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PREFACE 

 

R: Encapsulated human islet stained red with dithizone (DTZ).  Islets are cell clusters of 1,000-2,000 

cells that control blood glucose levels within the body. Islet transplantation can functionally cure Type I 

diabetes and islet encapsulation represents a strategy for transplantation without immunosuppression. 

O: Encapsulated human islets stained with viability dyes to determine how many cells are alive or dead 

within the islets. This is important to show if islets are alive within the encapsulation material. 

Y: Cross-section of an islet stained with fluorescent markers to for the five types of cells that make up 

islets. The islet is placed in an empty polymethylene co-guanidine (PMCG) capsule, which has unique 

material properties that interact with the viability dyes. 

G: Adsorption of complement protein C3 to the surface of capsules (AnneMarie Rosktad). Encapsulated 

islets can reverse diabetes in mice; however, these results do not translate well in large animals or 

humans. In higher order species, the immune system identifies the material as foreign and surrounds it in 

cellular overgrowth. This results in decreased nutrition to the islets and their ultimate death. How the 

overgrowth is initiated is still unknown, yet some researchers hypothesize that it is due to protein 

adsorption on the capsule surface. 

B: DAPI nuclear staining of the cells composing the overgrowth.  

V: Histology staining of overgrowth covering a microbead. The completely colored capsule shows how 

this dense network of cells impedes nutrient diffusion and suffocates the islets to cause their death. 

Center Tertiary: Chemically modified capsules. Prevention of pericapsular overgrowth must be solved 

before islet encapsulation can become implemented in the clinic. We are investigating if chemical 

modifications to current encapsulation materials can alter the microbead surface properties so the 

immune system cannot recognize the microbead and detrimental overgrowth is never formed.  

Encapsulation Color Wheel 
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SUMMARY 

Human pancreatic islet transplantation into the liver of patients with Type 1 Diabetes Mellitus (TIDM) 

can restore physiological glycemic control. However, this therapy requires immunosuppression with 

potential health risks. To universally apply this therapy, immuno-isolation technologies are needed to 

protect transplanted islets from rejection without immunosuppression. 

Achieving proper oxygenation of immune-isolated islets after transplantation is one of the leading 

obstacles to future clinical application of these technologies. Investigators are researching diverse 

strategies to achieve proper oxygenation and function of immune-isolated islets. Many strategies have 

attempted to modulate the transplanted islets to be less immunogenic (immune modulation), less 

susceptible to debilitating effects of hypoxia on islet functionality, or insulinotropic agents to augment 

insulin secretion. Immune modulation strategies of immune-isolated islets has included material-based 

research [1, 2], co-encapsulation of islets with immune-modulatory cell types such as MSCs or Sertoli 

cells [3, 4], and co-encapsulation with immune modulatory molecules [5]. To combat islet hypoxia post-

transplantation, others have investigated methods to increase oxygenation using spontaneous oxygen 

generation or external oxygen provisions to name a few [6-8]. To increase immune-isolated islet 

function, researchers have investigated methods to co-encapsulate islets with insulinotropic molecules 

such as GLP-1 [9], or cells that actively secrete insulinotropic molecules such as IGF-II secreting cells 

[10].  

The focus of this thesis was to explore strategies to achieve better oxygenation and functionality of 

immune-isolated islets by investigating an alternative site of transplantation for immune-isolated islets. 

Also, material and size based strategies were investigated as a strategy to provide immune modulation of 

immune-isolated islets via fibrosis resistive strategies. Fibrosis of immune-isolation materials can  
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SUMMARY (continued) 

restrict oxygenation to the islets within the material and leads to islet graft failure [11-13]. Lastly, a 

novel encapsulator was designed to produce GMP grade, large batches of immune-isolated islets for 

potential clinical transplantation in the future. 

First, the potential of skeletal muscle tissue was investigated as an alternative transplantation site of 

immune-isolated islets. The peritoneal cavity is the most commonly investigated transplantation site for 

microencapsulated islets due to the large volume of the space available for the graft. However, this site 

is associated with low oxygen tensions that may not be ideal for islet function. Skeletal muscle tissue 

was investigated due to the high oxygen tensions of the site that may better support viable and functional 

islets. In the study, rat muscles were transplanted with empty alginate microcapsules and microcapsules 

containing isogeneic or allogeneic islets. The grafts were retrieved after 8 weeks and evaluated for 

material biocompatibility and long-term islet functionality within the skeletal muscle. Results indicate 

that muscle tissue can tolerate the alginate material as well as support viable isogeneic islets for 8 weeks. 

Allogeneic islets were found to be fibrosed and rejected after 8 weeks. This suggests that skeletal muscle 

may represent a transplantation site for immune-isolated islets if a material can prevent allo-rejection.  

The next set of experiments conducted at UIC expanded on discoveries made by our collaborators 

working in Dr. Anderson and Dr. Langer’s lab at MIT. Here it was determined that fibrosis of materials 

is largely dependent on their size and shape, and that large sized alginate capsules 1.5 mm in diameter 

are more resistive to fibrosis compared to conventional medium sized alginate capsules 0.5 mm in 

diameter (Veiseh, et al; Nature Materials. 2015). Furthermore, MIT developed a series of chemically 

modified alginates that are resistive to fibrosis, especially when manufactured at the large 1.5 mm size. 

These discoveries fit within our research investigations and our team hypothesis that long-term,  
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SUMMARY (continued) 

immune-isolated islet function can only be achieved by a material surface that is permanently free of 

fibrosis to ensure free oxygen, nutrition and insulin diffusion.  

In the established collaboration with MIT, we further investigated how the size/volume of the immune-

isolation material affects islet functionality using both in vitro and in vivo methods. We also investigated 

the capacity of the chemically modified alginates to protect islet function after transplantation into a 

NHP allogeneic transplant model. 

Initial experiments investigated insulin secretion kinetics of large sized (1.5 mm) encapsulated rat islets 

in comparison to naked and medium sized (0.5 mm) encapsulated islets. It was determined that islet 

stimulation kinetics by small molecular weight secretagogues is unaffected by encapsulation or capsule 

size. For insulin release kinetics, both groups of encapsulated islets experience a loss of phase I insulin 

secretion and an initial delay in glucose-stimulated insulin secretory kinetics. This delay was not found 

to be dependent on the capsule size, and overall bulk insulin kinetics for both capsule sizes are well 

conserved and similar to naked rat islets. 

Next, large encapsulated islet function was evaluated using in vivo diabetic mice models and a pre-

clinical cynomolgus NHP islet source. Cyno islets were encapsulated within 1.5 mm Ba
2+

 alginate and 

transplanted as a marginal islet mass into STZ induced diabetic nude mice. Encapsulated cyno islets 

were able to cure STZ nude mice similarly to the same number of naked islets transplanted into the 

kidney capsule (77% vs. 75%, respectively). Oral glucose tolerance tests performed 30 days post 

transplantation showed that the large encapsulated islets cleared glucose at similar rates compared to the 

naked islets transplanted in the kidney capsule. Furthermore, immune-competent STZ diabetic C57b/6 

mice were transplanted with same marginal islet mass of large encapsulated cyno islets. Cohorts of mice  



 

 

xxi 

 

SUMMARY (continued) 

demonstrated consistent blood glucose levels and increasing weights for up to 180 days (50% cured at 

day 180).  

Encapsulated islets at the large size were also characterized using in vitro assays such as dithizone 

(DTZ) staining, viability, and glucose stimulated insulin secretion (GSIS). The GSIS was performed on 

day 1, 14 and 28 during culture. Predictably the naked cyno islets tended to decrease insulin secretion in 

response to high glucose challenges when cultured over time. On the other hand, large encapsulated 

islets tended to increase insulin secretion in response to high glucose challenges when cultured over 

time. This decline for naked islets is expected as long-term culture of primary islets typically has an 

overall negative affect on naked islets. However, an increase in insulin secretion for encapsulated islets 

was unexpected.  

Since encapsulated cyno islets demonstrated increased glucose stimulated insulin secretion after short-

term culture in the GSIS assay, we wanted to see if this improvement in functionality would also 

translate in vivo. Encapsulated cyno islets were transplanted into STZ diabetic nude mice on Day 1 and 

Day 14 post-encapsulation. Short-term culture had no significant effect in the functional ability of 

encapsulated islets to cure STZ induced diabetic nude mice (88% vs. 86%) or clear glucose in glucose 

tolerance tests. This suggests that encapsulated islets can be cultured for some days prior to 

transplantation without negatively affecting functionality. It may also be possible to modulate 

encapsulated islets’ function by chemically altering gene expression prior to transplantation. Also, the 

additional time will permit proper quality control measures to be conducted as well as a complete 

analysis of the multiple islet potency assessments performed pre-transplantation. These results can then 

be used to determine if a particular batch of encapsulated islets is suitable for transplantation. 
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SUMMARY (continued) 

After 30 days post-transplantation into STZ diabetic nude mice, the encapsulated islets were retrieved 

and evaluated for intracellular calcium influx [ΔCa
2+

]i, mitochondrial potential changes (ΔΨm), and 

insulin secretion in response to insulin secretagogues using a microfluidic based perifusion assay. It was 

found that retrieved encapsulated islets lose Fura-2 signaling (indicator of Ca
2+

 influx) but still 

maintained positive insulin secretion. Mechanistically, insulin secretion should not occur without an 

increase in cytosolic Ca
2+

 levels, which causes the fusion of insulin granules with the cell membrane 

[14]. Combining past results and the literature, there seems to be an effect of barium on cyno islets 

which affects our ability to measure Fura-2 and [Ca
2+

]i changes. It is still unclear how this change 

occurs. The importance of these results is also difficult to judge since the due to positive function seen in 

the various mouse models. A more prudent investigation may determine if there is any barium leakage 

from the capsules after in vivo transplantation. This should be investigated to determine if there is any 

potential for toxicity associated with the transplantation of barium encapsulated islets prior to human 

transplantation. 

Next, a series of chemically modified alginates developed at MIT were tested for their protective 

capacity using a NHP allogeneic transplant model. NHP islets were isolated from cynomolgus monkeys 

and encapsulated in each of the modified materials. They were then transplanted into the lesser sac of 

non-diabetic allogeneic recipients. The encapsulated islets were then retrieved after 4 weeks and 

analyzed for viability and functionality. It was determined RZA15 chemically modified alginate at the 

large 1.5 mm size can protect functioning allogenic islets (n = 2). The large majority of capsules remain 

free of fibrosis and cellular attachment in this NHP model. The encapsulated islets were found to be 

viable, DTZ positive, and glucose responsive after one month post-transplantation in a non-

immunosuppressed allogeneic NHP transplant model.  
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SUMMARY (continued) 

Experimentation with the number of islets per capsule was then explored as many islets may be required 

in order to completely reverse diabetes. The limited volume of capsules that can be transplanted into the 

primates may require more islets to be encapsulated per capsule. Initial experiments have shown that 

RZA15 did not protect functioning islets at a high density. However, this may be related to 

transplantations of islets with poor viability and GSIS performed pre-transplantation. Also, the capsules 

showed the presence of a larger degree of cellular debris throughout the capsules that may have 

activated the immune system post-transplantation.  

In the future, strategies need to be employed to reduce the presence of this cellular debris before the 

RZA15 chemically modified material can be adequately tested for its protective properties at the higher 

islet seeding densities. Also, future steps should be taken to assure that batches of encapsulated islets are 

of high quality prior to transplantation into primates. This may be accomplished by culturing the 

encapsulated islets for a few days while all the data for the functional assessments can be analyzed. 

Lastly, a novel encapsulator was designed with a particular focus on islets. This encapsulator can 

continuously manufacture uniform, spherical polymer hydrogels with controlled size and gelation time. 

Three key technologies from previous encapsulation systems were integrated into a single device. This 

includes an electrostatic system for droplet formation with a loop reactor gelation system for continuous 

production with controlled gelation time. A ring shaped electrode governs formation of droplets, which 

then pass through the opening and into the loop reactor. This allows both technologies to be combined.  

Also, the device was designed to be user friendly, and once the ideal parameters for encapsulation are 

established, there is little operator dependency on the final product. This is especially important when 

submitting to regulatory agencies like the FDA, where a defined cellular/material product must be  
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SUMMARY (continued) 

thoroughly validated for safety, potency, and reproducibility prior to coming onto the market. The unit 

also satisfies strict sterility standards as well as quality control measures during islet encapsulation. In 

the future, this encapsulator may be suited to produce GMP grade, large batches of encapsulated cells 

for clinical transplantation. 
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 PROBLEM STATEMENT 1

1.1 Immuno-isolation strategies for islet transplantation 

Pancreatic islet transplantation (PIT) is a promising therapy to restore glycemic control in patients with 

Type 1 Diabetes Mellitus (TIDM) [15]. Nonetheless, PIT has limitations that need to be rectified before 

this therapy can be universally applied to treat all patients with TIDM. To inhibit immune rejection of 

the transplanted islet graft, patients must be continually treated with immunosuppressive drugs. These 

drugs have associated negative side-effects such as islet toxicity and increased patient susceptibility to 

infections and oncogenesis [16]. For this reason, PIT together with long-term immune suppression is 

only reserved for patients with brittle TIDM and severe hypoglycemic unawareness [17]. Another 

potential limitation of this therapy is a limited supply of suitable pancreata available for transplantation. 

This is significantly less than the number of patients with TIDM [18]. As islet cells exhibit miniscule in 

vitro proliferation, alternative cell sources such as embryonic stem cell derived β- cells or xenogeneic 

islet sources are currently being investigated to treat the growing number of patients with TIDM [19-21].  

The overarching goal of this thesis was to investigate immune-isolation strategies for islet 

transplantation in order to mitigate the need for immunosuppressive drugs in the future.   

One potential solution to the requirement for immunosuppressive therapy during PIT is to immune-

isolate the islets within semi-permeable hydrogels. The hydrogel can impede direct contact of the islets 

with host immune system which can inhibit graft rejection. The hydrogel still allows the diffusion of 

essential nutrients for proper islet function and diabetes/glucose control [2, 22, 23]. In practice, this 

strategy has exhibited certain deficiencies. We have observed that the immune system can react to the 
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isolation biomaterial. This results in the formation of pericapsular fibrotic tissue overgrowth (PFO), 

which restricts nutrient diffusion and leads to islet death [12, 13]. Improvements in biocompatibility of 

isolation materials needs to be investigated before immune-isolation strategies can be reproducibly 

implemented in the clinic. Various strategies for immune-isolated islets have been employed such as 

immune modulation strategies via design of novel materials  [1, 2], co-encapsulation of islets with 

immune-modulatory cell types such as MSCs or Sertoli cells [3, 4], and co-encapsulation with immune 

modulatory molecules [5]. Despite improvements in immune-isolated islet functionality, these strategies 

have not led to efficacious results in large animal models such as humans or NHP.  

In addition, other obstacles regarding microencapsulation still persist. Islets are highly metabolically 

active and consume vast amounts of oxygen [24, 25]. When separated from other tissues in the body, 

islets must rely on diffusion of oxygen and nutrients without re-vascularization. This reduced diffusion 

of oxygen provisions for immune-isolated islets has been associated with inhibited insulin secretion and 

higher production of pro-inflammatory cytokines [26]. In the future, nutrition of immune-isolated islets 

needs to be improved in order to achieve long-term functionality of transplanted encapsulated islets. To 

combat islet hypoxia post-transplantation, researchers have investigated methods including spontaneous 

oxygen generation or external oxygen provisions to name a few [6-8]. Others have also investigated 

alternative sites of transplantation that may exhibit preferable qualities for improved function of 

immune-isolated islets [27-31]. 

Despite the noted short-comings of immune-isolated islet technologies, transplantation of immune-

isolated islets into rodents has demonstrated long-term reversal of diabetes [32-34]. These technologies 

have shown great promise in mouse models, but these results have not translated well in large animal 

studies and small scale human clinical trials [35-38]. It has been observed that NHP and humans 

produce more potent foreign body reactions to transplanted biomaterials. Material properties that may 
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lead to a foreign body reaction have been suggested for immune-isolation materials, yet the exact 

mechanism of material identification is still poorly understood [39]. 

The focus of this thesis was to explore strategies to achieve better oxygenation and functionality of 

immune-isolated islets by investigating skeletal muscle tissue as an alternative transplantation site for 

immune-isolated islets. Also, material and size based strategies were investigated in order to provide 

immune modulation of immune-isolated islets via fibrosis resistive strategies. Lastly, a novel 

encapsulator was designed to produce GMP grade, large batches of immune-isolated islets for potential 

clinical transplantation in the future. 
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 MATERIALS AND METHODS 2

2.1 Animals (Rodents) 

2.1.1 Animal care 

All transplant procedures were performed under the guidelines of the National Institutes of Health and 

approved by the Animal Care Committee at UIC.  

2.1.2 Rodent strains for diabetic studies 

There are many strains of rodents that can be used for diabetes investigations. These can be separated 

into strains of mice appropriate for biocompatibility testing of materials and strains of mice appropriate 

to analyze islet graft function in induced diabetic models.  

The C57b/6 mouse is an inbred, immune-competent mouse that is commonly used for biocompatibility 

testing of implantable sterile devices due to its rather potent foreign body reaction to sterile implantable 

materials [40]. For this reason, this strain of mouse represents a good model to test the biocompatibility 

of encapsulation materials. Biocompatibility is defined by the propensity of the host immune system to 

react to the material, and in the case of encapsulation, form a constricting network around the capsule.  

The nude mouse is an inbred, immune-incompetent mouse that is genetically altered so it does not have 

a mature thymus gland. The thymus gland is an important location for the maturation of functional T-

lymphocytes, and without this gland, the nude mouse has a compromised immune system [41]. This 

makes this mouse an important strain for testing the functional capacity of islets to control diabetes 

through the secretion of insulin. This mouse model can be thought of as a surrogate syngeneic transplant 



5 

 

 

 

model when testing islets across various species of animals such as humans or NHP since the mouse’s 

immune system do not reject islets in our experience. 

2.1.3 Rat islet isolation and culture 

Rat islet isolations were conducted using a method previously described [42]. After a laparotomy 

incision, the pancreas was identified and the sphincter of oddi was clamped. At this step, the animal was 

euthanized by exsanguination, and immediately, the enzymatic solution type XI collagenase (Sigma) 

(2.2 mg/mL HBSS, 15 mL) was injected via the common bile duct into the main pancreatic duct for 

distention of the pancreas. The pancreas was carefully excised and placed in a 50 mL conical tube with 5 

mL of its respective perfusion solution. The pancreatic tissue was digested statically in a 37
◦
C water bath 

for 15 min. After this step, 10 mL of cold HBSS was added, and each pancreas was mechanically shaken 

until sampling verified the presence of free islets with dithizone (DTZ) staining.  Islets were then 

purified from the exocrine tissue by discontinuous gradient centrifugation (Ficoll density gradients 

(1.108 g/mL, 1.096 g/mL, 1.069 g/mL, 1.037 g/mL) for 15 min at 640g.  Since the islets are less dense 

than exocrine tissue which forms a pellet in the tube, the islets could be handpicked from the middle 

layer of the density gradient. The islets were then washed and cultured in RPMI 1640 with glutamine 

containing 10% FBS, 1% PS, for 24 hours culture at 37
◦
C. 

