with the 0 mM 

glucose RPMI solution and then gently dissociated with a syringe for 15 minutes.  

The dissociated tissue was filtered first through a 500 µm filter and then through 

a 350 µm filter and prior to washing three times followed by purification.   
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Following the washing steps, islets were purified using an Optiprep density 

gradient as previously described. [144]  Pelleted tissue was re-suspended in 30 

mL of a 1.1 g/mL density gradient solution then 8 mL of a 1.09 g/mL and 1.046 

g/mL solutions were gently layered on top.  The columns were allowed 10 

minutes to return to 4 °C prior to centrifugation at 380 g for 5 minutes with no 

brake.  After centrifugation, islets were collected at the 1.046/1.09 interface and 

cultured overnight in an RPMI-1640 media with 20% porcine serum, 1 % 

penicillin/streptomycin, 10 mM HEPES, 1.5 mM Trolox, and 100 U/mL catalase 

prior to encapsulation.   

 

ISLET CO-ENCAPSULATION WITH CPO 

 

Following overnight culture, islets were encapsulated with or without CPO using 

a modified protocol, as previously described [111, 162, 305]. In order to 

determine average particle size, CPO particles were sputter-coated and 

visualized via Hitachi S-2600N scanning electron microscope with accompanying 

manufacturer’s image-capture software (Hitachi High Technologies America, Inc., 

Gaithersburg, MD). CPO particles were first incubated in PBS for approximately 

4 hours at 37°C and washed thrice with sterile PBS prior to encapsulation.   

Following the washing steps, CPO was added to 2% LVM at a concentration of 

10 mg CPO per mL of alginate with pig islets at a concentration of 3x103 islet/mL 

alginate and 100 U/mL catalase.  The cell suspension was then pumped through 
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an 8 channel microfluidic device [143] at a flow rate of 0.5 mL/min with an air 

pressure of 4.5 psi.  The microcapsules were collected in a 100 mM calcium 

chloride bath with 10 mM HEPES and allowed to crosslink for 15 minutes prior to 

washing with HBSS.  After washing, microcapsules were placed in RPMI-1640 

culture media with 20% porcine serum, 1% penicillin/streptomycin, 10 mM 

HEPES, and 1.5 mM Trolox and cultured in a hypoxic chamber at 37 °C with 5% 

CO2, 5% O2, and 90% N2 for one week prior to analysis with MTS, dynamic 

perifusion, and qPCR. 

 

MTS ASSAY 

 

After 7 days in culture, MTS assays were used to determine islet viability.  500 

islets from each group were handpicked and incubated with 300 µL of culture 

media with 20% of the MTS reagent for 4 hours in standard conditions.  After the 

incubation, the islets were removed by centrifugation and the colorimetric change 

was measured by absorbance at 490 nm.  

 

LIVE/DEAD STAINING OF RETRIEVED ISLETS 

 

Cell viability was assessed using a live/dead stain with CFDA (vital dye) and PI 

(nuclear stain) at 7 days in culture.  Islets were first incubated with 200 μL of 25 

μM CFDA in RPMI-1640 for 15 minutes. The CFDA was then aspirated and 

replaced with 200 μL of RPMI 1640 supplemented with 10% FBS and incubated 
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for 30 minutes. Then the RPMI was replaced with a 50 μg/mL solution of PI and 

was incubated at room temperature for 2 minutes then washed with PBS. The 

stained islets were imaged under fluorescent light with an Olympus IX71 inverted 

microscope equipped with standard filters. 

 

DYNAMIC PERIFUSION OF ISLETS AND MEASUREMENT OF INSULIN 

SECRETION 

 

Perifusion experiments were conducted as previously described [204] with 

modifications described as follows.  At the above mentioned time points, islets 

were handpicked into perifusion chambers available from Biorep Technologies 

(Miami, FL, USA) with 200 islets per chamber.  Then, a low glucose solution 

consisting of 125 mM NaCl, 5.9 mM KCl, 2.56 mM CaCl2, 1 mM MgCl2, 25 mM 

HEPES, 0.1% BSA and 3 mM glucose (pH=7.4) was used to pre-perfuse for 1 

hour at 37°C at a rate of 120  µL/min.  Following the 1 h pre-perfusion, basal 

effluent samples were collected every five minutes on ice for 20 minutes before 

changing the glucose concentration to 16. 7 mM (300 mg/dL) glucose for 30 

minutes.  During this period samples were collected on ice every 2 minutes.  