2.1.4 Diabetes induction via streptozotocin (STZ) 

This method utilized for TIDM studies is to take a wild type mouse of a specific strain and chemically 

induce diabetes within the mouse. This is accomplished via the intraperitoneal injection of 

streptozotocin (STZ). STZ is a glucose analog that is taken in by the GLUT-2 transporter of β-cells. It is 

not recognized by other glucose transporters, which makes it highly sensitive to β-cells. Once inside the 

β-cell, the STZ alkylates DNA to cause DNA damage and also releases superoxide radicals that cause 

oxidative stress and necrosis of the β-cells [43].  After a couple of days, the mouse will have a limited 
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amount of functional β-cells and will become hyperglycemic.  Although STZ is significantly β-cell 

specific, there are associated drawbacks such as nephrotoxicity and liver damage [41].  

To perform STZ induction of diabetes in mice, STZ is measured to the appropriate dry weight to 

perform injections for 5 mice or rats and placed in a 15 mL conical tube (175-220 mg/kg in mice and 80 

mg/kg in rats). Different doses are used for different mice strains. The tube is wrapped in foil since STZ 

is light sensitive and also placed on ice to minimize deactivation of the compound. A separate 15 mL 

conical tube is filled with 5 mL of sterile citrate buffer (20% wt/vol sodium citrate dissolved in saline) 

and also placed on ice. Mice or rats are labeled with tail markings using a permanent marker, weighed, 

and the amount of solution to be injected into each animal is determined. The citrate buffer is then added 

to dissolve the STZ (3-4 min) and immediately a single IP injection is infused into the animal using an 

insulin syringe. Diabetes usually occurs 48-72 hours after STZ injection. Blood glucose and weight are 

evaluated daily with observation of the animals. Two successive daily blood glucose measurements of > 

350 mg/dL are considered as diabetic, and then can be used for transplant studies. If the animal is not 

rendered diabetic after 4 days, the animal should be euthanized since the failure rate is ~10%. 

Furthermore, if the animal is not used for diabetic transplant studies within 3-4 days, the animal should 

be euthanized to minimize pain and distress to the animal that occurs from diabetic and STZ 

complications. STZ treated mice used as controls for transplant experiments are injected with 0.8 U 

long-acting Glargine insulin BID, to control diabetes in the animals. 

2.1.5 Animal monitoring 

Post transplantation, animals are monitored according to approved procedures by the veterinary staff. 

For diabetic studies, the animals are measured for their blood glucose levels (BGL) via tail prick and 

weight for the first 5 consecutive days post transplantation. The animals are then monitored every 2 or 3 

days. 
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2.2 Microencapsulation of islets 

2.2.1 NTNU, Trondheim, Norway method: Ca
2+

/Ba
2+

- alginate encapsulation (0.5 mm) 

The islets ware washed three times with HBSS without magnesium or calcium by centrifugation (200g 

for 1 min at room temperature). This removes any divalent cations that could solidify the gel and clog 

the nozzle. After the final wash, the islet pellet is resuspended in a small volume of the HBSS and 

loaded into a 5 mL syringe filled with 2.0% (w/v) sterile-filtered ultra-pure low viscosity high guluronic 

(UPLVG) alginate (NovaMatrix, Sandvika, Norway) (63 – 67% G, MW 200 – 240 kDa, endotoxin < 

100 EU/g) with 0.3 M mannitol (pH 7.2 - 7.4). The alginate-islet suspension (1,000 islets per 0.1 mL 

1.8% w/v alginate) is mixed thoroughly in the syringe and dripped into the divalent cation gelling 

solution using an in-house electrostatic microbead generator (7 kV, flow: 10 mL/hr per 0.35 mm needle) 

to form microbeads. The gelling solution consists of 1 mM BaCl2 and 50 mM CaCl2 (in 10 mM MOPS, 

0.14 M mannitol; pH 7.2-7.4). The microbeads are dripped over a maximum period of 15 minutes and 

always left in the gelling bath for an additional 5 minutes to ensure that the gelling reached saturation. 

Microbeads are then washed three times with HBSS (25 mL) containing calcium and magnesium over a 

period of 5 min and cultured overnight. Encapsulated rat islets were cultured in RPMI 1640 with 

glutamine containing 10% FBS, 1% PS, for 24 hours culture at 37
◦
C. This type of alginate capsule was 

used for intramuscular transplantation studies (Chapter 3). 

2.2.2 UIC, Chicago, USA method: Ba
2+

-alginate encapsulation (1.5 mm)  

The islets were collected into a 50 mL conical tube and pelleted by centrifugation (200g for 1 min at 

room temperature). The islet pellet was then transferred to a low-retention epindorf tube. The islets were 

then washed three times with 1.5 mL of HBSS without calcium or magnesium and allowed to settle via 

gravity sedimentation over 10 minutes per wash. This procedure was used to minimize potential islet 

stress caused by multiple centrifugations of the islets. After the final wash, the islet pellet was 
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resuspended in a small volume of the HBSS and loaded into a 5 mL syringe filled with 1.6% (w/v) 

sterile-filtered ultra-pure low viscosity high guluronic (UPLVG) alginate (NovaMatrix, Sandvika, 

Norway) (63 – 67% G, MW 200 – 240 kDa, endotoxin < 100 EU/g) with 0.3 M mannitol (pH 7.2 - 7.4). 

The alginate-islet suspension (1,500 islets per 1 mL 1.4% w/v alginate) was mixed thoroughly in the 

syringe and dripped into the divalent cation gelling solution using an in-house electrostatic microbead 

generator (1.5 mm = 3.25 kV, flow: 20 mL/hr per 0.35 mm needle)(0.5 mm = 6.65 kV, flow: 10 mL/hr 

per 0.35 mm needle) to form hydrogels. The gelling solution consists of 20 mM BaCl2, 25 mM HEPES, 

0.14 M mannitol; pH 7.2-7.4. The hydrogels were dripped over a period of 15 minutes and left in the 

gelling bath for an additional 5 minutes. Hydrogels were then washed three times (25 mL) with HBSS 

containing calcium and magnesium over a period of 5 min. Encapsulated rat islets were cultured in 

RPMI 1640 with glutamine containing 10% FBS, 0.2% PS, for 24 hours culture at 37
◦
C. Encapsulated 

cynomolgus islets were cultured in CIT supplemented CMRL1066 (Mediatech) containing 10% FBS, 

2% Cipro, and 0.1% ITS for 24 hours culture at 37
◦
C. Encapsulated human islets were cultured in CIT 

supplemented CMRL1066 (Mediatech) containing 2% human albumin and 0.2% Cipro for 24 hours 

culture at 37
◦
C. This type of alginate capsule was used for in vitro and in vivo encapsulated islet studies 

for large encapsulated islets (Chapter 4.1 and 4.2). 

2.2.3 MIT, Boston, USA method: Ba
2+

-chemically modified alginate encapsulation (1.5 mm)  

The islets were collected into a 50 mL conical tube and washed twice with HBSS without magnesium or 

calcium by centrifugation (200g for 1 min at room temperature). After the final wash, all the supernatant 

was removed from the islet pellet. Sterile cotton swabs were then used to remove any residual washing 

solution that may dilute the alginate solution. Five mL of sterile-filtered 1.4 % chemically modified 

alginate (70-80 % (w/v) modified PRONOVA SLG20 alginate; 20-30 % (w/v) unmodified PRONOVA 

SLG100 alginate) (NovaMatrix, Sandvika, Norway) (M/G ≥ 1.5; SLG20 MW 75 – 150; SLG100 MW 
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150-250; endotoxin < 100 EU/g) in 0.8 % saline (pH 7.2 - 7.4) was added to the dry islet pellet. The 

islets were mixed in the 50 mL tube and then loaded into a 5 mL syringe using an 18 G needle. The 

alginate-islet suspension (1,000 islets, 2,000 islets, or 4,000 islets per 1 mL 1.4% w/v alginate) was 

dripped into the divalent cation gelling solution using an in-house electrostatic encapsulator developed 

at MIT (1.5 mm = 5.00 kV, flow: 0.18 mL/min per 18 G blunt tip needle) to form hydrogels. The gelling 

solution consisted of 20 mM BaCl2, 25 mM HEPES, 0.25 M mannitol; pH 7.2-7.4. The hydrogels were 

dripped over a period of 15 minutes and left in the gelling bath for an additional 5 minutes. Hydrogels 

were then washed three times (25 mL) with HBSS containing calcium and magnesium over a period of 5 

min. Encapsulated rat islets were cultured in RPMI 1640 with glutamine containing 10% FBS, 0.2% PS, 

for 24 hours culture at 37
◦
C. Encapsulated cynomolgus islets were cultured in CIT supplemented 

CMRL1066 (Mediatech) containing 10% FBS, 2% Cipro, and 0.1% ITS for 24 hours culture at 37
◦
C. 

Encapsulated human islets were cultured in CIT supplemented CMRL1066 (Mediatech) containing 2% 

human albumin and 0.2% Cipro for 24 hours culture at 37
◦
C. This type of alginate capsule was used for 

in vitro and in vivo encapsulated islet studies for large encapsulated islets (Chapter 4.3). 

2.3 In vitro islet assessments 

2.3.1 Islet counting 

The Islets are examined using a 10x eyepiece and the 4x objective to give a total magnification of 40x. 

Using grid lines on the counting petri dish base as a guide, the dish is methodically scrolled through 

from one side to the other and from top to bottom examining each islet. The islets are counted within the 

perimeter of the grid’s squares, including only islets touching the op and right lines (not the bottom and 

left lines), to avoid counting the same islet twice. A reticle certified to the 4x objective determines the 

size of each islet. The distance across the two spaces on the calibrated reticle in the eyepiece equals 50 
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µm.  The total number of islets in each diameter group is counted using a manual cell counter. The 

dilution factor (if used) is then factored into the calculation to retrieve the total number of islets present. 

This procedure is used to determine the appropriate number of islets to be encapsulated at the 

appropriate volume of alginate material or transplanted into the kidney capsule. In the case of 

encapsulated islets, using dilution factors resulted in inaccurate and unreproducible counts due to the 

inhomogenous distribution of the large particles in the solution. To determine encapsulated islet counts 

to be transplanted into mice, the islets were counted pre-encapsulation and encapsulated at the desired 

seeding density. Then it was assumed that there no loss of islets during encapsulation.  Typically this is 

less than 10% and that is not out of range than what naked islet counts can be off by. The total volume 

of capsules made was then measured and used to determine how many islets were in a given volume of 

capsules. The appropriate volume of capsules/number of islets is then transplanted per mouse. 

2.3.2 Viability 

The viability of islets was evaluated using the inclusion/exclusion dyes FDA/PI. FDA is non-polar and 

can passively diffuse across intact cell membranes. Live cells contain active esterases that remove the 

acetyl group to convert FDA to its polar counterpart fluorescein. The polar fluorescein molecules 

become trapped inside the cell and stain live cells green. PI can only traverse compromised cell 

membranes of dead cells and intercalates with the DNA to stain dead cell nuclei red [44]. Either naked 

or encapsulated islets were rinsed twice with HBSS and mixed with 0.46 µM FDA and 14.34 µM PI in 2 

mL HBSS. A fluorescent microscope with filters for FDA (excitation wavelength 488 nm, emission 

wavelength 520 nm) and PI (excitation wavelength 534 nm, emission wavelength 617 nm) was used to 

assess the viability of the islets. Percentages of total viable cells within 25-50 whole islets were assessed 

post-isolation, post-encapsulation, pre-transplant, and post retrieval.   
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2.3.3 Dithizone (DTZ) staining 

One hundred mg of DTZ is weighed out on an electric balance and added to a 50 mL conical tube. Ten 

mL of DMSO is then added to the DTZ followed by 40 mL of HBSS. The conical tube is then closed 

and inverted five times. The DTZ solution is then filtered into a fresh 50 mL conical tube using a 0.22 

µm filter. Approximately 1 mL of DTZ is added to naked islets or encapsulated islets that have been 

aliquoted in 100 mm petri dishes. Islets are then visualized using brightfield microscopy.  

In the case of large 1.5 mm encapsulated islets, the gels maintain the DTZ solution which makes 

imaging difficult. For these samples, a small sample of the large encapsulated islets is placed in a 50 mL 

conical tube. DTZ (5 mL) is added to the encapsulated islets and incubated for 3 minutes. The 

encapsulated islets are then washed 3 times with 10 mL of HBSS quickly. Then the encapsulated islets 

are washed one more time with 10 mL of HBSS and allowed to incubate for 10 minutes on side. The 

encapsulated islets can then be imaged using brightfield microscopy. 

2.3.4 Insulin ELISA 

For the determination of insulin concentrations, samples were run on an chromogenic insulin ELISA 

plate following the manufacturers recommendation (Mercodia, Uppsala, Sweden or ALPCO NH, USA). 

Insulin samples from the GSIS and perifusion assays were run without dilution. Twenty-five microliters 

of sample was pipette into each respective well of the 96 well ELISA plate. Samples were measured in 

duplicate for the GSIS assay and singlet for the perifusion assay due to the large number of samples to 

be measured per plate. Wells were then incubated for 1 hr with the enzyme conjugate on a shaker. The 

plates were washed 6 times with wash buffer, and special care was taken to remove excess bubbles in 

the wells with empty pipette tips. The substrate TMB was loaded into the wells and incubated for 15 

minutes. Stop solution was added and the plates were measured immediately for absorbance at 460 nm. 

Insulin concentrations were then calculated by fitting to a linear regression standard curve.  
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2.4 In vivo transplantation procedures and assessments 

2.4.1 Naked islet kidney capsule transplantation (Mice) 

STZ mice with 2 blood glucose levels above > 350mg/dl are considered diabetic and used for 

transplantation experiments. The mice are anaesthetized via isoflurane gas administration. The skin of 

the mice is sterilized via alcohol paint and a left flank incision (~2 cm) is performed through the skin, 

subcutaneous tissue, and muscle tissue until the kidney is visualized. The kidney is retracting out of the 

inscision using sterile cotton swabs to minimize any damage to the kidney. The posterior end of the 

kidney capsule (thin membrane covering the kidney) is carefully opened with the tip of a sterile 21 G 

needle. A glass capillary with melted end is inserted into the kidney capsule to dissect the membrane 

from the kidney surface. Naked islets are previously pelleted into an 18 G polyethylene micro tubing 

and attached to a Hamilton syringe.  The tip of the tubing is then carefully inserted through the opening 

in the posterior end of the kidney capsule, and the tubing is directed toward the anterior end of the 

kidney. It is important during the procedure to keep the kidney capsule moist and delicately maneuver 

the tubing inside the kidney capsule as the membrane can tear easily. The islets are then carefully 

delivered into the anterior end of the kidney. The opening of the membrane is cauterized following 

removal of the tubing. The kidney is then reinserted into the peritoneal cavity via sterile cotton swabs.  

Sutures (5-0 monofilament) close the skin and peritoneum simultaneously to close the surgical wound 

(4-5 interrupted sutures). The surgical wound is then wiped clean with betadine and alcohol paint. Pain 

management is accomplished by a single injection of slow release buprenorphine (SC 1 mg/kg) 

administered before the start of surgery. This covers analgesics for three days post surgery. Criteria for 

monitoring animals post-surgery for signs of pain or distress include: animal cornered in a hunched 

position, inactive, loss of shine in fur. Animals displaying these traits or large losses in weight 

associated with diabetic complications are euthanized. 
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2.4.2 Encapsulated islet intraperitoneal transplantation (Rodent) 

During the transplantation of the encapsulated islets, the mice are anaesthetized via isoflurane. The 

mouse is then injected with slow-release (SR) buprenorphine preoperatively (SC 1 mg/kg), which 

provides analgesics for 3 days post surgery. Fur on the abdomen is shaved (4 x 4 cm) and scrubbed with 

alcohol paint, the skin is then cut vertically (2 cm). Another small incision (1 cm) of the peritoneum wall 

exposes the peritoneal cavity. Care is taken to avoid any large capillaries in the peritoneal wall to avoid 

excessive bleeding. A sterile transfer pipette containing capsules and HBSS (0.3 mL capsules in 1.0-1.5 

mL HBSS) will be inserted IP and the capsules will be evenly distributed. The peritoneal wall and skin 

are simultaneously sutured using a 6.0 monofilament nylon surgical suture. The surgical wound is then 

scrubbed with Betadine and alcohol paint. The mouse recovers under a heat lamp or on top of a warmed 

water glove. Once recovered and active, the mouse is placed in a clean cage. The animals are then 

monitored post-surgery for signs of pain or distress which include: animals cornered in a hunched 

position, inactive, loss of shine in fur, or more than 20% loss of weight compared to pre-transplantation 

levels in the case of diabetic animals. These animals are then treated or euthanized accordingly. 

The transplantation of microcapsules for rats is identical to mice except for the following changes. After 

preparation of the incision site, the skin is cut vertically (2 cm). The abdomen is lifted and an 18 G 

catheter is inserted into the IP cavity. The metal needle portion is removed while leaving the catheter 

sleeve intact in the peritoneal cavity. The capsules loaded in a 3 mL syringe (1 mL capsules in 2 mL 

HBSS) are connected to catheter sleeve and injected into the peritoneal cavity. The capsules are then 

uniformly distributed. The catheter puncture is closed with one suture followed by suturing of the skin 

using a 4.0 monofilament nylon surgical suture. The incision site is scrubbed with Betadine and alcohol 

paint. The rat recovers and is post-op monitored using the same procedures followed for mice.  
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2.4.3 Oral glucose tolerance test (OGTT) 

Mice are fasted for 6-7 hours prior to starting the OGTT. A 20% sterile glucose solution is prepared. The 

mice weights and BGL levels are measured from a tail prick of the tail vein. These are recorded as T0 

values. PE50 tubing is then attached to a 23 G needle. A 3 mL syringe is loaded with the appropriate 

volume of glucose to be administered to the mouse at a glucose dose of 3 mg/g mouse. The mouse is 

anaesthetized via isoflurane and forceps are used to move the tongue to the side of the mouth to facilitate 

easier gavage of the animal. The 50PE tubing (attached to the glucose loaded syringe) is inserted 

through the esophagus and into the stomach. It is important that the tubing is not inserted into the 

trachea since infusion of the glucose solution into the lungs will asphyxiate the animal and cause death. 

To determine if the tubing is truly in the esophagus, it is possible to measure the length of tubing that 

can be inserted into the animal until pressure is felt. If the tubing is inserted into the trachea, then very 

little tubing can be inserted compared to a greater depth into the stomach. The glucose solution is then 

infused into the animal (extra air is in the syringe to ensure all glucose is infused into the animal). The 

timer is started and glucose levels are measured from the tail vein using an AlphaTRAK glucometer at 

T15, T30, T45, T60, T90, and T120 minutes. Statistical significance between groups of animals is then 

determined by calculating the area under the curves (AUC) of the OGTT blood glucose levels and 

comparing using an unpaired student T-test (p < 0.05 is taken as significant). 

2.4.4 Retrieval of encapsulated islets (Rodent) 

During retrieval of the capsules, the animals must be euthanized in order to harvest all the capsules and 

observe the affect in the peritoneal cavity. For the retrieval of empty capsules, rodents are first 

euthanized via CO2 asphyxiation and cervical dislocation. For the retrieval of encapsulated islets, the 

encapsulated islets are retrieved while the animals are under anesthesia to minimize warm ischemia and 

damage to the encapsulated islets. The general procedure is similar to the procedure used for 
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transplantation, the abdomen is shaved, sprayed with alcohol, and a small incision (2 cm) is made to 

expose the peritoneal cavity. The peritoneal cavity is flushed using a sterile transfer pipette and warmed 

HBSS (25-30 mL) to collect the capsules. Then the abdomen is fully exposed to retrieve any capsules or 

clumps that could not be removed through IP flushing. In the case of encapsulated islets, the animal is 

then euthanized at this step by exsanguination and cervical dislocation. 

2.4.5 Encapsulated islet intramuscular transplantation (Rat) 

Microbeads (0.2 mL) are washed three times with 1 mL HBSS and loaded into a 1 mL syringe. Rats are 

anaesthetized via isoflurane inhalation, the fur on the legs shaved, and skin sterilized with alcohol. A 

small skin incision (2 mm) is made near the descending gracilis major muscle to expose the skeletal 

muscle tissue. The syringe bearing an 18 gauge needle is directed into the gracilis major muscle 2 cm 

deep. Pressure is applied to the plunger to inject the microbeads while simultaneously retracting the 

syringe in order to evenly distribute the microbeads along the needle tract. A sterile swab is used to 

prevent any leakage of microbeads, and the small incision in the skin was sutured using 4.0 nylon 

monofilament reverse cutting sutures (Ethicon, Somerville, NJ, USA). 

2.4.6 Laparoscopic encapsulated islet transplantation and retrieval of IP space (NHP) 

The NHP is first sedated with ketamine (10 mg/kg/IM), induced with propofol (3-5 mg/kg/IV) and 

anesthetized using continuous isoflurane gas infusion. Animals are monitored throughout anesthesia for 

the animal’s depth of anesthesia, respiratory rate, heart rate, blood pressure and pulseox. Animals are 

given the following analgesics: hydromorphone (0.1 mg/kg IV), sufentanil (initial bolus 0.5-1.0 

µg/kg/IV and then 0.005-0.02 µg/kg/min/IV continuous infusion), bupivicaine (1 mg/kg/SC) at the 

incision sites. The animals are also given the antibiotic cefazolin (25 mg/kg/SC), pre-operatively.  
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The anterior abdomen is shaved and prepped from xyphoid to pubis. Bupivicaine is infused along the 

incision line. A small (2 cm) supraumbilitical incision is performed and a 5 mm trocar is inserted into 

the peritoneal cavity. CO2 gas at a pressure of 12 mmHg insulflates the peritoneal cavity, and an 

endoscopic camera is inserted into the peritoneal cavity through the trocar. Under the view of 

laparoscopy, another small incision (1 cm) is made and an 8 mm trocar is inserted into the peritoneal 

cavity posterior to the right medial lobe of the liver. The capsules are transferred into a catheter syringe 

that is attached to a small length of silicon tubing and a 2 mL pipette. The pipette is inserted into the 

peritoneal cavity through the 8 mm trocar, and the capsules are evenly distributed in the following 

spaces: perihepatic, retrogastric, perisplenic, left and colonflexium, omentum, and behind the small 

bowels. For some encapsulated islet transplantations, laparoscopic graspers and shears are used to make 

a small incision in the omental tissue posterior to the stomach. This opening allows access to the lesser 

sac of the peritoneal cavity. The pipette is then inserted through the omental tissue and into the lesser 

sac. The capsules are then flushed into the lesser sac to distribute evenly between two layers of omental 

tissue. The trochars are removed, and the peritoneal cavity is deflated. After the operation, the small 

incisions are sutured by layers using Vicryl 3-0 cutting for muscle and fat tissue and Vicryl 4-0 taper for 

skin (subcuticular).  The recovery of the animal is followed by a trained veterinary staff. 

The same general procedure is repeated during the retrieval of capsules. Instead of infusing the empty 

capsules as described in the previous section, warmed saline or HBSS is flushed into the peritoneal 

cavity to wash out the capsules using a 60 mL syringe. The capsules can then be analyzed for 

biocompatibility and islet functionality at various times post transplantation. If the capsules are 

transplanted into the lesser sac, then the supraumbilical incision is extended and a section of omental 

tissue is withdrawn through the incision. The tissue is clamped, exscized and placed in a bowl with 

warmed saline. The tissue is agitated to dislodge any capsules from the omental tissue. These are then 
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collected, washed in a seive, and are analyzed using various in vitro assays. If the capsules are found to 

be clumped and adhered to the tissue, then biopsies are taken and fixed in formalin for histology 

processing.  The post-operative care and post-operative analgesia for the animals is the same as in the 

implantation surgery.  
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 SKELETAL MUSCLE TISSUE AS A POTENTIAL TRANSPLANTATION SITE FOR 3

PANCREATIC ISLETS ENCAPSULATED IN Ca2+/Ba2+-ALGINATE MICROBEADS 

3.1 Introduction 

Microencapsulation is a promising approach to enable long-term survival of pancreatic islet graft 

function without immunosuppressive medications. Although this approach has been tested successfully 

in small animal models [32-34], results have not translated well in larger animal species and within 

small-scale clinical trials [35-38].  Some studies suggest that pericapsular fibrotic overgrowth (PFO) and 

limited islet nutrition are the major causes for the failure of microencapsulated islet graft function [45]. 

The PFO is a tight network of cells and extra cellular matrix surrounding microcapsules that may restrict 

nutrient diffusion, deplete oxygen supplies for the encapsulated islets, and secrete pro-inflammatory 

signals such as nitric oxide, IL-1b, IFNγ, and TNF-α, ultimately leading to islet apoptosis [13, 46].  It is 

largely believed that the PFO results from a foreign body response to the encapsulation biomaterial [30]; 

however, encapsulated islets in a nutrient deprived environment can also secrete pro-inflammatory 

factors such as high mobility group box 1 (HMGB1), MCP-1 or other antigenic epitopes that can then 

trigger the PFO [47].  

The intraperitoneal (IP) space is the most widely chosen transplantation site, mainly due to the ease of 

access and large volume of space available to accommodate a large quantity of encapsulated islets [45]. 

However, whether or not the IP cavity is the optimal transplantation site for microencapsulated islets is 

debatable. Firstly, diffusional transport of molecules both to and from mesenteric blood vessels and 

systemic circulation has been shown to be rather slow, which may delay insulin action and post-prandial 

blood glucose levels [48, 49]. Secondly, it has been shown that the IP space has low oxygen tensions 



19 

 

 

 

[50-53], which may predictably interfere with the optimal nutrition of the transplanted islets. Thirdly, 

the IP space has been reported to have a significant population of peritoneal macrophages noted to be 

important mediators of the foreign body reaction [54, 55].  

Ideally, the optimal site of transplantation for encapsulated islets should exhibit rich nutritional 

availability and sufficient oxygen tensions to sustain the metabolic demand of islets for proper survival 

and insulin secretion [56]. Skeletal muscle tissue is highly vascularized with oxygen tensions of 

approximately 32.7 mmHg [57], which is near to 40 mmHg reported for islets in the in situ pancreas 

[58]. Furthermore, skeletal muscle has been reported to exhibit low antigen presenting cell (APC) 

infiltration [59], and therefore, may represent a less immunogenic site. In fact, transplantation of naked 

islets into striated muscle has demonstrated significant metabolic control in patients with Type I diabetes 

as well as other large animal models [58, 60, 61].  

We have shown previously that 3,000 human islets encapsulated in Ca
2+

/Ba
2+

-alginate microbeads can 

reverse streptozotocin (STZ) induced diabetes in immune incompetent nude mice for approximately 300 

days [62] and in immune competent Balb/c mice for approximately 150 days when transplanted into the 

IP space [63]. These studies have shown this type of microbead to be promising; however, the procedure 

requires a rather large amount of encapsulated islets in order to reverse diabetes. This requirement for an 

excess amount of islets may be site-dependent as a result of diminished nutrition and attenuated 

encapsulated islet function over time. The purpose of this study was to implant Ca
2+

/Ba
2+

-alginate 

microbeads both with and without islets into the skeletal muscle tissue of rats to investigate the host 

immune response to the presence of microbeads and determine if encapsulated islets could be supported 

for an extended period of time. 
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3.2 Methods 

3.2.1 Study design  

Lewis male rats (Harlan Industries, Indianapolis, IN, USA) were transplanted with Ca
2+

/Ba
2+

-alginate 

microbeads into the skeletal leg muscle (gracilis major). Three groups were used: 1) Empty alginate 

microbeads (Lewis recipients, n = 6); 2) Encapsulated isogeneic islets (Lewis rat islets into Lewis rats, n 

= 6); 3) Encapsulated allogeneic islets (Sprague Dawley rat islets into Lewis rats, n = 6). The 

microbeads were retrieved from all of the recipients at 8 weeks post transplantation and analyzed for 

host responses to microbeads and long-term survival of encapsulated islets. The transplant procedures 

were performed under the guidelines of the National Institutes of Health and approved by the Animal 

Care Committee at UIC.  

3.2.2 Intramuscular retrieval of alginate microbeads 

Microbeads were retrieved 8 weeks post transplantation. Lewis rats were anaesthetized via isoflurane 

inhalation and euthanized by heart exsanguination. The entire upper leg (gracilis major muscle) was then 

fixed in 10% formalin for histology.  For the retrievals of microbeads from 3 rats in each group, the 

muscle tissue was further dissected to expose the site of microbead transplantation. Unattached, freely 

floating microbeads were collected with a spatula and washed three times in HBSS. These were then 

evaluated for fibrotic tissue overgrowth using a scoring method described below, analyzed for viability, 

and the remaining microbeads were fixed in 10% formalin for histological analysis. If no freely floating 

microbeads were obtained, microbead clumps were fixed in 10% formalin for histology. 

3.2.3 Fibrotic overgrowth of retrieved microbeads 

The degree of fibrotic overgrowth of retrieved microbeads was determined by categorizing the 

microbead surface area that was covered by overgrowth under brightfield microscopy.  Two hundred 
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microbeads per animal were categorized: 0%, <25%, 25-50%, 50-75%, >75% surface area coverage of 

the microbeads [64].  

3.2.4 Histological analysis of retrieved freely floating microbeads 

Upon retrieval, freely floating microbeads were rinsed three time with HBSS and fixed in 10% formalin 

overnight. After fixation, the microbeads were rinsed twice with PBS, and dehydrated in gradually 

ascending ethanol solutions for 20 min each. The microbeads were cleared in xylene for 10 min, and 

incubated in a 50/50 solution of xylene and paraffin overnight at 57°C. On day 3, the microbeads were 

transferred to paraffin twice for 1 hr each, and then embedded in a paraffin mold. Subsequently, 

embedded microbeads were sectioned at 5 μm thickness onto positively charged lysine microscope 

slides. Tissue sections were then stained for hematoxylin and eosin (H&E) to assess pericapsular cellular 

overgrowth and islet morphology. Consecutive slides containing encapsulated islets were also 

immunohistochemically (IHC) stained for insulin. In short, the deparaffinized and rehydrated tissue 

sections were immersed in citrate buffer at pH 6 (BD Pharmigen, San Diego, CA, USA) and the heat-

induced epitope retrieval (HIER) was performed. Tissue sections were then rinsed in PBS three times 

and the primary antibody guinea pig anti-insulin (1:200 polyclonal; DAKO, Carpinteria, CA, USA) was 

then applied. After overnight incubation, the tissue sections were rinsed with PBS three times and 

incubated for 1 hr with high affinity fluorescently labeled Alexa Fluor secondary antibody for anti-

guinea pig 594. Nuclei were counterstained with diamidino-2-phenylindole (DAPI) and coverslips 

applied with aqueous mounting medium (Fluoromount-G, Southern Biotech, Birmingham, AL, USA). 

3.2.5 Histology of microbead grafts embedded in whole leg muscle 

Whole leg muscles containing the femur bone were fixed in 10% formalin for 72 hours. The femur bone 

was then carefully removed, and the whole muscles were rinsed twice with PBS and stored overnight in 

70% EtOH. Muscle specimens were further dehydrated the next day in ascending EtOH solutions, 
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cleared in xylene and embedded in a paraffin block. Subsequently, embedded muscle tissue was 

sectioned at 5 μm thickness and stained for H&E to evaluate muscle/microbead morphology and to 

assess tissue overgrowth of the microbeads. If morphological observation of H&E stained tissue sections 

showed multi-layer cellular overgrowth of the microbeads, immuno-histochemistry (IHC) was 

performed on the adjacent tissue sections to investigate the cellular population involved in the PFO. 

Sections were immunofluorescently labeled for mouse CD68
+
 tissue derived macrophages, CD3

+
 T-

lymphocytes and alpha-smooth muscle actin positive (α-SMA) myofibroblasts. Tissue sections were 

deparaffinized and HIER performed as described above. Tissue sections were then rinsed with Tris-

buffered saline (TBS) plus 0.025% triton X-100 and blocked with goat normal serum for 1 hr at room 

temperature. Primary antibodies mouse IgG against CD3 (1:50 clone SP7; Abcam, Cambridge, MA, 

USA), mouse IgG1 against CD68 (1:100 clone ED1; Abcam, Cambridge, MA, USA) and rabbit α-SMA 

(1:100 polyclonal; Abcam, Cambridge, MA, USA) were applied on serial sections and incubated 

overnight at 4ºC. After rinsing with TBS plus 0.025% triton X-100, fluorescently labeled secondary 

antibodies Alexa Fluor 594 anti-mouse and 594 anti-rabbit (1:200 Invitrogen, Grand Island, NY, USA) 

were applied and incubated for 1 hr at room temperature. DAPI nuclear counterstain was then applied 

and the coverslips mounted. All stained tissue sections were viewed under a Leica DM 200 microscope 

and images captured with QICAM Fast1394 digital camera and processed with Qcapture Pro5.1 

program. 

3.2.6 Statistical analysis 

Data are depicted as mean ± SD and analyzed by a two-tailed unpaired student t-test and one-way 

ANOVA using PRISM software. p  0.05 was considered to be statistically significant. 
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3.3 Results: 

3.3.1 Encapsulation and intramuscular transplantation 

Encapsulated rat islets within Ca
2+

/Ba
2+

-alginate microbeads maintained their morphology as 

determined by dithizone staining. Also, no significant differences in terms of viability were detected pre-

encapsulation vs. post-encapsulation, respectively (95.1  2.2% vs. 94.4  4.5%, p = 0.18) (Figure 3-1). 

Prior to beginning intramuscular transplantations, a sample of microbeads was extruded through an 18 

gauge needle to verify that the morphology and size of the microbeads were unchanged during the 

infusion process (data not shown). Furthermore, no visible leakage of microbeads from the injection site 

after transplantation was observed, and none of the transplanted animals presented with any health issue 

or infection.  
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Figure 3-1: DTZ and viability staining of rat islets pre- and post-

encapsulation 

A/C) DTZ and viability staining of rat islets pre-encapsulation. B/D) post-

encapsulation in Ca
2+

/Ba
2+

 alginate microbeads. (representative images 

from n = 3 encapsulations) 

 

3.3.2 Empty microbeads in the intramuscular space after 8 weeks  

Upon dissection of the muscle tissues at 8 weeks post-transplantation, the empty microbeads were found 

to be transparent with no signs of inflammatory tissue around the microbeads (Figure 3-2:A).  The 

microbeads were easily harvested from the transplant site at a retrieval rate of 71.7 ± 5.8% (Table I). 

The bead size post retrieval was comparable to the size before transplantation, respectively (468 ± 85 

µm vs. 444 ± 79 µm, p = 0.31). No broken microbeads were observed and all maintained proper 

spherical morphology under brightfield microscopy (Figure 3-2:B). The majority of retrieved empty 

microbeads was free of cellular attachment and categorized as having 0% tissue overgrowth (Table II). 

H&E staining of whole leg muscle specimens verified that the empty microbeads remained intact 

morphologically and free of fibrotic tissue overgrowth at the interface between muscle tissue and 

microbeads (Figure 3-2:B). 



25 

 

 

 

Table I: Microbead characteristics pre-transplant and post 8 week retrieval 

 
Pre-encap 

Viability 

(%) 

Post-encap 

Viability 

(%) 

Retrieval 

Viability 

(%) 

Pre-tx 

Microbead 

Size (µm) 

Retrieved 

Microbead 

Size (µm) 

Percent 

Breakage 

(%) 

Percent 

Retrieval 

Rate (%) 

Empty 

(n=3) 
NA NA NA 444 ± 79 468 ± 85 0 71.7 ± 5.8 

Iso (n=3) 95.2 ± 2.1 94.3 ± 3.8 95.0 ± 1.7 560  ±  96 552 ± 90 0 66.7 ± 2.9 

Allo (n=3) 94.9 ± 2.4 94.6 ± 5.1 NA 526 ± 76 NA NA ~ 0 

        

 

 

 

Figure 3-2: 8 week retrieval of empty microbeads transplanted 

intramuscularly. 

A) Overview of dissected muscle tissue with transparent empty microbeads. 

B) Brightfield image of freely floating microbeads flushed from muscle 

tissue. C) H&E of empty microbeads within muscle tissue. (representative 

images from n = 6 empty retrievals) 

 

3.3.3 Encapsulated isogeneic islets in the intramuscular space after 8 weeks 

The results of dissected muscle tissues transplanted with encapsulated isogeneic islets were very similar 

to those of the retrieved empty microbeads at 8 weeks post-transplantation. The microbeads containing 

isogeneic islets were transparent with no obvious signs of inflammation (Figure 3-3:A). They were 
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easily removed from the implantation site at a retrieval rate of 66.7 ± 2.9%, and the size of the 

microbead did not change significantly over time (560 ± 96 µm vs. 552 ± 90 µm; p = 0.76) (Table I).  

No broken microbeads were observed and the majority was categorized as having 0% tissue overgrowth 

(Table II).  The viability of the retrieved isogeneic islets was 95 ± 1.7%, which was comparable with the 

islets viability before transplantation (94.3 ± 3.8%; p = 0.24) (Figure 3-3:B). The retrieved isogeneic 

islets also stained positive for dithizone (Figure 3-3:C). H&E staining of whole muscle specimens 

showed that microbeads containing isogeneic islets were free of fibrosis at the microbead/muscle 

interface (Figure 3-3:D). H&E stains of harvested freely floating microbeads demonstrated encapsulated 

islets with plump round morphology (Figure 3-3:E) and IHC positive insulin staining (Figure 3-3:F).  
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Figure 3-3: 8 week retrieval of encapsulated isogeneic islets 

transplanted intramuscularly. 