Following the 30-minute high glucose perifusion, the islets were returned to the 

basal 3.3 mM glucose for 20 minutes and samples were collected on ice every 5 

minutes.  All effluent samples were stored at -20°C until they were analyzed by 

radioimmunoassay for insulin content [147]. 

 

145 
 



mRNA ISOLATION, cDNA SYNTHESIS, AND QUANTATIVE 

POLYMERASE CHAIN REACTION (QPCR) FOR INSULIN, CASPACE 3, 

AND HIF-1α EXPRESSION 

 

Immediately after harvesting, islets were washed with ice-cold PBS, snap frozen 

in liquid nitrogen, and stored at -80 °C until analysis. Total RNA was extracted 

from approximately 1000 islets per group using an RNAeasy kit (Qiagen, Sussex, 

UK) and quantified on a NanoDrop 2000 UV/Vis spectrophotometer (Thermo 

Scientific, Waltham, MA, USA). Reverse transcription to cDNA was performed 

using the Applied Biosystems High Capacity cDNA synthesis kit (Carlsbad, CA, 

USA). Each sample value was normalized to GAPDH and relative expressions of 

mRNAs calculated by the 2−△△ Ct method. Levels of mRNA were measured using 

TaqMan probes on a 7300 Real Time PCR System (Applied Biosystems, 

Waltham, MA, USA). The probes used to detect HIF-1α, Casp3, INS1, and 

GAPDH were Ss03390447_m1, Ss03382792_u1, Ss03386682_u1, and 

Ss03374854_g1 respectively. 

 

STATISTICAL ANALYSIS 

 

Statistical assessments were performed on functional and histological data using 

GraphPad Prism software. All results were presented as the arithmetic mean ± 

standard error of the mean (SEM). Analysis of variance (ANOVA) was performed 
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for all parameters. When an ANOVA revealed significance (p<0.05), a Bonferroni 

post-hoc test was performed.   

 

RESULTS 

 

SEM imaging of CPO particles shown in Figure 1B indicated that the average 

particle size was 2.78±1.83 µm (average ± standard deviation, n=800).  We 

found that by pre-incubating the CPO particles with PBS overnight we were able 

to mix the CPO particles within alginate without crosslinking the alginate prior to 

encapsulation.  Samples of capsules with or without CPO are shown in Figures 

1C and 1D.  Oxygen release measurements for encapsulated CPO particles in 

PBS with 100 U/mL of catalase at 37 ⁰C found that the majority of oxygen release 

from CPO particles occurred within the first four days of culture, as shown in 

Figure 2.  Using the best fit equation the release rate was determined to be, 

C=21.106*(1-e-0.0402∙t), with a coefficient of determination found to be 0.982 

(Average ± SEM, n=5).  Based on this oxygen generation data and assuming we 

encapsulate approximately 3,000 islets per 1 mL alginate containing 15 mg of 

CPO, with an approximate oxygen consumption rate (OCR) of 60 pmol 

O2/islet/hour [205-207] we can predict how long the oxygen generated can match 

the OCR of the islet mass.  Based on these assumptions, and assuming that 

islets maintain the same OCR rate over several days in low oxygen culture, the 

co-encapsulated CPO can meet or exceed 100% of the OCR for these 
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encapsulated islets for 29.4 hours and meet or exceed 10% of the encapsulated 

islets OCR for up to 3.61 days respectively.  

 

MTS assay results shown in Figure 3 indicated that islets co-encapsulated with 

CPO were significantly more metabolically active when compared to the control: 

1±0.50, versus: 2.09±0.22 for the islets co-encapsulated with CPO (average ± 

SEM, n=4, p<0.05).  Islet viability stains indicated that there was a significant 

increase in cell viability and functionality with islets co-encapsulated with CPO 

following 7 days in culture with 5% O2 as shown in Figure 4.   Perifusion results 

for islets co-encapsulated with CPO following one week in moderately hypoxic 

conditions were found to be significantly more functional compared to control 

islets, as seen in figure 5. After 7 days of culture the GSI results for islets co-