A) Overview of dissected muscle tissue with transparent microbeads 

containing isogeneic islets. B) Viability of retrieved encapsulated isogeneic 

islets. C) DTZ staining of freely floating encapsulated isogeneic islet 

harvested from muscle tissue. D) H&E of encapsulated isogeneic islets 

within muscle. E) H&E staining of retrieved encapsulated isogeneic islet. 

F)  IHC insulin staining of retrieved encapsulated isogeneic islet. 

(representative images from n = 6 encapsulated isogeneic islet retrievals) 

 

 

3.3.4 Encapsulated allogeneic islets in the intramuscular space after 8 weeks 

Upon dissection of muscle tissues transplanted with encapsulated allogeneic islets, the microbeads were 

clumped together, opaque, and adhered to the surrounding muscle tissue that appeared visually inflamed 

(Figure 3-4:A). The clumps of microbeads were separated from the muscle tissue and found to be 

entrapped within fibrotic tissue that had become neovascularized (Figure 3-4:B). The majority of the 

microbeads containing allogeneic islets were characterized as having 100% tissue overgrowth (Table II).  

H&E staining showed that the microbeads were surrounded with cellular overgrowth of 10-20 cell layers 
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thick (Figure 3-4:C). Possible fragments of islets were detected inside the microbeads; however, these 

fragments exhibited poor islet morphology and stained negative for insulin in IHC stains (data not 

shown). 

 

 

 

Figure 3-4: 8 week retrieval of encapsulated allogeneic islets 

transplanted intramuscularly (n = 6) 

A) Overview of dissected muscle tissue with opaque microbeads containing 

allogeneic islets. B) Neovascularized fibrotic clump of encapsulated 

allogeneic islets. C) H&E staining of clumped encapsulated allogeneic 

islets and islet fragments. (representative images from n = 6 encapsulated 

allogeneic islet retrievals) 
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3.3.5 Fibrotic tissue overgrowth of retrieved microbeads 

The retrieved microbeads (n = 200 per rat) from each group were assessed under brightfield microscopy 

for the degree of overgrowth. Results are presented in Table II.  

 

 

Table II: Percentage of microbeads with surface area covered by tissue overgrowth 

 0% 0-25% 25-50% 50-75% 75-100% 

Empty (n=3) 91.3 ± 1.6 8.8 ± 1.7 0 0 0 

Iso (n=3) 87.1 ± 3.1 13.0 ± 3.2 0 0 0 

Allo (n=3) 9.3 ± 16.2 2.7 ± 4.6 0 0 88.0 ± 20.8 

 

 

 

3.3.6 Immune cells involved in rejection of allogeneic encapsulated islets 

H&E slides showed dense cellular regions 10-20 cell layers thick proximal to the microbeads containing 

allogeneic islets (Figure 3-5:A). These cell layers were largely composed of alpha smooth-muscle actin 

positive (α-SMA
+
) myofibroblasts (Figure 3-5:B) as suggested by IHC staining. These were then 

surrounded by interstitial tissue with a much lower cellular density. The interstitial regions were 

populated with CD68
+
 tissue derived macrophages (Figure 3-5:C) and CD3

+
 T-lymphocytes (Figure 

3-5:D), typically in groups of 5-10 individual cells.  
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Figure 3-5: H&E/IHC staining for specific immune cell type and 

localization within allo-clump. 

A) H&E overview of clumped encapsulated allogeneic islets and indicated 

areas of α-SMA (myofibroblast), CD 68
+
 (macrophage) and CD 3

+
 (T-

lymphocyte) on consecutive slide sections. B) α-SMA
+
 myofibroblasts 

directly on the surface of microbeads containing allogeneic islets. C) CD 

68
+
 tissue macrophage in the interstitial tissue. D) CD 3

+
 T-lymphocyte in 

the interstitial tissue.  

(representative images from n = 3 consecutive slide staining of clumps from 

each allogeneic rat). 

 

3.4 Discussion: 

The present study investigated the feasibility of transplanting islets encapsulated in Ca
2+

/Ba
2+

-alginate 

microbeads into skeletal muscle tissue via a minimally invasive syringe injection. This procedure is 

highly applicable in a clinical setting as a relatively large volume of encapsulated islets can be 

distributed into multiple muscle sites available in a recipient. Importantly, these preliminary results 

indicate there is only a minimal host reaction to the presence of empty alginate microbeads and 
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microbeads containing isogeneic islets within the skeletal muscle tissue. Furthermore, skeletal muscle 

can support viable encapsulated islets for an extended period of time of at least 8 weeks. Although 

encapsulated allogeneic islets suffered from allorejection within the intramuscular site, the alginate 

(UPLVG) and gelling ion combination (Ca
2+

/Ba
2+)

 used in this study may not provide allo-protection in 

rats, and in this respect, these results do not diminish the potential of skeletal muscle as an alternative 

transplant site in the future. 

Alternative transplantation sites for microencapsulated islets have been investigated in rodents including 

the liver [27], kidney capsule [28], subcutaneous [29], intra-epididymis [30], and bone marrow cavity 

[31] with limited improvement in islet survival and functionality. The lack of success in these sites may 

be due to similar issues as the IP space such as inadequate islet nutrition or heavy immune infiltration 

and PFO.  

An ideal transplantation site for encapsulated islets should be endowed with robust nutritional provisions 

to satiate islets’ high metabolic demands for insulin production and secretion, and also allow for repeat 

transplants over time [6]. This becomes increasingly difficult as encapsulated islets rely solely on 

diffusion of nutrients and oxygen from blood vessels to achieve nutrition without becoming 

revascularized. Improving encapsulated islet nutrition may be accomplished by choosing alternative 

transplantation sites with dense capillary beds and oxygen tensions that more closely mimic the 

microenvironment of the in situ pancreas. The increased vasculature should not only provide better 

nutritional exchange but also decrease the response time of encapsulated islet function to detect 

hyperglycemia and secrete adequate insulin back to the vasculature for blood glucose homeostasis. A 

caveat to increased density of capillary beds is a higher potential for bleeding during the transplantation 

process which has been shown to enhance fibrotic tissue overgrowth and failure of the graft [40]. In our 

model, we only observed minimal to no bleeding in the transplant site. 
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Our first concern was how microbeads, and specifically encapsulated islets, would react to the continual 

application of external mechanical forces within skeletal muscle since its primary function is to contract 

and relax for locomotion. When retrieved at 8 weeks, no broken microbeads were observed, and all 

maintained spherical morphology within the muscle tissue.  This indicates that the mechanical forces 

and spherical feature of the microbeads can be well tolerated in the muscle tissue. Furthermore, muscle 

tissue was able to support viable encapsulated islets with insulin production for at least 8 weeks. This 

suggests that islets can also tolerate any mechanical forces in the muscle as well as receive adequate 

nutrition to maintain long-term insulin production. Lastly, no PFO was evident at the interface of muscle 

tissue and empty microbeads or microbeads with iso-grafts. This indicates that alginate microbeads are 

biocompatible in the muscle transplant site in rats and are not major activators of innate immune cells 

such as macrophages, neutrophils, mesothelial cells or myofibroblasts typically associated with foreign 

body responses (FBR) to implanted biomaterials [40].  

As the alginate microbeads (empty and with encapsulated isogeneic islets) were shown to be 

biocompatible within the muscle tissue, this suggests that the PFO in the intramuscular site was only 

initiated due to the immunogenicity of allogeneic tissue. Allogeneic results indicate that cells involved in 

adaptive immunity such as T-cells or B-cells may be responsible for the recruitment of macrophages and 

myofibroblasts that are classically associated with FBR and chronic inflammation to implanted 

biomaterials. Prior to transplantation, allogeneic and isogeneic encapsulated islets showed similar islet 

quality measures such as viability and morphology, which suggests that the fibrosis seen with allogeneic 

islets may not be related to a poor batch of encapsulated islets with a higher leakage of debris from dead 

cells. It is still unclear which soluble factors may leak from the microbeads to initiate the cellular 

cascade involved in allorejection; however, it is most likely due to indirect antigen presentation to T-

cells as others have hypothesized [65]. Once T-cells are alerted to the presence of foreign tissue, they 
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can recruit other immune cells such as macrophages and myofibroblasts through cell-cell 

communication via the secretion of chemokines such as IFN-γ, MCP-1, and MIP-1 [66, 67].  

Staining profiles of the allogeneic clumps demonstrated dense regions of cells on the immediate surface 

of encapsulated allogeneic islets, and further staining indicates these are α-SMA
+
 myofibroblasts. It 

seems the tight network of fibrosis was dominated by α-SMA
+
 myofibroblasts, and this cell-type may be 

primarily responsible for restricting nutrient diffusion and consuming the oxygen supply to the 

encapsulated islets. Leakage of soluble factors from capsules that contain allogeneic or xenogeneic 

tissue may be an inevitable process that is very difficult to ameliorate without negatively affecting the 

nutrition of encapsulated cells. However, as the death of the allogeneic islets in this study may be a 

direct consequence of nutrient restriction by the myofibroblast network, investigations to impede cell-

cell signaling or myofibroblast activation and migration seem to be good targets to improve islet 

encapsulation in the future. This may be accomplished by localized immune modulation to impede the 

proliferation of myofibroblasts [5, 68]. Also, the development of encapsulation biomaterials or strategies 

that can resist cellular attachment may provide a synergistic effect [69]. These materials should be very 

biocompatible by eliciting a minimal foreign body reaction but may also provide allo or xeno protection. 

Even if there is leakage of soluble antigenic factors and some activation of the adaptive immune system, 

activated cells may not be able to attach to the microbead surface to form the suffocating network. 

A limitation that was discovered during the study was that the rat model may not be optimal for 

intramuscular transplantation studies, largely related to the small size of the animal. Rats were chosen 

instead of mice since the muscles of mice are very small and would make the transplantation procedure 

very difficult to target specific muscle groups. Nonetheless, using even larger animal models with larger 

muscles may be beneficial to better target muscle groups with optimal properties for encapsulated islet 

function. Skeletal muscle is composed of various fiber types with different metabolic and contractile 
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properties [70]. Type I or “slow twitch” muscles contain rich capillary beds, low contractile forces, and 

high resistance to fatigue. Type IIB or “fast twitch” muscles contain less capillary beds, high contractile 

forces, and fatigue easily [71]. Muscle groups are typically a combination of fiber types with a higher or 

lower percentage of Type I fibers. The larger muscle groups in larger animal models should allow for 

better targeting of transplants into muscle groups with a higher percentage of Type I fibers such as the 

soleus muscle [72], which may improve encapsulated islet function. As the soleus muscle diameter is 

only 2-3 mm in rats [73], the gracilis major muscle was chosen due to the larger size. 

3.5 Conclusion: 

Alginate microbeads remain intact without fibrosis when implanted into a highly active muscle group. 

Also, encapsulated isogeneic islets can survive in this site for at least 8 weeks, which was the end point 

of this study. However, in this animal model, this type of alginate microbead did not prevent allogeneic 

islet rejection.  
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 ANTI-FIBROTIC STRATEGIES FOR IMMUNE-ISOLATION DEVICES: LARGE SIZED 4

1.5 mm ENCAPSULATED ISLETS FOR THE TREATMENT OF DIABETES 

4.1 Introduction: 

Microencapsulated islet transplantation as potential cure of TIDM has been researched for decades [22]. 

This strategy earned heightened attention after (Soon-Shiong et al., 1994) was the first to report a 

successful human encapsulated islet transplant (9 months normoglycemia) in an immunosuppressed 

diabetic patient. The recipient also received immunosuppressive medications to maintain a functioning 

kidney allograft [74]. Positive function of microencapsulated xenogeneic islets transplanted into diabetic 

NHP was also described by (Sun et al,. 1996) [75]. Nonetheless, these results have not been replicated 

by others in the field of microencapsulation [76].  

Many researchers have attempted to reduce the size for microencapsulation since the small distance 

between islets and the capsule interface should provide the best diffusion kinetics and nutrition of the 

encapsulated islets [77]. On the contrary, researchers in Dr. Anderson and Dr. Langer’s lab at MIT 

observed that as they increased the size of the alginate capsules, the less fibrosis that was observed after 

retrieval. This conflicts with conventional thought that small encapsulated islets should function better 

than large encapsulated islets [78]. They then encapsulated rat islets at the conventional medium size 

(0.5 mm) and large size (1.5 mm) and transplanted 500 IEs into STZ induced diabetic C57b/6 mice. 

They found that the large 1.5 mm encapsulated islets could reverse diabetes for over 120 days; whereas, 

the medium sized 0.5 mm encapsulated islets failed after 30 days. This was largely attributed to 

reduction in fibrosis of the large encapsulated islets. Furthermore, transplanted spheres made of various 

materials were also found to be significantly less fibrosed at the large size. (Veiseh et al,. Nature 
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Materials, 2015) thus discovered that the size and shape of implanted materials significantly correlates 

with the development of fibrosis [69]. They thus determined that larger capsules may be better suited for 

encapsulated islet function after transplantation into the peritoneal cavity. Interestingly, many of the 

encapsulated islets systems that were shown to work well in rodent models by other researchers in the 

field were composed of relatively larger capsule versions (0.8-1.0 mm) [32, 79, 80]. The relatively larger 

size of these capsules may have augmented the successful functionality of islets within the larger 

capsules through fibrosis reduction.  

In the established collaboration with MIT, we wanted to build on the positive results seen with large 

sized 1.5 mm capsules. We began to focus on the encapsulated islets in order to investigate how the 

size/volume of the immune-isolation material affects islet functionality. This investigation used a 

combination of both in vitro and in vivo methods. Furthermore, MIT developed a series of chemically 

modified alginates that are resistive to fibrosis, especially when manufactured at the large 1.5 mm size. 

We also investigated the capacity of the chemically modified alginates to protect islet function after 

transplantation into a non-immunosuppressed NHP allogeneic transplant model. 

4.2 Methods: 

4.2.1 Real-time fluorescence imaging of islet intracellular calcium 

Real-time fluorescence imaging of islet intracellular calcium [Ca
2+

]i was performed in a microfluidic 

device modified for encapsulated islets [11]. In brief, fifty Sprague Dawley rat islets naked or 

encapsulated in alginate capsules (0.5 mm and 1.5 mm diameter) were incubated with 5 μM Fura-2/AM 

(Molecular Probes, CA, USA) at 37 °C in Krebs-Ringer buffer (KR) supplemented with 2 mM glucose 

(KR2) and 0.5% BSA for 35 min. The islets were then loaded into the microfluidic device mounted on 

an inverted epifluorescence microscope (Leica DMI 400B, IL, USA). Excess dye was washed out with 
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KR2 for 35 min at 500 μL/min. Dual-wavelength Fura-2/AM dye were excited ratiometrically at 340 

and 380 nm, and changes in the [Ca
2+

]i levels are expressed as F340/F380 (% increase from basal 2 mM 

glucose). Excitation wavelengths were controlled by excitation filters (Chroma Technology, VT, USA) 

mounted in a Lambda DG-4 wavelength switcher. Emission of Fura-2/AM was filtered using a 

Fura2/FITC polychroic beamsplitter and a double band emission filter (Chroma Technology. Part 

number: 73.100bs). SimplePCI software (Hamamatsu Corp, IL, USA) was used for imaging acquisition 

and analysis. These images were collected with a high-speed, high-resolution charge coupled camera 

(CCD, Retiga-SRV, Fast 1394, QImaging). 

4.2.2 Intracellular calcium [Ca
2+

]i stimulation kinetics 

Individual rat islet intracellular calcium responses were assessed for the three conditions using the same 

microfluidic device and the same perifusion protocol: 1) KR2 (0-5 min); 2) 20 mM glucose (5-25 min); 

3) KR2 (25-45 min); 4) 30 mM KCL (45-60 min); 5) KR2 (60-70 min). The area under the curve for 

each time period was calculated for each individual islet in order to statistically compare groups using 

one-way ANOVA (p < 0.05 as significant). Three separate batches of rodent isolations were used for 

assessments where each condition was tested from the same batch of islets. 

4.2.3 Insulin secretion kinetics  

Islet insulin responses were assessed by loading 50 rat islets naked or encapsulated at 0.5 mm and 1.5 

mm alginate capsules into the same microfluidic device used for calcium measurements. Perifusate 

samples were collected every minute (500 μL/min) by an automated fraction collector (Gilson, model 

203B, WI, USA).  Insulin concentrations were quantified every other minute using a rodent 

chemiluminescent insulin ELISA (Alpco, NH, USA). The following perifusion protocol was used: 1) 

KR2 (0-20 min); 2) 20 mM glucose or 30 mM KCL (20-55 min); 3) KR2 (55-100 min). The area under 
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the curve for each insulin curve was calculated in order to statistically compare groups using one-way 

ANOVA (p < 0.05 as significant). 

 

4.2.4 Glucose static insulin secretion (GSIS) assay 

Initial GSIS experiments for large 1.5 mm Ba
2+ 

alginate encapsulated islets were performed using the 

same protocol applied during UIC Clinical Islet Transplantation. This protocol resulted in high basal 

insulin secretion profiles of the large encapsulated islets due to insufficient washing and removal of 

insulin within the capsules. Cynomolgus islets are cultured with additional insulin, which caused issues 

with high basal insulin levels. A new protocol was developed with more extensive washing procedures 

prior to loading in the simulation solutions. 

Batches of encapsulated islets (2 mL) were collected in separate 50 mL conical tubes and washed with 

25 mL of sterile saline. This was repeated 3 times very quickly to remove bulk insulin from the culture 

media. The conical tubes were then filled with 25 mL of Kreb’s ringer buffer containing 2 mM glucose 

(KR2). The conical tubes were laid on their side for 10 min. This was repeated 3 times in order to drive 

the diffusion of insulin out of the capsules by re-establishing the concentration gradient 3 times. The 

encapsulated islets were then poured into a medium petri dish and filled with 20 mL of fresh KR2. 

Encapsulated islets (10) were then hand-picked under a microscope and placed into sieves with a 12 µm 

porous PET membrane. The first three rows of a 24 well culture plate were filled with 1 mL of KR2 and 

the bottom row was filled with 1 mL of KR(High Glucose). High Glucose for each species of islets: rat 

islets (20 mM), NHP cynomolgus monkey islets (18 mM), and human islets (25 mM). Sieves containing 

10 picked islets were dried on sterile gauze and placed into the top row KR2 solution for 30 min (Pre-

wash). The sieves were dabbed on gauze and moved to the next row (KR2) for 1 hour (Wash). The 

sieves were scraped along the edge of the wells to collect the supernatant, then dabbed on gauze, and 
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moved to the next row (KR2) for 1 hour (Low). The sieves were scraped along the edge of the wells to 

collect the supernatant, then dabbed on gauze, and moved to the next row (KR-high glucose) for 1 hour 

(High). After high glucose stimulation, the sieves were scraped along the edge of the wells and placed in 

small petri dishes filled with 7 mL of culture media. Supernatants were collected from wash (KR2), low 

(KR2), and high (KR-high glucose) into 1.5 mL Eppendorf tubes and insulin concentrations were 

quantified via ELISA. 

The encapsulated islets and naked islets were cultured in the sieves and media was exchanged every 2-3 

days. The GSIS protocol was repeated on day 14 and 28. The same series of wash steps and incubations 

in KR2 (Pre-Wash, Wash, Low) and KR-high glucose were repeated. These wash steps were conducted 

in the petri dishes where KR2 was poured into the petri dish taking care not to pour into the wells which 

would remove the islets from the sieve. Then the wash KR2 was aspirated using a sterile pipette attached 

to vacuum for suction. 

4.3 Results and discussion: 

4.3.1 Insulin secretion kinetics of naked and encapsulated rat islets within medium 0.5 mm and large 

1.5 mm Ba
2+

alginate capsules 

In beta-cells, glucose-induced insulin secretion is a complex process involving glucose metabolism, 

mitochondrial energy production, potassium-dependent ATP channels (KATP channels), voltage-

dependent calcium channels (VDCCs), calcium influx, and insulin secretion, which has a biphasic and 

oscillatory kinetic pattern [14].  In this study, we applied a microfluidic perifusion device to dynamically 

measure intracellular calcium influx and insulin concentrations in the perifusate samples of naked rat 

islets, 0.5 mm and 1.5 mm Ba
2+

 alginate encapsulated rat islets after stimulation with insulin 

secretagogues. Intracellular calcium influx is a downstream and immediately proximal trigger for the 
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fusion of insulin granules to the plasma membrane for insulin exocytosis. By measuring both insulin 

secretion coupling factors and insulin secretion, the kinetics of stimulation and actual insulin release 

could be characterized in order to determine the impact of encapsulation and capsule size on insulin 

secretory kinetics of rat islets. 

 As shown in Figure 4-1, glucose-induced intracellular calcium signals were similar among the three 

groups with typical phase responses in all three groups.  No significant differences were observed from 

the start time of calcium influx up to the maximal calcium peak in response to both 20 mM glucose and 

30 mM KCl challenges (p = 0.27 and 0.41 (respectively, glucose); p = 0.15 and 0.43 (respectively, 

KCl)). Additionally, the areas under curves (AUC) of calcium concentrations during glucose and KCl 

stimulation were not significantly different (p = 0.35 and p = 0.24; respectively) (Fig.1B).  However, the 

time to reach maximal calcium level for the 1.5 mm capsules was statistically delayed in response to 

glucose compared to the naked islets and 0.5 mm capsules (p = 0.03), but not statistically delayed in 

response to KCl stimulation (p = 0.17).  
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Figure 4-1: Intracellular calcium responses of naked and encapsulated 

rat islets in response to insulin secretagogues. 

A) Representative traces of intracellular calcium of single rat islets in 

response to 20 mM glucose and 30 mM KCl (potassium chloride) stimulus. 

B) Average AUC [Ca
2+

]i % of calcium influx in response to 20 mM, 2 mM 

glucose and 30 mM KCl. (Mean ± SEM; Naked n = 59; 0.5 mm n = 49; 1.5 

mm n = 43 islets analyzed). 

*Veiseh et al,. Nature Materials. 2015 
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Our results suggest that small molecules, such as glucose (180.2 daltons) and KCl (74.6 daltons), diffuse 

very rapidly into the alginate capsules and efficiently induce calcium influx at a similar rate as naked 

islets. This suggests that the encapsulation process and alginate material do not acutely impede glucose 

metabolism or insulin stimulator-secretion coupling factors such as mitochondrial energy production and 

ion channels that are important for in vitro and in vivo function. Furthermore, diffusion efficiency in the 

capsule may depend on molecular weight of the analyte since there was a delayed time to reach maximal 

calcium level in the 1.5 mm capsules in response to glucose (180.2 daltons ), but not to KCL (74.6 

daltons).  

Next, we investigated the insulin secretion kinetics of the naked and encapsulated islets. Naked islets 

show typical biphasic insulin secretion patterns in response to glucose, while both encapsulated islet 

groups show loss of the biphasic pattern and no sharp increase in phase I insulin secretion (Figure 4-2). 
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Figure 4-2: Insulin secretion of naked and encapsulated rat islets in 

response to insulin secretagogues. 

A) Average insulin secretion kinetics in response to 20 mM glucose. B) 

Average insulin secretion kinetics in response to 30 mM KCl (potassium 

chloride). C) AUC [Insulin/10 islets] secreted during time of 20 mM 

glucose stimulation (Mean ± SD). D) AUC [Insulin/10 islets] secreted 

during time of 30 mM KCl stimulation; (n = 3 runs, each run 50 islets from 

3 separate isolations and encapsulations). 

*Veiseh et al,. Nature Materials. 2015 

 

When compared to naked islets, the encapsulated islets demonstrated a delayed time to reach maximal 

insulin secretion from both high glucose and KCl (p < 0.0001 and 0.04; respectively). Also, less total 

insulin was secreted during the first ten minutes of stimulation for both secretagogues (p = 0.02 and 

0.04; respectively).  This data further suggests that the larger molecular weight of the insulin (5,808 Da) 
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might be the determining factor resulting in longer diffusion time through the alginate gel into the 

perifusate chamber for both encapsulated groups compared to naked islets.  

The total insulin secreted by all groups during stimulations (20-55 min) and during the wash out period 

after stimulations (55-100 min) were found not to be significantly different in response to both 

secratogaogues (p = 0.59 and p = 0.76; (20-55 min) respectively; p = 0.88 and p = 0.73; (55-100 min) 

respectively)  (Figure 4-2 C/D). This suggests that overall bulk insulin secretion is unaffected by 

encapsulation or size of capsule. More importantly, encapsulated islets returned to basal insulin 

secretory levels similarly to naked islets. This is a critical factor when considering future clinical 

application as prolonged insulin secretion after stimulation could cause dangerous hypoglycemia.  

Islets can exhibit heterogeneous responses from isolation to isolation [81, 82], and the main aim of this 

study was to investigate how the kinetics of insulin secretion is affected by encapsulation at larger sizes. 

Although the standard deviations are relatively high (islet variability), the total amount of insulin 

secreted during the first ten minutes of stimulation were found to be significantly higher for naked islets 

compared to encapsulated islets as previously mentioned (Figure 4-3:A/B). The insulin secretion data 

was then further analyzed where each response was normalized to the batch of islets as an internal islet 

control. This was accomplished by calculating the percentages of insulin that was secreted during ten 

minute intervals in comparison to the total insulin that was secreted during perifusion of a batch of islets 

(Figure 4-3C/D). This allows for a better understanding of the kinetics of insulin secretion, and how 

insulin diffuses through the gels. Furthermore, this reduces an effect of islet potency that can contribute 

to high standard deviations and confound results if purely trying to study insulin secretion kinetics. 

Percentages of glucose-stimulated insulin secretion suggest that encapsulated islets secrete half as much 

insulin in the first 10 minutes of stimulation compared to naked islets (Figure 4-3C). This correlates to 
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roughly a 5 minute delay in glucose-stimulated insulin secretion for both groups of encapsulated islets 

regardless of size in comparison to naked islets. 

 

 

Figure 4-3: Size-dependent insulin secretion kinetics per 10 minutes 

A) Bulk insulin secretion kinetics of glucose-induced insulin secretion 

(AUC per 10 min). B) Bulk insulin secretion kinetics of KCl-induced 

insulin secretion kinetics (AUC per 10 min). C) Normalized glucose-

induced insulin secretion kinetics per 10 minutes (normalized to each batch 

of islets). D) Normalized KCl-induced insulin secretion kinetics per 10 

minutes (normalized to each batch of islets). (n = 3 separate isolations, each 

run ~50 islets, Mean ± SD). 
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The delay between encapsulation groups was only discernible when looking at KCl stimulated insulin 

secretion. KCl insulin secretion is non-physiological but exhibits qualities that are beneficial if 

investigating diffusion kinetics through gels. KCl stimulated insulin secretion bypasses upstream events 

of glucose mediated insulin secretion and causes immediate depolarization of the cell membrane, VDCC 

opening and calcium influx, and results in a large spike of insulin exocytosis [83]. This is similar to a 

pulse insulin waveform and potentially better at discerning how a large bolus of insulin diffuses through 

gels of different sizes. Looking at normalized percentages of KCl insulin release, both encapsulated 

groups experience a consistent initial delayed insulin release profile for the first 20 minutes in 

comparison to naked (Figure 4-3D). Subsequently, 1.5 mm encapsulated show a more drawn out insulin 

profile compared to 0.5 mm encapsulated possibly due to the larger volume of material the insulin must 

diffuse through. Although KCl induced insulin release shows a difference in kinetic responses between 

the encapsulated groups at the two sizes, this is insignificant as glucose-stimulated insulin secretion was 

found to be extremely similar and is more of an indicator of physiological responses. 

In summary, islet stimulation kinetics by small molecular weight secretagogues is unaffected by 

encapsulation or capsule size. However, both groups of encapsulated islets experience a loss of phase I 

insulin secretion and an initial delay in glucose-stimulated insulin secretory kinetics. This delay was not 

found to be dependent on the capsule size, and overall bulk insulin kinetics for both capsule sizes are 

well conserved and similar to naked islets. 

4.3.2 In vitro and in vivo characterization of cynomolgus monkey islet functionality within large 1.5 

mm Ba
2+

 alginate capsules using diabetic rodent models 

Since large encapsulated islets showed adequate insulin secretion kinetics, we wanted to evaluate in vivo 

function of large encapsulated islets using diabetic mice models. NHP islets (cynomolgus monkey) were 

chosen for these encapsulation studies in order to prepare for future preclinical studies using an 
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allogeneic NHP model. In general, NHP islets are similar to pig islets and tend to be more fragile when 

compared to islets from other species [84]. We have found cynomolgus islets to be less fragile compared 

to other NHP models such as baboons but are still more difficult to isolate and encapsulate when 

compared to rodent and human islets. Nonetheless, the FDA requires efficacy of encapsulation 

technologies to be first established in NHP prior to the submission of any innovative new drug (IND) 

applications for study in humans [77].  

First, cyno islets were isolated using a method previously described [85]. The isolated islets were 

cultured overnight and encapsulated within 1.5 mm Ba
2+

 alginate as previously described in the methods 

section. DTZ staining of cyno islets was performed post-isolation, post culture/pre-encapsulation, and 

post- encapsulation (Figure 4-4).  Cyno islets from separate isolations show varying degrees of 

fragmentation (fluffy, uncompact edge) that occurs from the isolation process and highlights their fragile 

nature (A-D).  Cyno islets were still successfully encapsulated and maintained dense DTZ staining (E). 
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Figure 4-4: Dithizone (DTZ) staining of cynomolgus islets post-isolation, 

post 1 day culture/pre-encapsulation, and post-encapsulation within 1.5 

mm Ba
2+

 alginate beads. 

A/B) DTZ staining of cynomolus islets immediately post-isolation (n = 2 

batches of isolations). C/D) DTZ staining post 1 day culture/pre-

encapsulation (n = 2 isolations from A/B). E) DTZ staining 1 day culture 

post encapsulation within 1.5 mm Ba
2+ 

alginate beads and prior to 

transplantation into STZ induced diabetic nude mice (isolated islets 

depicted in A/C). 

 

 

For transplantation studies, STZ diabetic nude mice were selected as an immune-incompetent model in 

order to evaluate how large encapsulated cyno islets functioned without the potential for immune 

rejection. Large encapsulated islets were also compared to the same number of naked cyno islets 

transplanted into the kidney capsule as a control. Prior to transplantation, in vitro functional assays such 

as viability (Figure 4-5), DTZ staining (Figure 4-4), and a glucose stimulated insulin secretion assay 

(GSIS) were performed. Results of the GSIS performed pre-transplantation will be discussed in future 

sections (Figure 4-8). The viability of encapsulated cyno islets was found to be consistently over 90%. 

Also, viability staining of the encapsulated islets tended to show cellular debris or small groups of cells 
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dispersed throughout the alginate material. The encapsulated islets also tended to appear more compact 

in comparison to naked cyno islets, which appeared to have a fluffy edge and more fragmented in 

viability staining (Figure 4-5:A/C). The cellular debris in the alginate material may have been cells that 

were stripped from the islet surface when mixing with the rather viscous alginate.  

 

 

 

Figure 4-5: Viability of cynomolgus islets 1 day post isolation/pre-

encapsulation and 1 day culture post-encapsulation/pre-

transplantation into STZ induced diabetic nude mice. 

Islets were stained with viability dyes fluorescein diacetate (FDA) to 

stain live cells green and propidium idodide (PI) to stain dead cells red 

and imaged with fluorescent microscopy. A/B) Naked Pre-encapsulation 

C/D) Post-encapsulation.  E) Scatter plot of estimated percentages of 

total viable cells in whole islets (n = 25 islets). 
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Cyno islet clusters (1,500 naked or encapsulated in large sized Ba
2+

 alginate capsules) were then 

transplanted into STZ diabetic nude mice into the kidney capsule (naked) or intraperitoneal cavity 

(encapsulated). A marginal islet mass was transplanted where only ~75% of mice are intended to reverse 

diabetes. This is a good model to discern slight differences in islet functionality between groups. Blood 

glucose levels were monitored in the mice for 30 days post-transplantation followed by an oral glucose 

tolerance test (OGTT). 
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Figure 4-6: In vivo functionality of 1.5 mm alginate encapsulated cyno 

islets transplanted IP compared to naked cyno islets transplanted into 

the kidney capsule of immune-compromised STZ diabetic nude mice. 

A) Average daily blood glucose levels of STZ diabetic nude mice 

transplanted with 1,500 cynomolgus islets. B) Cure rates of STZ nude mice. 

C) Oral Glucose Tolerance Test (OGTT) profiles performed on Day 30 

post-transplantion. D) Area under the curve (AUC) of blood glucose levels 

during OGTT assessment (p = 0.93). (n = 9 (1.5 mm encapsulated cyno 

islets); n = 4 (naked kidney capsule); n = 4 (STZ control) (Mean ± SEM). 

 

In a marginal islet mass transplant model, 1,500 Ba
2+

 alginate encapsulated islets were able to cure STZ 

nude mice (3 consecutive readings below 210 mg/dL) similarly to naked islets transplanted in the kidney 

capsule (30 day cure rate: 77% vs. 75%) (Figure 4-6:A/B). During the OGTT test, a bolus of glucose 

solution was administered into the stomach of the transplanted mice, and blood glucose levels were 

measured from the tail vein at various times after administration. Mice transplanted with large 
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encapsulated islets were able to clear the glucose at similar rates compared to mice transplanted with 

naked islets in the kidney capsule (Figure 4-6:C/D). The areas under the curves of glucose levels during 

the OGTT test were not found to be significantly different between groups. This suggests that the small 

delay in glucose-stimulated insulin secretion seen with encapsulated rat islets in the previous insulin 

secretion kinetics study does not have a significant impact in acute blood glucose control in transplanted 

mice. 

As large Ba
2+

 alginate encapsulated islets functioned well in an immune-incompetent nude mouse 

model, we wanted to see if similar efficacy could be achieved using a more difficult immune competent 

mouse model. Our collaborators had previously shown that larger 1.5 mm capsules are less prone to 

fibrosis and can protect properly functioning rat islets for up to 120 days in STZ diabetic C57b/6 mice. 

This was significantly different than 0.5 mm encapsulated rat islets, which lost curative function after 30 

days. These results were significantly correlated to increased fibrosis of 0.5 mm encapsulated islets and 

graft failure [69]. Others have also shown long-term in vivo functionality of encapsulated islets using 

rodent models in allogeneic settings [2, 32] and xenogeneic settings [63, 79, 86]. However, these studies 

have often used large islet doses that may limit the efficacy for future clinical application. In the next set 

of experiments, the same marginal islet transplant mass used in STZ nude mice studies (1,500 cyno 

islets/1.5 mm Ba
2+

 aginate) were transplanted into the peritoneal cavity of STZ diabetic C57b/6 mice as 

a xenogeneic model. Blood glucose levels and weight were monitored over time (Figure 4-7).  
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Figure 4-7: In vivo functionality of 1.5 mm encapsulated cynomolgus 

islets in immune-competent STZ induced diabetic C57b/6 mice. 

A) Average daily blood glucose levels of STZ induced diabetic C57b/6 

mice transplanted with 1.5 mm encapsulated islets (1,500 cyno islets).       

B) Average daily weight of STZ C57b/6 mice. C) Cure rates of STZ C57b/6 

mice. (Mean ± SEM; 1.5 mm encapsulated n = 8; STZ control n = 3) 

* 1 cured mouse died at Day 40 for unknown causes 

** 1 mouse achieved cured status (4 consecutive readings below 210) at 

Day 60 

 

STZ C57b/6 mice transplanted with Ba
2+

 alginate encapsulated cyno islets demonstrated consistent 

blood glucose levels for up to 180 days. Many of the transplanted mice hovered near the 210 cutoff line 

and some days were above or below the 210 threshold. This can be attributed to the use of a marginal 

mass model. However, the standard error of the blood glucose measurements for the cohorts of mice 

remained very stable over 180 days. Cure rate plots initially defined cured as 3 measurements below 210 

and graft failure as 3 consecutive measurements above 210.  Since the mice hovered at the 210 
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threshold, mice flip flopped between cured and failed graft. To facilitate a more straight forward 

depiction of function, mouse cure rates were subsequently defined using more stringent definitions and 4 

consecutive measurements. Using this method, 63% of transplanted mice were cured by day 18 and 

largely remained at this level until day 180 (50% cured). One mouse died at day 40 due to unknown 

reasons and is not contributed to diabetic complications since blood glucose levels were consistently 

below 210 and weight was stable. Another mouse achieved cured status at day 60 when blood glucose 

readings became more consistently below 210. The weight of the transplanted mice also continued to 

rise over time after transplantation. Weight is an indicator of the diabetic state of the animal where 

weight loss is associated with poor glycemic control [87]. The average weight of all transplanted mice 

stopped increasing after 180 days when glucose levels were also on the rise. Even so, two transplanted 

mice have consistent cured blood glucose measurements at day 240 (time of thesis submission). The 

positive results obtained in this immune-competent fibrosis mouse model demonstrate the potential of 

1.5 mm Ba
2+

 alginate encapsulated islets, and it will be interesting to see how these function in a more 

difficult NHP model. 