encapsulated with CPO were 1.58±0.15 while control islets were 1.06±0.02, 

p<0.05 (Figure 5).  qPCR results indicated that there was an increase in insulin 

expression of 3.37±0.75 fold over control, the expression of CASP3 and HIF-1α 

were found to be not significantly different from the control with a respective 

average fold change of 0.49±0.26 and 0.55±0.17 relative to control values 

(Figure 6, average ± SEM, n=4).   
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Figure 1: (A) Schematic representation of islets co-encapsulated with CPO. (B) 
SEM Images of CPO particles with an average particle diameter of 2.78±1.83 µm 
(average ± standard deviation, n=800). (C) Phase contrast image of 
microencapsulated islets in APA microcapsules (control).  (D) Phase contrast 
images of islets co-encapsulated with CPO. 
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Figure 2: Oxygen Release Profile for Islets co-encapsulated with CPO with the 
best-fit equation: C=21.106*(1-e-0.0402∙t), r2=0.982. (Average ± SEM, n=5) 
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Figure 3: MTS Results for islets co-encapsulated with and without CPO. Control 
= 1±0.50; CPO = 2.09±0.22 (average ± SEM, n=4, asterisk indicates significance, 
p<0.05). 
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Figure 4: Representative Live/Dead images of encapsulated islets following one 
week in moderately hypoxic conditions. (A) Control (B) Islets co-encapsulated 
with CPO.  Green cells represent viable cells which stained positive for CFDA-
SE, and red cells represent dead cells which stained positive for PI. 
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 Figure 5: (A) Perifusion results for islets co-encapsulated with CPO or without 
(control) following one week in moderately hypoxic conditions. Each line 
represents the mean insulin secretion rate/min normalized to the average basal 
secretion rate (Average ± SEM, n=6).  (B) GSI results for islets co-encapsulated 
with CPO after 7 days of culture.  Each bar represents the average GSI per 
group, which is defined as the mean insulin secretion rate during the high 
glucose period divided by the basal insulin secretion rate. Error bars represent 
the SEM and * indicates significance (p<0.05).  
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Figure 6: qPCR results for islets encapsulated with and without CPO following 7 
days in hypoxic culture. Error bars represent average ± SEM, n=3, asterisk 
indicates significance, p<0.05.  
 

DISCUSSION 

 

In the previous two chapters we had utilized SPO as the oxygen generating 

material during islet isolation and culture; however, due to the rapid release rate 

of SPO, especially when placed in an aqueous environment such as an alginate 

solution, this material is too fast reacting to be used as an oxygen source during 

islet encapsulation.  As a result of this fast reaction, CPO is the more appropriate 
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choice for an oxygen source during islet encapsulation.  While incorporating CPO 

into alginate was initially challenging due to the presence of excess calcium that 

cross-linked the alginate prior to encapsulation, incubating the CPO overnight in 

PBS was helpful in preventing early crosslinking, presumably because it reduced 

the burst release of CPO upon contact with alginate and also coated the CPO 

particles with calcium phosphate; however, further studies will be needed in order 

to verify this process.   

 

For these sets of experiments, we used CPO at a concentration of 10 mg per mL 

of alginate; this concentration was used because higher concentrations were 

found to damage beta cells as a result of oxidative stress (data not shown).  It is 

important to note that beta cells are particularly susceptible to oxidative stress, 

and one important consideration when utilizing CPO as an oxygen generating 

material is minimizing damage due to oxygen radicals.  In these experiments we 

minimized this damage by utilizing two antioxidants, Trolox and catalase.  When 

moving forward with using CPO in vivo it will be important to provide additional 

antioxidants along with the co-encapsulated CPO in order to prevent damage to 

the cells from free radicals.  However at this concentration we did not observe 

any deleterious effects from oxidative stress and our qPCR data indicated that 

there was no up regulation of either CASP3 or HIF-1α, two genes which have 

been shown to be upregulated in the presence of reactive oxidative species. 

[302, 303] 
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The viability, functionality, and gene expression data presented here indicate that 

CPO is a potentially useful oxygen source, which agrees with the results 

presented previously [202, 299].  Additionally, the findings here indicate that 

oxygen concentrations at 5% O2, which are typically considered ambient for most 

tissue, are considerably detrimental to islets as a result of their high metabolic 

requirements, as after only a week in culture, islets were minimally functional and 

viable.  In spite of the hypoxic culture, however, the encapsulated islets still 

managed to be more functional than the unencapsulated control islets shown in 

Chapter 5; this finding is consistent with a number of other reports which indicate 

that the encapsulation of islets is beneficial to their long-term functionality and 

survival.  This is most likely because encapsulation provides some three-

dimensional support which was lost during the isolation process [144, 307]. 

 

CONCLUSION 

 

Islet graft loss due to hypoxia is a major challenge to the clinical success of 

microencapsulated islets.  Previous studies have attempted to reduce hypoxic 

damage to transplanted islets through alternative transplantation sites, 

improvements to graft vascularization through angiogenic growth factor delivery, 

or through the utilization of oxygen carrying solutions within encapsulation 

devices.  While many of these studies have had success in reducing hypoxic 

injury to islets, hypoxic damage to these tissues still remains post-

transplantation.   
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In this study, we have proposed using oxygen generating materials as a short-

term oxygen source for encapsulated islets following transplantation until 

vascularization occurs and islets can be supported by the native blood supply.  In 

particular, we investigated CPO since it has been shown to generate oxygen 

over a longer period of time compared to SPO.  For these studies, we were able 

to co-encapsulate islets with CPO and demonstrate that the CPO particles were 

able to generate oxygen over several days in a physiological environment.  We 

then used a hypoxic culture system to mimic the post-transplant environment and 

found that the addition of CPO improved islet viability and functionality for up to 

seven days.  The application of oxygen generating materials, in particular CPO, 

can be an effective means to prevent hypoxic injury to islets during the 

immediate post-transplant period.   
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This body of work has demonstrated the importance of oxygen when working 

with highly metabolically active tissues like islets.  The risk of hypoxia, while a 

major concern in islet transplantation, can be overcome through a wide variety of 

strategies which include, but are not limited to, the transplantation location and 

use of oxygen generating materials.  Further work to completely overcome graft 

loss due to hypoxia includes improving the release rates of both SPO and CPO 

to better match the oxygen requirements of islets and combining multiple 

strategies such as the release of angiogenic growth factors with oxygen 

generating materials and/or oxygen-carrying solutions.  By improving islet 

isolation and encapsulation techniques, these processes can be even further 

refined.  Reducing the stresses associated with islet isolation could prevent the 

production of many of the pro-inflammatory cytokines from islets and reduce graft 

loss.  Additionally, generating smaller and more uniform microcapsules would 

open up the possibility of transplanting islets into more vascularized areas in the 

body like the kidney capsule or even in the portal vein. 

 

 

FURTHER DEVELOPMENT OF OXYGEN DELIVERY TO THE BIOARTIFICIAL 

PANCREAS 

 

Extending the release rates of both SPO and CPO would greatly increase their 

efficacy in providing oxygen to isolated islets.  In this work we have utilized a 

simple hydrophobic coating such as paraffin and silicone to extend the release 
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rates, and in this way, we are able to effectively use SPO as an oxygen source 

during the cold storage for pancreases.  For this part of the procedure, the 

release rates would need to be extended for up to 16 hours at 4⁰C.  While we 

were able to show improvements with islets co-encapsulated with CPO for up to 

7 days post-encapsulation, complete engraftment can often take up to two weeks 

post-transplant to occur.   Therefore, extending the release rates of CPO in 

particular is important for future work.  Also, while this work has demonstrated 

the effectiveness of oxygen generating materials during isolation, culture, and 

post-encapsulation, the cumulative effect of using oxygen generating materials 

during all three stages still needs to be evaluated. Since one of the limitations to 

using oxygen carrying solutions, such as PFCs, as a means to deliver oxygen to 

islets is the lack of an oxygen reservoir, combining PFCs with either SPO or CPO 

would be the next logical step for oxygen delivery to islets.  

  

ALTERNATIVE COLLAGENASE FREE STRATEGIES FOR ISOLATING ISLETS 

 

While the bulk of this work has focused on preventing islet death due to hypoxia, 

islets are often damaged and fail as a result of the isolation process itself.  The 

traditional method for isolating islets is mechanical dissociation in a Ricordi 

chamber with enzymatic digestion using collagenase enzyme blends.  While a 

considerable amount of research has gone into optimizing this process, 

collagenase islet isolation methods are still considered stressful to islets.  This 

process, which removes the islets from the native environment and removes 
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protective peri-capsular membrane, often impairs the function of islets and even 

causes the secretion of pro-inflammatory cytokines [336].  Therefore developing 

non-enzymatic isolation methods would greatly improve the quality of isolated 

islets.  There are currently two strategies which are being developed to isolate 

islets without enzymatic digestions.  In the first approach, islets are exposed to a 

cryoprotectant by perfusing the arteries of the pancreas while the exocrine tissue 

is exposed to water through ductal perfusion.  The pancreas is frozen and 

brought to -160 ⁰ C and mechanically dissociated.  Upon thawing, the islets which 

are exposed the cryoprotectant remain intact and viable  [337].  Another 

approach is the selective osmotic shock method (SOS) which was first described 

by Atwater et al.  for the isolation of porcine islets. [300]. This process is outlined 

in Figure 1 below. This method utilizes the Glut-2 glucose transporters found on 

the membranes of pancreatic islet β cells, but not the exocrine tissue in the 

pancreas.  When pancreatic tissue is incubated in a media with high glucose 

concentrations, islet β cells with Glut-2 transporters adapt by taking up glucose 

whereas exocrine cells without Glut-2 transporters will take up potassium ions.  