It has been shown that Ba
2+

 alginate encapsulated cyno islets display potent functionality in vivo; 

however, some interesting results have been obtained during in vitro characterizations of the 

encapsulated cyno islets. The glucose stimulated insulin secretion assay (GSIS) is an in vitro glucose 

challenge assay that indicates how well isolated or encapsulated islets are functioning by measuring 

stimulated insulin secretion in 1 hour increments. In the GSIS assay, 10 encapsulated or naked islets are 

loaded into sieves with 12 µm pores and incubated in Kreb’s buffer solution containing low glucose (2 

mM) and high glucose (18 mM) for 1 hr each. The insulin in the supernatant is then quantified via 

insulin ELISA.  
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Initial results of GSIS that were performed pre-transplantation on the naked and encapsulated cyno islets 

prior to transplantation into STZ nude mice yielded significantly diminished secretion levels for 

encapsulated cyno islets compared to naked cyno islets. This contrasted in vivo functional results where 

encapsulated and naked islets functioned similarly in the mice.  Also, the comparatively lower insulin 

secretion levels for encapsulated cyno islets did not match the insulin kinetics study where bulk insulin 

secretions of naked and encapsulated rat islets were found to be similar.  Some batches of encapsulated 

cyno islets were cultured for an extended period of time, and it was also observed that many of the islets 

appeared to become more compact and exhibited better islet morphology. Others have also noted 

improved or steady in vitro function of islets from species such as pig islets, canine, and rodent islets 

during long-term culture of encapsulated islets [88-90]. Lastly, encapsulated islets are trapped in their 

environment indefinitely and do not become revascularized. Naked islets are typically transplanted soon 

after isolation to begin the revascularization process. Since there may be some benefit in culturing 

encapsulated islets in terms of islet recovery/equilibration to the alginate environment, or  even extra 

time to analyze all results of functionality assessments performed prior to transplantation into the 

patient, the effect of culture on encapsulated islet function was analyzed using the GSIS method. The 

GSIS assay was performed on both naked and encapsulated cyno islets on day 1 post-encapsulation and 

throughout the time of culture on days 14 and 28 (Figure 4-8).  
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Figure 4-8: Glucose Stimulated Insulin Secretion (GSIS) under low 

glucose (2 mM) and high glucose (18 mM) of naked and 1.5 mm Ba
2+

 

encapsulated cynomolgus islets over time. 

A) Graphs depict total insulin secreted by 10 islets in sieves when 

stimulated for 1 hr with low glucose (2 mM) and high glucose (18 mM). 

These were repeated at Day 1, 14, and 28 post-encapsulation (Mean ± 

SEM) (1.5 mm encapsulated n = 36, 42, 62 sieves, respectively; over n = 8 

separate isolations and encapsulations) (naked n = 21, 27, 33 sieves, 

respectively; over n = 4 separate isolations) 

B) Stimulation Index (SI = High [Ins]/Low [Ins]) of encapsulated and naked 

cynomolgus islets over time. (Mean ± SEM) (1.5 mm encapsulated SI = 

21.3 ± 3.2; 48.2 ± 59.4; 152.6 ± 19.4, respectively) (Naked SI = 3.2 ± 0.5; 

8.3 ± 1.5; 6.4 ± 0.7; respectively). *** p < 0.0001; ** p < 0.001; * p < 0.01 
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Results of the GSIS assay performed throughout culture show that naked cyno islets tended to decrease 

insulin secretion in response to high glucose challenges when cultured over time; however, statistically 

significant values were only found when comparing Day 1 and 28 (p < 0.01). This is not unexpected as 

long-term culture of primary islets typically has an overall negative affect on islet functionality [91]. 

Cultured naked islets can dissociate into single cells post-isolation, and commonly there is a 20-30% 

islet loss following overnight culture [92]. Naked islets can also aggregate and merge into larger clusters 

if they stick to each other during culture [93]. These larger islet clusters then suffer from increased 

central necrosis due to nutritional limitations in the central core [94]. For these reasons, intraportal 

transplantation of naked islets occurs within the first 72 hours post-isolation to minimize both islet loss,  

and the formation of large islet clusters that may clog infusion tubing during transplantation [95]. In fact, 

the UIC Clinical Islet Transplantation program aims for a minimal culture time of around 12 hours prior 

to transplantation into a patient. 

Interestingly, Ba
2+

 alginate encapsulated islets tended to increase insulin secretion in response to high 

glucose challenges when cultured for 14 days (p < 0.01), with no significant decline thereafter. 

Encapsulated islets secreted significantly less insulin in response to high glucose on Day 1 when 

compared to naked islets (p < 0.0001). This result is perplexing since previous in vivo results indicate 

that encapsulated and naked cyno islets function similarly in STZ diabetic nude mice. There might be 

some initial negative effect of the Ba
2+

 alginate encapsulation process on cyno islet functionality that is 

quickly reversed during the post-transplantation engraftment process in mice.  At Day 14 and 28, high 

glucose insulin secretion levels for encapsulated islets were found to be similar to cultured naked islets. 

This further suggests that there may be some islet recovery post-encapsulation that occurs similarly 

during culture as well as during post-transplantation engraftment in mice. 
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Another interesting phenomenon was observed when analyzing the amount of insulin that was secreted 

during basal low glucose incubations for naked and encapsulated islets. Initial basal insulin secretion on 

Day 1 was fairly high for naked islets, and then these levels significantly declined at Day 14 and 28 (p < 

0.0001). Encapsulated islets exhibited extremely low basal glucose insulin secretion levels 10-50 times 

less than naked islets and these levels remained very low at day 1, 14, and 28. Researchers have found 

that high insulin secretion during basal glucose levels correlates with stressed and improperly 

functioning islets [96, 97]. This suggests that there might be some benefit to encapsulation of islets in a 

matrix that may provide mechanical transduction signals similar to the in situ microenvironment of the 

native pancreas.  This might result in contact induced islet integration into the gel, which results in less 

stressed islets and lower basal insulin secretion.  

On the other hand, insulin must diffuse from the alginate gel in order to be detected in the supernatant. 

Secreted insulin may have to first diffuse and roughly equilibrate within the gel before diffusing into the 

supernatant. The amount of residual insulin within the capsules thus may have matched the amounts 

detected for naked islets. However, similar basal profiles seen for naked islets would have been expected 

for encapsulated islets. Encapsulated islets should have demonstrated high basal secretion on day 1, 

which they did not. Furthermore, islets can secrete insulin inadvertently by mechanical perturbations 

associated with the assay [98]. Sieves containing the islets must be scraped along the edge of a well in 

order to collect the supernatant during the GSIS assay. The resulting mechanical frequencies from 

scraping may have induced some insulin release for naked islets sitting on the bottom of the sieve. The 

alginate gel may dampen these mechanical perturbations for encapsulated islets. Since naked islets basal 

insulin secretion reduced after day 1, but then stayed consistent at day 14 and 28, this suggests that there 

are factors other than mechanical perturbations that cause the initial high basal secretion on day 1. This 

reduction in basal insulin after 14 day culture of naked islets might be attributed to a recovery of islet 
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ECM structure post-isolation. The alginate gel in the case of encapsulated islets may provide a similar 

recovery of ECM structure signaling that occurs immediately post-encapsulation.  

Often islet researchers describe GSIS results as a simulation index or the total amount of insulin secreted 

under high glucose divided by the total amount of insulin secreted under low glucose. This is a simple 

method to normalize the GSIS data since the number and size of islets may vary from experiment to 

experiment [99]. Typically, reporting stimulation indexes for glucose stimulation assays is acceptable, 

but these values can also vary between institutions. This variability may stem from different high 

glucose concentrations used for stimulations or other inconsistencies in the protocol such as washing 

time or BSA concentration [100]. The GSIS data can also be normalized to total protein, total insulin, or 

total DNA of the challenged islets [101]. This is beneficial to normalize insulin secretion to a consistent 

islet/cell number, yet this is a time consuming process. For these reasons, GSIS stimulation indexes 

showing improved function are often compared to an internal control such as untreated islets in the case 

of drug studies, or accompanied by in vivo results and other islet characterization assays [102]. These 

methods are appropriate for naked islets and can allow the researcher to present their story appropriately.  

Many times researchers investigating encapsulated islets likewise report stimulation indexes, and this 

can be misleading. Figure 4-8B shows the stimulation indexes for naked and encapsulated cyno islets. 

The stimulation index for naked islets on Day 1 was 3.2 ± 0.5. This value is an acceptable value for 

naked cyno islets, which have published SI ranges (2-9) [103, 104]. The stimulation index for 

encapsulated islets on Day 1 is 21.3 ± 3.2. This is significantly higher than naked islets and correlates to 

the extremely low basal insulin secretion. If purely looking at SI of naked and encapsulated islets, 

encapsulated islets would seem to be the best functioning, and the most ideal for transplantation. 

However, this is very misleading since the total amount of secreted insulin by the encapsulated islets is 

substantially reduced. In another example, encapsulated islets can be retrieved post transplantation and 
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tested using the GSIS assay to see how well the islets are surviving in vivo. The stimulation indexes 

obtained can be on the order of 8-10, which for naked islets would seem like perfectly functioning islets. 

However, due to the extremely low basal insulin secretion of encapsulated islets, the actual amount of 

insulin being secreted under high glucose could be so miniscule that any effect on glycemic control 

would be arbitrary.   

For these reasons, I believe that raw insulin concentrations obtained during the GSIS assay should 

always be reported and not stimulation indexes in the case of encapsulated islets. Raw insulin data may 

also prove beneficial when attempting to determine the amount of encapsulated islets that may be 

required in order to cure a diabetic NHP. It might be possible to compare the GSIS raw insulin values of 

encapsulated islets retrieved from cured diabetic mice and encapsulated islets retrieved from NHP. This 

may provide a reasonable estimation of how many islets will be needed in order to have a high 

probability of successful reversal of diabetes after transplantation, or at least if the encapsulated islets 

are functioning within a suitable range. 

Since encapsulated cyno islets demonstrated increased glucose stimulated insulin secretion after short-

term culture, we wanted to see if this improvement in functionality would also translate in vivo. For this 

experiment, cyno islets were encapsulated in Ba
2+

 alginate capsules and transplanted into STZ diabetic 

nude mice on Day 1 and Day 14 post-encapsulation. Following encapsulation, the islets were divided 

into 1,500 islet aliquots and cultured in separate petri dishes. Aliquots of encapsulated islets were then 

randomly selected and transplanted into STZ diabetic nude mice. The remaining aliquots received 

culture media exchanges every 2-3 days, and then were transplanted into STZ diabetic nude mice on 

Day 14 post-encapsulation. Separate batches of STZ treated mice were used for transplantations but 

cohorts exhibited similar characteristics such as age, weight, and duration of hyperglycemia prior to 
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transplantation. Blood glucose levels of the mice were followed for 30 days and an OGTT was 

performed 30 days post transplantation (Figure 4-9).  

 

 

 

Figure 4-9: In vivo functionality of short-term cultured 1.5 mm 

encapsulated cynomolgus islets in immune-compromised STZ diabetic 

nude mice. 

Batches of cynomolgus islets were encapsulated and transplanted into STZ 

induced diabetic nude mice on Day 1 or after 14 days of culture. A) 

Average daily blood glucose levels of nude mice transplanted with 1.5 mm 

encapsulated islets (1,500 cyno islets). B) Cure rates of STZ nude mice. C) 

OGTT profiles performed on day 30 post-transplantation. D) Area under the 

curve (AUC) of blood glucose levels during OGTT assessment. (Tx Day 1 n 

= 7; Tx Day 14 n = 8; n = 2 batches of cyno isolations/encapsulations) 

(Mean ± SEM). 
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Results indicate that short-term culture of 1.5 mm Ba
2+

 alginate encapsulated cyno islets does not 

significantly affect islet functionality or the ability of encapsulated islets to cure STZ induced diabetic 

nude mice (30 day cure rate: 88% vs. 86%); (AUC OGTT, p = 0.43). Cohorts of mice transplanted on 

day 1 and day 14 with the same number of encapsulated islets from the same preparation demonstrated 

similar blood glucose control. This suggests that functional islet masses can be maintained during short-

term culture of encapsulated islets, which may not translate to naked islets due to reasons described 

above. Since encapsulated islets withstand culture for some time prior to transplantation, this may prove 

important for in vitro modulation of encapsulated islets to improve islet function or gene expression 

through the use chemical compounds during culture. 

The previous GSIS results showed that initial glucose stimulated insulin secretion was rather low, and 

these levels rose after culture for 14 days. This would suggest that culture might actually improve 

encapsulated islet in vivo function. Results showed that short-term cultured islets functioned just as well 

as encapsulated islets transplanted immediately.  This may provide further evidence that there is some 

islet recovery from the encapsulation process that occurs at similar rates during in vivo and in vitro 

culture situations.  

Since encapsulated islets function can be maintained in culture for up to 14 days, transplantation into 

animals or patients does not have to occur immediately. This may prove vital for patients in the future to 

ensure that each batch of encapsulated islets functions adequately prior to transplantation. A few extra 

days will give investigators sufficient time to conduct proper quality control measures and analyze 

multiple islet potency assessments prior to transplantation. Also, this may be important if encapsulated 

islets from multiple donors are needed to achieve a significant islet mass and a high probability of 

successful reversal of diabetes in a single patient. It is difficult to perform multiple isolations and 

encapsulations on the same day. Furthermore, an immune-incompetent nude mouse model was used in 
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order to investigate the effect of short-term culture on purely islet functionality. It would be interesting 

to repeat this experiment using an immune-competent C57b/6 model to see if the immunogenicity of 

encapsulated islets is altered during short-term culture [105].  

The 1.5 mm Ba
2+

 alginate encapsulated cyno islets were then retrieved from STZ diabetic nude mice. 

The in vitro assessments that were performed pre-transplantation were then performed on the retrieved 

encapsulated islets. The retrieved encapsulated cyno islets stained densely for DTZ staining (Figure 

4-10). The islets also tended to become more compact in comparison to islets stained pre-

transplantation. The capsules maintained their spherical integrity and exhibited very low cellular 

attachment or fibrosis. 

 

 

Figure 4-10: Dithizone (DTZ) staining of 1.5 mm Ba
2+ 

encapsulated 

cynomolgus islets retrieved from STZ diabetic nude mice 30 days post-

transplantation. 

DTZ stained 1.5 mm Ba
2+

 encapsulated cynomolgus islets retrieved from 

STZ diabetic nude mice 30 days post transplantation (n = 3 separate batches 

of cyno isolations/encapsulations/retrieved mice).  
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The retrieved encapsulated cyno islets exhibited high viability scoring. Figure 4-11:B shows the 

presence of some pericapsular cell attachment on the surface of the encapsulated islets.  This minimal 

fibrosis never escalated to complete coverage of the encapsulated islets in the nude mice.  

 

 

 

 

Figure 4-11: Viability of 1.5 mm Ba
2+

 alginate encapsulated 

cynomolgus islets retrieved from STZ diabetic nude mice 30 days post 

transplantation. 

A/B) Viability staining of retrieved encapsulated islets from STZ diabetic 

nude mice (whole capsules). C/D) Islets. E) Scatter plot of estimated 

percentages of total viable cells in whole islets (n = 50 islets). 
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The retrieved encapsulated cyno islets were also tested using the GSIS assay and compared to pre-

transplantation levels (Figure 4-12). The GSIS shows a decreasing trend in high glucose insulin release 

from encapsulated cyno islets after retrieval from STZ diabetic nude mice. This contrasts cultured 

encapsulated islets which demonstrated an increasing trend in high glucose insulin release after culture 

for 14 days.  

 

 

Figure 4-12: GSIS of 1.5 mm Ba
2+

 alginate encapsulated cynomolgus 

islets that were retrieved from cured STZ diabetic nude mice 

Graph depicts total insulin secreted by 10 encapsulated islets in sieves when 

stimulated for 1 hr with low glucose (2 mM) and high glucose (18 mM). (p 

= 0.051) (Retrieved n = 23 sieves; 5 individual cured STZ nude mice; 3 

separate isolations/encapsulations/transplants) (Pre-transplantation n = 21 

sieves; 5 separate isolations/encapsulations) (Mean ± SEM) 

 

Previous experiments performed on retrieved encapsulated cyno islets, suggested that overnight culture 

is required to allow time for the islets to recover from the retrieval procedure. GSIS and intracellular 

calcium responses for retrieved encapsulated cyno islets were assessed immediately following retrieval 

and after 5 hours or overnight culture (Figure 4-13, Figure 4-14).  Cultured retrieved cyno islets 

exhibited better functional responses in both assays so for all future assessments retrieved islets were 
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cultured overnight. Since there seems to be some recovery from the retrieval procedure, it is difficult to 

accurately assess how the islets were truly functioning in the in vivo situation.  Upon retrieval, the 

encapsulated islets are stripped from their accustomed environment, and may experience different 

oxygen tensions and environmental cues.  These may cause a lessened response compared to what the 

islets may have been secreting after engraftment in the mice. Nonetheless, if applying the same retrieval 

procedure for encapsulated islets that were transplanted into another animal model, GSIS levels can be 

reasonably compared to postulate if islet potency is sufficient to yield a high probability of reversing 

diabetes if enough islets are transplanted. 

 

 

Figure 4-13: GSIS of encapsulatated cyno islets performed immediately 

post retrieval from STZ nude mice and after over-night culture (1.5 

mm Ba
2+

 alginate encapsulated cyno islets). 
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Figure 4-14: Representative intracellular calcium influx [ΔCa
2+

]i, and 

mitochondrial potential changes (ΔΨm) in response to insulin 

secretagogues of single encapsulated cyno islets performed immediately 

post-retrieval from mice and after 5 hour culture. (0.5 mm Ca
2+

/Ba
2+

 

alginate encapsulated cyno islets) 

 

The retrieved encapsulated cyno islets were also evaluated for intracellular calcium influx [ΔCa
2+

]i, 

mitochondrial potential changes (ΔΨm), and insulin secretion in response to insulin secretagogues using 

a microfluidic based perifusion assay (Figure 4-15). Results indicate that there is a loss in the Fura-2 

signaling for encapsulated cyno islets post retrieval from STZ diabetic mice. Fura-2 signaling is used to 

measure the intracellular calcium influx [Ca
2+

]i in response to insulin secretagogues. The changes in 

mitochondrial potential (Ψm) were found to be conserved for retrieved encapsulated islets and similar to 

profiles obtained for naked cyno islets that were performed pre-transplantation. Interestingly, insulin 

secretion for retrieved encapsulated islets was found to be similar to naked islets in response to insulin 

secretagogues.  This insulin secretion contrasts predicted levels according to Fura-2 signaling. The 

starting baselines of the fluorescent intensities used to measure [Ca
2+

]i and (Ψm) were not significantly 

different between naked and retrieved encapsulated cyno islets. 
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Figure 4-15: Intracellular calcium [Ca
2+

]i , mitochondrial potential 

(Ψm), and insulin secretion profiles of naked (pre-transplantation) and 

retrieved encapsulated cyno islets (STZ nude mice) in response to 

insulin secretagogues using a microfluidic-based perifusion assay. 