When the same tissue is placed in a low glucose solution, islet cells will rapidly 

dump intracellular glucose via the Glut-2 transporter; however exocrine cells will 

attempt to adjust by taking up water and will consequently lyse.   

 

Within our lab, we have been able to adapt this SOS technique to isolate islets 

from cadaveric human pancreases.  Pancreases were first incubated in a 10% 

Betadine solution for 5 minutes then washed in sterile PBS. The tissue was then 
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finely minced and incubated in RPMI 1640 with 300 mM glucose for 20 minutes 

at 4°C. Following the 20 minute incubation, the tissue was washed and placed in 

a Ricordi chamber with a perfusion loop along with a 0 mM glucose solution.  

Solution was pumped through the chamber at a rate of 150 mL/min and was 

maintained at 4°C.  After 20 minutes, the preparation was briefly dissociated with 

a 60 cc syringe and then filtered through a 355 µm filter. For comparison, islets 

were also isolated using a 20 minute digestion with Liberase while dissociated in 

a Ricordi chamber.  Following 24 hours of culture, islets were counted, and 

stained with Dithizone (DTZ) and live/dead (CFDA/PI) stains.  Additionally, islet 

functionality was assessed by dynamic perifusion with a 3.3 mM and 16.7 mM 

glucose solutions and the insulin secretion was measured using radio 

immunoassay.  Using this approach we were able to isolate viable islets which 

maintained their pericapsular membrane and were as functional and viable if not 

more so than islets isolated using traditional enzymatic based methods (Figures 

2 and 3).  An added benefit to this approach is that without the need for enzymes 

or serum, it is significantly less expensive when compared to traditional isolation 

methods.  While this approach maintains some of the extracellular matrix (ECM), 

further work will be needed to determine if the preservation of the ECM has a 

significant impact on improving islet transplant outcomes.  
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Figure 1: For Figures A-E: Acinar Cell (orange) located on the right, Glut-2 
containing islet cells (blue) on the left. (A) Cells are exposed to physiological 
solutions, small dots representing sodium ions, mostly in the extracellular space, 
and large dots representing potassium ions, mostly in the intracellular space.  (B) 
Cells are exposed to high glucose concentrations (large stars represent glucose). 
Islet cells take up the glucose via Glut-2 transporters in the membrane in order to 
equilibrate the osmotic strength of the external solution, whereas acinar cells 
rapidly lose water in order to equilibrate internal and external solutions, and this 
causes the cells to shrink. (C) Acinar cells take up potassium ions to recover cell 
volume and to adapt to the extracellular osmotic strength. (D) Glucose solution is 
removed, and islet cells lose the extra glucose through Glut-2 transporters. 
However, acinar cells rapidly take up water to dilute the hypertonic intracellular 
solution, and this causes the cells to swell. (E) The acinar cells swell so fast that 
they burst. 
 

163 
 



 

Figure 2: Phase contrast images of: (A) islets isolated with the SOS method and 
(D) islet isolated with Collagenase. (C) DTZ image of SOS islets and (F) DTZ 
image of collagenase islets Immediately following isolation islets were stained 2 
mg/mL Dithizone in HBSS and 25% DMSO for 2 minutes, and washed in PBS 
buffer prior to imaging. Additionally, following overnight culture, islets isolated 
with the SOS method (B) and collagenase method (E) were stained with both 
CFDA SE (live) and Propidium Iodide (dead) in order to determine the percent 
viability.  Both Collagenase and SOS isolated islets stained positive for Dithizone; 
however, islets isolated using the SOS method appeared more viable based on 
the CFDA/PI staining.  As shown above, islets isolated using the SOS method 
have a smoother edge compared to Collagenase-isolated islets, which indicates 
that the pericapsular membrane surrounding the islets has remained intact.   
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Figure 3: (A) Dynamic perifusion results for human islets following overnight 
culture after isolation using both SOS (methods 1 & 2 combined) and 
Collagenase (average ± standard error of the mean, N=9, and N=4 respectively). 
(B) Glucose Stimulation Index (GSI) for islets, (average high glucose insulin 
stimulation rate/average basal insulin stimulation rate)   2.21±1.00 for SOS islets 
and 1.38±0.17 for collagenase islets (average ± standard deviaiton, N=9, and 
N=4 respectively). (C) Maximum insulin secretions rate, 6.05±2.55 for SOS islets 
and 2.7±0.17 for collagenase islets (average ± standard deviation, N=9, and N=4 
respectively, p<0.05). 
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NOVEL APPROACHES FOR MICROENAPSULATING ISLETS 