A) Average intracellular calcium [Ca
2+

]i responses and mitochondrial 

potential (Ψm) changes in response to insulin secretagogues of naked cyno 

islets and retrieved encapsulated cyno islets. B) Average insulin secretion in 

response to insulin secretagogues of naked cyno islets and retrieved 

encapsulated cyno islets. C) Average initial baseline fluorescent intensities 

of Fura-2 [Ca
2+

]i (F0(340/380)) and Rh123 (Ψm) (F0(RFU); (Mean ± SD).  

(n = 3 runs per condition; 50 islets per run; 3 separate 

isolations/encapsulations/retrieved mice) 

 

Intracellular calcium influx is a proximal trigger for the fusion of insulin granules to the plasma 

membrane and insulin exocytosis. This is why these results are so interesting. Retrieved encapsulated 

islets exhibited no intracellular calcium influx ([ΔFura-2]i) but positive insulin secretion. At times, 
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poorly functioning islets will display no calcium influx in response to high glucose. These types of islets 

rarely cure STZ diabetic nude mice when transplanted into the kidney capsule. Nonetheless, there is 

almost always an intracellular calcium response after KCl stimulation, albeit sometimes very small 

percentages. The retrieved encapsulated islets demonstrated no change in Fura-2 signaling even under 

KCl stimulation. 

Fura-2 is a fluorescent molecule that indirectly measures [Ca
2+

] concentrations by exhibiting a different 

excitation wavelength (340 nm) when bound with one Ca
2+ 

ion. In a Ca
2+ 

bound or unbound state, the 

Fura-2 molecule can be excited by 380 nm to give a measure of the total Fura-2 concentration in the cell 

[106]. The emission wavelength for Fura-2 is consistent at 510 nm even if excited at either wavelength. 

Thus Fura-2 is ratiometric and can measure the amount of bound Ca
2+ 

ions in relation to the total amount 

of Fura-2 in the cells [107]. This is beneficial in measuring intracellular calcium levels since it 

eliminates confounding variables such as the amount of dye loaded per cell or factors that may diffract 

emitted light such as cell thickness [108]. As a change in Fura-2 signaling was non-existent for the 

retrieved encapsulated islets, we began to postulate possible explanations for this observed phenomenon.  

Alginate is translucent so this should not have a substantial effect on excitation or emission spectra of 

the dye. Fura-2 measurements of the 1.5 mm Ba
2+

 encapsulated islets that were performed pre-

transplantation also exhibited positive [ΔFura-2]i changes in response to insulin secretagogues (Figure 

4-16). In a previous section, it was mentioned that we had determined that retrieved encapsulated cyno 

islets required a rest period prior to obtaining relevant intracellular calcium responses and GSIS insulin 

secretion. These particular experiments were performed on retrieved cyno islets that were encapsulated 

in 0.5 mm Ca
2+

/Ba
2+

 alginate capsules (Figure 4-14). The same alginate was used for both sets of 

experiments so we determined that the only variables that had changed between the two experiments 

were the size of the capsules (0.5 mm vs 1.5 mm) and the amount of Ba
2+

 used during gelation (1 mM 
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vs. 20 mM). Since Fura-2 signaling could be measured in the large capsules pre-transplantation, we 

hypothesized that there seems to be an influence of Ba
2+

 on the Fura-2 measurements, and this only 

occurs after in vivo incubation.  

 

 

Figure 4-16: Intracellular calcium levels of 1.5 mm Ba
2+

 alginate 

encapsulated islets performed pre-transplantation (n = 2 runs; 50 

encapsulated islets per run) 

 

The main question to be determined was if the flat Fura-2 signaling was related to a change in the high 

barium alginate capsule material or something changed with the islets after in vivo incubation. We 

performed a series of experiments to begin probing the mechanism behind the loss of Fura-2 signaling. 

First, retrieved encapsulated islets were tested using a different calcium indicator Fluo-4. This indicator 
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exhibits different excitation/emission wavelengths (488/494 nm) to see if somehow the wavelengths of 

Fura-2 were distorted by the retrieved alginate [109]. Fluo-4 signaling was similar to the Fura-2 

signaling so the wavelength of light used does not seem to be a contributing factor.  

After incubating the retrieved islets with the fluorescent probes, it was observed under fluorescent 

microscopy that the islet cells exhibited decreased fluorescent intensity compared to pre-transplantation 

islet cells.  The concentrations of the fluorescent probes were then doubled to investigate if intracellular 

concentrations of the dyes were too low for detectable changes. Increasing the concentration of Fura-2 

similarly had no effect on Fura-2 signaling and remained flat despite an increased cellular brightness. 

This led us to believe that binding to alginate or free Ba
2+

 in the capsule material was not an issue. 

Experiments were also conducted using naked islets and Ba
2+

 in the perfusion solution instead of Ca
2+

. 

Here we determined that in fact Ba
2+ 

can enter the islets cells and can cause increases in [ΔFura-2]i 

signaling.  

A literature search of Ba
2+

 and islets verified that Ba
2+ 

can enter islet cells and result in insulin release by 

β-cells [110]. These references also noted that once Ba
2+

 enters the β-cells, it can become sequestered in 

intracellular organelles and has difficulty coming out of the cells [111]. If indeed barium is sequestered 

inside the islets, then one might expect higher initial ratiometric Fura-2 baselines due to an increase in 

the bound state of the dye. However, β-cells maintain strict balances of ion concentrations and potentials 

[112]. The sequestered barium may be compensated for by the β-cells through the maintenance of ion 

channels and intracellular ion concentrations at similar levels as if there were no sequestered barium.  

Fura-2 baselines may then not be higher due to the consistent ion concentrations in the cell. The islets 

may also compensate for the excess intracellular barium by not taking in as much calcium during 

stimulation. This small influx in calcium may not be detectable by the methods employed during these 

measurements. Although maybe unlikely, it might be plausible that β-cell physiology changes so 
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extracellular calcium does not enter cells but intracellular barium is released to cytoplasm. No changes 

in Fura-2 signaling may be observed if ion flux is all internally regulated and not influenced by 

extracellular ion populations. Many of these hypothesis hinge on the assumption that barium is being 

sequestered in the islets. Through the use of Electron Microscopy (EM), it may be possible to visualize 

if indeed there is barium accumulation within the retrieved islet cells. 

Another plausible explanation for a lack of Fura-2 signaling that has been suggested is that the 

peripheral islet cells that are fluorescently imaged are non-functional; yet, islet cells in the inner core are 

functional and responsible for the insulin release. The fluorescent microscope used for imaging in the 

perifusion assay mostly measures the cells on the periphery of the islets due to resolution limitations 

restricted to peripheral cells in the focal plane [107]. Furthermore, the Fura-2 dye has been shown to 

penetrate only the superficial layers of islet cells [113]. Based on these observations, the peripheral cells 

in the islets may be the primary cells measured in the assay may not be functional. The inner cells of the 

islets cannot be measured using our current set-up and are the cells responsible for insulin secretion. 

Perhaps in the future using a combination of confocal fluorescent microscopy along with a Ca
2+

 

indicator or conjugated delivery system (Au-nanoparticles) that can penetrate into the core of the islets, 

may be a method to resolve intracellular signaling at the cellular level of retrieved encapsulated islets. 

This technique would allow islet cells in the core to be resolved and compared to cells on the periphery 

of the islets. Also, investigating if insulin secretion can be blocked using various membrane ion channel 

agonists/inhibitors such as diazoxide and phenytoin may elucidate if ion channels sensitivities are 

altered for the retrieved encapsulated islets [114, 115]. 

These experiments and observations from the literature suggest that there is an effect of barium on islets 

and is likely in some way affecting our ability to measure Fura-2 and [Ca
2+

] changes for retrieved 

encapsulated islets. Since these observations only became apparent in 20 mM barium gelled alginate 
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capsules and barium is known to exhibit cytotoxicity, the peripheral cells in the retrieved islets may be 

exposed to a higher concentration of barium after transplantation that renders these islet cells non-

functional. Nonetheless, the importance of these results is difficult to ascertain since 1.5 mm Ba
2+ 

alginate encapsulated cyno islets are functioning very well within diabetic mice models. Investigations 

concerning the effects of barium and islets are might be better suited to see if barium exposure affects 

the long-term duration of islet function. Also exploring patient safety with barium based capsules is 

important to discern if or how much barium leaks from the capsules, and if these levels can cause patient 

toxicity after transplantation. 

4.3.3 In vitro and in vivo characterization of cynomolgus monkey islet functionality within large 1.5 

mm Ba
2+

 chemically modified alginates using an allogeneic NHP transplantation model 

Our collaborators at MIT not only determined that large 1.5 mm alginate capsules are more resistant to 

fibrosis after transplantation into the peritoneal cavity but also developed a series of chemically 

modified alginates that are resistive to cellular attachment and fibrosis [116]. Small capsules (0.3 mm) 

made of these chemically modified alginates are even resistive to fibrosis after transplantation in the 

peritoneal cavity of C57b/6 mice for two weeks. We then wanted to investigate the anti-fibrotic 

properties of these chemically modified alginates using a difficult cynomolgus monkey (NHP) transplant 

model. First, we laparoscopically transplanted empty 1.5 mm capsules that were made of the chemically 

modified alginate derivatives into the peritoneal cavity of naïve cynomolgus monkey recipients. These 

were retrieved after 2 weeks, 4 weeks and 6 months. Two modified alginate derivatives E9 and RZA15 

were found to be mostly free of fibrosis even after 6 months post-transplantation. We then initiated 

encapsulation experiments to test the ability of the chemically modified alginate derivatives to protect 

encapsulated cyno islets using a non-immunosuppressed pre-clinical NHP allogeneic model.  
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The allo recipients were chosen to be non-diabetic in order to reduce the stress that hyperglycemia can 

have on islets. First, cyno islets were encapsulated in E9 and RZA15 chemically modified alginate 

derivatives at a low islet seeding density (1,000 islets/mL alginate or 0-2 islets per capsule). This 

approach was taken to reduce the potential stress to the encapsulated islets as the IP environment may 

have reduced nutritional provisions that may be compounded if too many islets are within one capsule. 

Also, the protective capabilities of the modified alginates could be adequately tested without potentially 

overwhelming the recipient immune system. All encapsulated cyno islets were prepared at the 1.5 mm 

size and gelled using a 20 mM BaCl2 solution. A single donor was isolated for encapsulation batches, 

and each batch was transplanted into a single recipient primate. The large 1.5 mm Ba
2+

 plain alginate 

capsule (labeled SLG20) that was previously shown to be efficacious in the STZ diabetic mice was also 

transplanted into a primate. In vitro characterizations of encapsulated islet functionality were performed 

pre-transplantation and after 4 weeks post-transplantation in the NHP allogeneic transplant setting. Pre-

transplantation DTZ staining is presented in Table III. 
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Table III: DTZ staining of encapsulated cyno islets prior to allogeneic transplantation  

(Low islet seeding density) 

 

 

The capsules sizes for each batch of encapsulated cyno islets were on average 1.5 mm but did vary 

between 1.35-1.65 mm. At times the modified alginates do not form perfect spheres and have 

protrusions from the surface of the capsules. These were removed by visual inspection under brightfield 

microscopy and sterile forceps. Pre-transplantation encapsulated cyno islets demonstrated dense DTZ 

staining with little presence of cellular debris that was seen during some of the mice transplants. The 

SLG20 encapsulated islets were also prepared at a slightly higher islet seeding density of 1,500 islets/1 

mL alginate in order to stay consistent with previous data obtained in mice. 
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Figure 4-17: Viability and glucose stimulated insulin secretion (GSIS) 

of encapsulated cyno islets prior to allo-transplantation into non-

diabetic recipients (Low islet seeding density). 

A) Scatter plot of estimated percentages of total viable cells in whole islets 

for each batch of encapsulated islets (n = 25-50 islets). SLG20 is an 

unmodified alginate, E9 and RZA15 are chemically modified alginates. 

Each batch represents isolated/encapsulated islets from a single donor that 

was transplanted into a single recipient. B) Graph depicts total insulin 

secreted by 10 encapsulated islets in sieves when stimulated for 1 hr with 

low glucose (2 mM) and high glucose (18 mM). (Mean ± SD; n = 3-6 sieves 

per batch). 

*E9-Allo-1 GSIS was performed with a previous protocol 

** No significance between any groups (Viability/GSIS) 

 

Viabilities for each batch of encapsulated cyno islets at the low islet seeding density were not found to 

be significantly different and on average had 90% viability. GSIS results also indicate that high glucose 

stimulated insulin secretion for each batch of the chemically modified encapsulated islets were not found 

to be statistically different. The SLG20 encapsulated islets did exhibit increased insulin secretion in 

comparison to the chemically modified alginates; yet, this may be attributed to the higher seeding 

density used during this encapsulation. The SLG20 encapsulated islets contained more islets per capsule 

and thus required less capsules to be picked to obtain 10 islets per sieve. The basal insulin secretion for 
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the SLG20 encapsulated islets was also comparatively higher than the chemically modified alginates. 

This may correlate to improper picking of islets or further suggest that insulin concentrations in the gels 

must equilibrate prior to being detected in the supernatant. This equilibration levels in the gels may be 

higher if more islets are encapsulated within one capsule. 

 

Table IV: Brightfield and DTZ staining of retrieved encapsulated cyno islets following 4 weeks of 

allogeneic transplantation (Low islet seeding density). 
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Following 4 weeks post-transplantation into the peritoneal cavity of non-diabetic allogeneic recipients, 

the encapsulated islets were retrieved under laparoscopically by repeated lavage flushing with saline. 

Retrieved encapsulated islets were then processed for biocompatibility assessments (completed at MIT) 

and placed in culture for islet functionality assessments completed at UIC.  

Results presented in Table IV suggest that plain alginate (SLG20) at the large 1.5 mm size cannot 

protect encapsulated islets in an allogeneic NHP setting. These encapsulated islets were not retrievable 

by lavage flushing and omental biopsies showed fibrosis with neovascularization around the 

encapsulated islets. Since this capsule type was only tested in one primate, distinct conclusions cannot 

be made. However these results showing a lack of protection are consistent with previous NHP allo-

transplants using plain alginate at the 0.5 mm size and small scale clinical trials [21, 35-38, 117, 118]. 

This is also interesting since this capsule type was shown to provide Xeno protection in a C57b/6 mouse 

setting (Figure 4-7).  

Results of the E9 encapsulated islets show a mixture of capsules that were completely surrounded in 

fibrosis and relatively clean capsules with little cellular attachment. The first two images of E9-Allo-1 

are unstained images, and the bottom image is an islet stained with DTZ. The majority of retrieved 

encapsulated islets for E9-Allo-1 exhibited few islet cells that stained positive for DTZ, even if there 

was no complete cellular coverage of the capsules. E9-Allo-2 images were all stained for DTZ, which 

gives capsules with complete cellular coverage an orange hue. Some retrieved E9 encapsulated islets 

that were free of fibrosis did stain positive for DTZ. No positive DTZ staining was found for islets 

within completely covered capsules. These mixed results do not show ideal islet protection by the E9 

encapsulation material, but the small number of transplants (n = 2) make it difficult to draw definitive 

conclusions. Further transplant experiments using the E9 material are required and possibly additional 
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strategies during encapsulation may need to be implemented when combining fragile cyno islets with the 

E9 material. 

Results of the RZA15 encapsulated islets were extremely positive with almost all capsules exhibiting 

none or little cellular attachment and overgrowth. The retrieved encapsulated islets at the low seeding 

density demonstrated positive DTZ staining for almost all the retrieved islets from both recipients. The 

RZA15 encapsulation material can protect functional islets for at least 1 month in an allogeneic NHP 

model (n = 2). RZA15 encapsulated islets have even demonstrated positive DTZ staining at 4 months 

post-transplantation (Figure 4-18).  
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Figure 4-18: DTZ staining of RZA15-chemically modified alginate 

encapsulated cyno islets retreived 4 months post-transplantation in 

non-diabetic cynomolgus reciepient (n = 1) 

 

Very few groups have shown encapsulated islet protection in a non-immunosuppressed NHP allogeneic 

transplant model [21, 119].  This demonstrates the great potential of the RZA15 chemically modified 

alginate material. Nonetheless, some interesting observations have been made related to the retrieved 

encapsulated islet morphology that may need to be investigated prior to evaluating encapsulated islet 

function in a diabetic primate model. The retrieved encapsulated islets tend to be smaller than pre-

transplantation sizes. Furthermore, the majority of islets display hypertrophic peripheral cells that do not 

stain for DTZ. There is debate if these non-staining cells were originally endocrine islet cells or residual 

exocrine cells from the isolation process. Pre-transplantation DTZ images show islets of high endocrine 

purity without a skirt of exocrine non-staining cells. This suggests that the peripheral non-staining cells 

may not be exocrine tissue and are degenerated or hypertrophic islet cells. Cellular marker expression of 
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these cells would have to be investigated in order to make an accurate conclusion. If these cells in fact 

were once islet cells, the cause of this degeneration is unclear. The peripheral degeneration may be the 

result from proximity to the anti-attachment RZA15 material, an effect of islet hypoxia, an effect of 

damaging inflammatory cytokines such as TNFα or IFNγ, a combination of all, or another unknown 

contributor. Peripheral non DTZ staining cells have been obtained from plain alginate encapsulated 

islets retrieved from nude mice as well as long-term cultured islets (Figure 4-19). This makes it difficult 

to ascertain factors that may lead to the peripheral degeneration. 

 

 

 

Figure 4-19: Peripheral degeneration of cells for encapsulated cyno 

islets after 30 day retrieval from nude mice (RZA15 and SLG20) and 

long-term cultured encapsulated islets (SLG20). 
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Figure 4-20: Viability and glucose stimulated insulin secretion (GSIS) 

of encapsulated cyno islets post 4 week retrieval from cynomolgus 

monkey recipients (Low islet seeding density). 

A) Scatter plot of estimated percentages of total viable cells in whole islets 

for each batch of retrieved encapsulated islets (n = 25-50 islets). *** p < 

0.0001 compared to pre-tx viability; NS (not significant) compared to pre-tx 

viability.  B) Graph depicts total insulin secreted by 10 retrieved 

encapsulated islets in sieves when stimulated for 1 hr with low glucose (2 

mM) and high glucose (18 mM). (Mean ± SD; n = 6 sieves per retrieved 

batch). 

* NA - SLG20 and E9-Allo-1 Viability and GSIS could not be performed 

due to fibrosis. 