 

Clinical studies which utilize microencapsulated islets typically use microcapsules 

with diameters ranging from 600 to 800 µm.  Consequently, these microcapsules 

are too large to implant within well-vascularized sites and must be implanted 

instead within the peritoneal cavity.   While the omentum as a transplant site is 

significantly more vascularized than the peritoneal cavity, it is still less than ideal, 

in terms of vasculature, than the portal vein or within the kidney capsules.  By 

developing smaller microcapsules which are still able to immunoisolate islets, it is 

possible to utilize these more vascularized transplant locations.  One approach to 

generating smaller capsules is through multilayer nano-encapsulation, a process 

where islets are coated in alternating layers of poly-(allylamine hydrochloride) or 

poly-(diallyldimethylammonium chloride) and poly-(styrenesulfonate) where the 

layers adhere to one another via electrostatic interactions [338]. This approach is 

successful in generating perm-selective nanolayers around the islets; however, 

there is limited data to date on this process’ success in preventing the rejection of 

allografts in an immunocompetent animal model[339].  On alternative approach 

we have taken to modify the traditional air-syringe pump droplet generator using 

a multichannel microfluidic device shown in figure 4 below, which we have used 

to generate significantly smaller capsules which are shown below in figure 5 from 

traditional devices.   
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Figure 4: Scalable microfluidic device consisting of a 3D air supply, an alginate 
cell mixture inlet and a multi nozzle outlet as shown in figure 1(a) and (b) for 
highly monodisperse microcapsule generation. There are two outlets provided 
near the top of the microfluidic device (figure 1(a) to allow the escape of 
entrapped air bubbles which might enter the system.  [143] 
 

 

 

Figure 5: Islets encapsulated within alginate microbeads generated from 
microfluidic device. 
 

(c) 
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CONCLUSIONS 

 

This work has focused on utilizing the bioartificial pancreas as a treatment option 

for T1DM.  Ultimately, the goal of this therapy is to achieve insulin independence 

and to prevent the development of the comorbidities associated with T1DM 

without the risk of rejection and the need for immunosuppressants.    While 

significant progress has been made over the past 30 years in achieving this goal, 

several challenges remain, most notably the prevention of hypoxic injury to islets.  

Hypoxic injury begins at the start of islet isolation and continues through culture, 

encapsulation, and transplantation until engraftment occurs.  We have 

demonstrated that there are several different approaches which can be utilized to 

reduce the hypoxic injury to islets.  In the first part of this work, we demonstrated 

that the omentum pouch can be utilized as an alternative transplantation site for 

the bioartificial pancreas, which is significantly more vascularized compared to 

the peritoneal cavity.  We also demonstrated that vascularization can be 

increased in the omentum pouch through the delivery of angiogenic proteins, in 

particular FGF-1.  We found that this approach was unsuccessful in improving 

graft functionality, possibly because islets had already suffered extensive hypoxic 

injury before revascularization occurred.  We then focused on utilizing particulate 

oxygen generating substances (POGS) as a means of providing oxygen to islets 

during islet isolation, culture, and after encapsulation.  We demonstrated that 

SPO could effectively improve islet viability and functionality when introduced 

during islet isolation and processing.  We then found that by incorporating SPO 
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into silicone films, we could effectively slow the oxygen generated from these 

particles.  In doing so, we were then able to use these films as an oxygen source 

for islets in culture and found that with the appropriate concentration of SPO we 

could further improve islet viability and functionality for up to 4 days under 

standard culture conditions.  Lastly, we investigated CPO as an oxygen source 

following encapsulation.  We found that the addition of CPO could improve islet 

functionality and viability for up to one week in a low oxygen environment.  It is 

our hope that these tools will help to overcome the challenge of hypoxic injury in 

the bioartificial pancreas.   
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