 

In vitro characterizations of the encapsulated islets that were retrieved from primate recipients 4 weeks 

post-transplantation show that the RZA15 encapsulated islets were viable and glucose responsive in the 

GSIS assay (Figure 4-20). Estimated islet viabilities of retrieved RZA15 encapsulated islets were not 

found to be significantly different when compared to pre-transplantation levels (p = 0.22). The amount 

of insulin secreted by the retrieved RZA15 encapsulated islets in response to high glucose was found to 

be significantly less than pre-transplantation levels (p < 0.0001). This trend was also seen during GSIS 

assessments of encapsulated islets retrieved from STZ diabetic mice (p = 0.058). Comparing stimulated 
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insulin levels for both pre-transplantation and retrieved RZA15 encapsulated islets from cynos to the 

pre-transplantation and retrieved SLG20 encapsulated islets from STZ nude mice, a decrease in 

stimulated insulin secretions was found (p = 0.02 and p = 0.0003; respectively) (Figure 4-21). However, 

different seeding densities were used for the encapsulation transplants. More islets per capsule may 

result in higher insulin concentrations in the supernatant by reaching insulin equilibration in the gels 

much faster. This may be indicated by the higher basal insulin secretion levels for the SLG20 

encapsulated islets compared to the RZA15 encapsulated islets (p = 0.0005, pre-transplantation). Also, 

other factors associated with the procedure may affect the comparison of results. During the 

laparoscopic retrievals from NHP, the encapsulated islets cannot be placed in culture immediately due to 

sample processing and lab logistics. This is also comparing retrieval results from only two NHP. 

Overall, the GSIS results of the small set of retrieved encapsulated cyno islets from NHP display 

glucose responsiveness and are not out of the range for those obtained in cured STZ nude mice.  
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Figure 4-21: Average GSIS of retrieved encapsulated cyno islets from 

STZ nude mice (SLG20) and Cyno NHP (RZA15) 

Average GSIS performed pre-transplantation and post retrieval for SLG20 

encapsulated cyno islets retrieved from STZ cured mice and RZA15 

encapsulated cyno islets retrieved from non-diabetic NHP. (Mean ± SD).  

*SLG20 (2-4 islets per capsule) (n = 21 sieves over 5 

isolations/encapsulations/mice)  

*RZA15 (1-2 islets per capsule) (n = 9 sieves from 2 

isolations/encapsulations/NHP) 

 

E9-Allo-2 displayed a mixture of viabilities with some viable islets and some islets completely dead. 

The overall poor viability was also verified in the GSIS, where the retrieved islets exhibited very 

minimal glucose-responsiveness. These levels should not be efficacious in curing diabetes in the case of 

these two transplant experiments. Interestingly, E9 in its empty state demonstrates biocompatibility that 

is similar to RZA15 in both mice and NHP. Long-term culture of E9 encapsulated cyno islets has also 

displayed positive functionality. A larger number of E9 transplant experiments are required to make an 

accurate assessment of the potential of this modified alginate.  

The RZA15 modified alginate was shown to protect viable and functional islets in an allogeneic NHP 

transplant model at a low seeding density. Nevertheless, the number of islets transplanted at this density 
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may not be adequate to achieve a curative status in a diabetic NHP model considering transplant volume 

restrictions associated with large sized capsules. As many as 200,000 cyno islets may be required in 

order to cure a 4 kg weight cynomolgus monkey, and 200 mL of capsules would be too great a volume 

for the site. We then repeated the non-diabetic allogeneic transplants using a high islet seeding density 

of 4,000 islets/mL alginate or 4-10 islets per capsule. This approach might provide an islet dose at a 

reasonable volume of capsules that will have a high probability of achieving curative status in a diabetic 

NHP model. A caveat to more islets per capsule is that limited nutritional availability after 

transplantation might be too low. Many islets may consume oxygen at a higher rate than can diffuse into 

the capsule. Furthermore, more islets per capsule may cause increased leakage of immunogenic epitopes 

that alerts the immune system to the presence of foreign cells. However, this seeding density was 

successively applied using isolated rat islets transplanted into STZ diabetic C57b/6 mice at MIT and 

warranted an investigation. DTZ staining of RZA15 encapsulated islets at the high seeding density is 

presented in Table V. 
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Table V: DTZ staining of encapsulated cyno islets prior to allogeneic transplantation  

(High islet seeding density) 

 
 

Encapsulated islets at the high seeding density show dense DTZ staining of the cyno islets. These 

encapsulated islets also display variable populations of single and small clusters of cells dispersed 

throughout the capsules. This was comparatively much higher than encapsulated islets at the low 

seeding density. In vitro islet functional assessments were performed pre-transplantation and after 4 

weeks post-retrieval from non-diabetic allogenic NHP. Capsule characteristics in terms of size were 

found to be consistent to low islet seeding density experiments. Isolated islets from two donors were 

used for RZA15-Allo-3, and isolated islets from one donor were used for RZA15-Allo-4.  
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Figure 4-22: Viability and glucose stimulated insulin secretion (GSIS) 

of encapsulated cyno islets prior to allo-transplantation into non-

diabetic recipients (High islet seeding density). 

A) Scatter plot of estimated percentages of total viable cells in whole islets 

for each batch of encapsulated islets (n = 25-50 islets)(* p < 0.01) B) Graph 

depicts total insulin secreted by 10 encapsulated islets in sieves when 

stimulated for 1 hr with low glucose (2 mM) and high glucose (18 mM). 

(Mean ± SD; n = 3-6 sieves per batch). 

 

 

The viability of transplanted encapsulated islets at the high density (RZA15-Allo-4) was found to be 

significantly lower when compared to the low density encapsulated islets (p < 0.01) (Figure 4-22). 

RZA15-Allo-3 displayed lower islet viability, but this was not found to be significantly different (p = 

0.11). GSIS performed pre-transplantation showed that the high density encapsulated islets displayed 

minimal or no glucose responsiveness. These encapsulated islets also displayed high basal insulin 

secretion compared to previous low density RZA15 experiments. It was suggested previously that high 

basal secretion may be related to stressed or improperly functioning islets.  However, the basal insulin 

secretion of high density encapsulated cyno islets manufactured for another experiment displayed 



88 

 

 

 

similar high basal insulin secretion. In this experiment, 4 batches of cyno islet encapsulations at the high 

density were manufactured using various washing protocols in an attempt to remove cellular debris seen 

at the high densities (Figure 4-23). These encapsulated islets also demonstrated similar high basal 

insulin secretion. Even so, a comparatively higher glucose stimulated insulin response was achieved for 

the non-transplanted batch of islets. The comparative poor glucose responsiveness of the transplanted 

encapsulated islets suggests that the RZA15 islets used for transplantation into the NHP may not have 

been of ideal quality. Also, the consistent high basal insulin levels seen in the multiple batches of 

encapsulations at the high density may provide further justification that more islets per capsule results in 

higher insulin concentrations in the supernatant by reaching insulin equilibration in the gels much faster. 

Overall, the lower viability and GSIS results suggest that these two batches of high density RZA15 

encapsulated islets were not high quality islet preparations.  
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Figure 4-23: GSIS of encapsulated cyno islets at the high seeding 

density using 4 purification protocols  

Purification protocols were applied to cyno islets prior to encapsulation: 

E/F used minimal centrifugation (1x) during the rinsing of islets with HBSS 

without calcium or magnesium. G/H used centrifugation (3x) during the 

rinsing of islets with HBSS without calcium or magnesium. E/G 

incorporated an additional step of gravity sedimentation of islets in 50 mL 

culture media for 15 min (2x), prior to beginning the rinsing procedures 

with HBSS without calcium or magnesium. No reduction in cellular debris 

within the encapsulated islets were observed under brightfield microscopy. 

(n =6 sieves per group; Mean ± SD; same islet batch; one experiment) 
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Table VI: Brightfield and DTZ staining of retrieved encapsulated cyno islets following 4 weeks of 

allogeneic transplantation (High islet seeding density). 

 

 

 

RZA15-Allo-3 encapsulated islets at the high density were retrievable but showed a mixture of capsules 

completely covered with overgrowth and capsules with no cellular attachment upon 4 week retrieval 

post-transplantation. Some of the clean encapsulated islets did stain positive for DTZ, but many islets 

also exhibited no staining and appeared degenerated. RZA15-Allo-4 encapsulated islets were found to 

be opaque and adhered to omental tissue. Very few encapsulated islets could be retrieved. The small 
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sample of capsules obtained displayed complete coverage by overgrowth, and the inner islets appeared 

dark and degenerated. The functional assessments of RZA15-Allo-3 were found to be very similar to 

E9-Allo-2 at the low seeding density. The encapsulated islets were a mixture of very viable and 

completely dead islets (Figure 4-24). These islets also demonstrated minimal glucose responsiveness in 

the GSIS assay.  

 

 

 

Figure 4-24: Viability and glucose stimulated insulin secretion (GSIS) 

of encapsulated cyno islets post 4 week retrieval from cynomolgus 

monkey recipients (High islet seeding density). 

A) Scatter plot of estimated percentages of total viable cells in whole islets 

for each batch of retrieved encapsulated islets (n = 25-50 islets). ** p < 

0.001 compared to pre-tx viability; B) Graph depicts total insulin secreted 

by 10 retrieved encapsulated islets in sieves when stimulated for 1 hr with 

low glucose (2 mM) and high glucose (18 mM). (Mean ± SD; n = 6 sieves 

per retrieved batch). 

* NA – RZA15-Allo-4 Viability and GSIS could not be performed due to 

fibrosis. 
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The RZA15 encapsulation material did not provide ideal protection for the encapsulated islets at the 

high seeding densities in the case of these two allogeneic NHP transplantations.  However, encapsulated 

islets characterizations that were performed pre-transplantation suggest that further testing is required to 

determine RZA15 protection at the higher islet seeding density. The encapsulated islets used for these 

transplants did not appear to be of ideal quality by exhibiting lower viability and poor insulin secretion 

responses pre-transplantation. The lower islet quality may have activated the recipient immune systems 

and led to the poor transplantation results. In statistical analysis, positive associations were found 

between pre-transplantation viability and GSIS with post-transplantation retrieval outcomes for the 

RZA15 high seeding densities. This was determined by comparing pre-transplantation viability and 

GSIS of the RZA15 low islet seeding density with their positive retrieval outcomes. Interestingly, no 

associations between pre-transplantation viability and GSIS were found for transplantation outcomes of 

the different encapsulation materials at the low islet seeding density.  For the low density experiments, 

batches of encapsulated islets in the different encapsulation materials demonstrated similar viability and 

GSIS pre-transplantation. This suggests that pre-transplantation results of viability and GSIS assays may 

be predictive of transplantation outcomes; yet, there are other factors involved that lead to the success or 

failure of transplanted encapsulated islet grafts that may not be predicted using these two assays. 

Pre-transplantation DTZ staining showed the presence of cellular debris throughout the high density 

capsules when compared to the low density capsules. This cellular debris may have increased the 

leakage of immunogenic epitopes from dead or dying cells that led to an activation of the recipient 

immune systems. The cellular debris could have also resulted in a higher probability of cells protruding 

from the capsule surface or incomplete encapsulation. This cellular exposure may also have led to an 

activation of the recipient immune systems. Furthermore, RZA15-Allo-4 demonstrated a greater degree 

of cellular debris, and these encapsulated islets were comparatively all engulfed in cellular overgrowth. 



93 

 

 

 

RZA15-Allo-3 encapsulated islets demonstrated less cellular debris and were found to be only partially 

overgrown. These factors associated with the high cellular debris and potentially poor islet quality may 

have led to the poor transplantation results, yet the exact method of rejection seen in these two 

transplants is still unknown.  

Also, it cannot be disregarded that the RZA15 material cannot protect functional islets at the high 

seeding density in the peritoneal cavity of NHP. Nutritional availability in the site might be too low to 

support that many encapsulated islets per capsule. The deprived islets may have secreted factors such as 

high mobility group box 1 (HGBM-1) or MCP-1, which then resulted in fibrosis of the encapsulated 

islets [13, 46, 47]. Nonetheless, in order to accurately investigate the ability of RZA15 to protect 

functional islets at the high density, certain strategies should be employed. Elimination of the cellular 

debris seen at the high densities is required before accurate assessments can be made.  

Preliminary experiments have modified the washing procedures pre-encapsulation in hopes of 

elimination of the cellular debris seen within the capsules.  Various washing protocols were employed 

using gravity sedimentation to remove fragmented islets that tend to settle at slower rates due to higher 

drag forces on the fluffy islets. Also, passing the islets through a 40 µm cell strainer can remove small 

cellular debris without the loss of many small islets. These techniques were applied for the experiment 

previously described (Figure 4-23) with no significant improvement in the removal of the cellular 

debris. It is still unclear where the cellular debris originates from. This may be due to forces associated 

with encapsulation and passing a highly concentrated number of islet particles from a 5 mL syringe 

through a small gauge needle. Passing densely concentrated particles through a small diameter opening 

may cause some of the islets to become dissociated. Also, cyno islets are rather fragile and often slightly 

fragmented from the isolation procedure. The islets are not as compact as rat or human islets, and 
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peripheral cells that are not tightly integrated into the islet ECM may become dislodged from the islet 

surface from shear forces when mixing with the rather viscous alginate solutions.  

An experiment was performed where human islets were cultured for 4 days and then encapsulated at 

low, medium and high islet seeding densities (Figure 4-25). There appeared to be no cellular debris even 

at the high islet seeding density. These islets were more compact to start and not fragmented compared 

to cyno islets that were encapsulated at the high densities. This suggests that the debris seen with 

encapsulated cyno islets may be resultant from the shear forces stripping peripheral cells when mixing 

with the alginate solution and not as dependent on the encapsulation parameters. However, due to the 

fragile nature of cyno islets the effect of encapsulation parameters cannot be disregarded. It may prove 

interesting to encapsulate cyno islets first in alginate using calcium as a gelation solution. These types of 

capsules can be easily dissolved by a calcium chelator such as EDTA or sodium citrate [7].  After 

dissolving the encapsulated islets and removing the cellular debris, the encapsulated islets can be re-

encapsulated to investigate where the cellular debris originated. If this method can successfully remove 

the cellular debris, then this strategy could be employed for future RZA15 encapsulations of cyno islets 

at the higher seeding density. If the cellular debris is not removed, then changes to the encapsulation 

system will have to be modified or a different seeding density may have to be considered. 
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Figure 4-25: Encapsulated human islets within chemically modified 

RZA15 alginate 1.5 mm Ba
2+

 at low, medium, and high islet seeding 

densities. 

Human islets from the same preparation were cultured for 4 days prior to 

encapsulation. Three islet seeding densities were investigated low, medium 

and high, (1,000, 2,000, and 4,000 islets per 1 mL alginate; respectively). 

Representative brightfield images. 

 

Another important detail learned during the high density RZA15 transplantations into NHP is that it is 

important to ensure islet quality is satisfactory prior to transplantation. It may not guarantee success but 

should give a higher probability of success instead of retrospective analysis showing islet quality may 

not have been ideal.  Since short-term culture of encapsulated islets has been shown not to have a 

detrimental effect on islet functionality in vitro and in STZ nude mice, culturing encapsulated islets for a 

few more days prior to transplantation may not greatly affect transplant outcomes in the allogeneic NHP 

transplant model. These few extra days should be sufficient in order to obtain all the results of the 
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functional assessments so a more enlightened decision can be made if the encapsulated islets are suitable 

for transplantation. 

4.4 Conclusion: Large 1.5 mm encapsulated islets 

Large 1.5 mm Ba
2+ 

alginate encapsulated islets were shown to demonstrate adequate functionality in 

both in vitro and in vivo assays. Islet stimulation kinetics by small molecular weight secretagogues was 

shown to be unaffected by encapsulation or capsule size. For insulin release kinetics, encapsulated islets 

experience a loss of phase I insulin secretion and an initial delay in glucose-stimulated insulin secretory 

kinetics. However, bulk insulin kinetics is well conserved between encapsulated rat islets at different 

sizes and was found to be similar to naked rat islets. 

To investigate in vivo islet functionality, large 1.5 mm Ba
2+ 

alginate encapsulated cyno islets were 

transplanted as a marginal islet transplant mass into various STZ diabetic mouse models. The large 

encapsulated islets were found to cure immune-incompetent STZ nude mice similarly to naked islets 

transplanted into the kidney capsule.  The same marginal islet transplant mass cured STZ immune-

competent C57b/6 mice for up to 180 days. The effect of short-term culture on encapsulated islet 

functionality was also tested. It was found that large 1.5 mm Ba
2+ 

alginate encapsulated cyno islets cured 

STZ nude mice similarly no matter if transplanted immediately on day 1 or after 14 days of culture. 

Most importantly, cyno islets were encapsulated in large 1.5 mm chemically modified alginates that 

have been found to be resistive to fibrosis and transplanted into an NHP allogeneic transplant model. 

Here, preliminary data suggests the RZA15 chemically modified alginate at the large 1.5 mm size can 

protect functioning allogenic islets. This was evidenced by capsules almost completely free of cellular 

attachment. The retrieved encapsulated islets were found to be viable, DTZ positive and glucose 



97 

 

 

 

responsive 4 weeks post-transplantation into a non-immunosuppressed allogeneic NHP transplant 

model. Indeed certain hurdles may have to be overcome such as peripheral islet cell degeneration, 

determination and execution of the optimal islet seeding density for encapsulated islet transplantation, or 

even islet potency assurances before immune-isolation technologies can be implemented in the clinic. 

Yet this is a huge leap forward in the encapsulation field, and the chemically modified materials display 

characteristics that may prove vital for a plethora of biomedical applications in the future. 
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 A NOVEL ENCAPSULATOR FOR THE CONTINUOUS PRODUCTION OF CAPSULES 5

WITH CONTROLLED SIZE AND GELATION TIME  

5.1 Introduction 

Islet encapsulation represents an interesting challenge that encompasses diverse fields such as islet 

physiology, polymer science, engineering, and medicine. Expertise from each specialty is required to 

ultimately design an encapsulation system that is suitable for future clinical application of encapsulated 

islet technologies. There are many excellent cell encapsulation systems on the market, yet many of these 

devices are not suitable for islets. Islets are rather fragile cell clusters with complex intracellular 

machinery that is imperative for the proper function of the cells. Encapsulation systems that impose high 

shear stresses or harsh chemical environments may damage the delicate cellular machinery and are not 

ideal for islet encapsulation.  

Islet clusters vary in size from 50-400 µm and can exhibit irregular shapes at times. This further 

complicates the encapsulation process since their diverse size and shape inevitably produces an 

inhomogeneous solution when mixed with polymers. Also, polymers themselves can behave 

inhomogeneously through chain-chain interactions, which are not seen with small-molecule solutions. 

This overall inhomogeneity in the polymer and islet solution leads to variable fluid dynamics and 

fluctuating magnitudes of force that are applied to the polymer droplets during extrusion. Furthermore, 

polymer interactions with extrusion components that have surface imperfections from improper 

manufacturing can compound the variations. Overall, these inconsistencies during islet encapsulation 

can cause polydispersity in droplet sizes and affect results. The polydispersity of hydrogels seen with 

encapsulation devices currently in practice can be controlled by adjustments made by very skilled 
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technicians. However, this showcases another limitation of islet encapsulation systems currently in 

practice. They are highly artisanal and require much experience to make precise adjustments to the 

encapsulation system in order to produce monodisperse, uniform batches. This operator dependency 

hinders the widespread application and dissemination of a defined and reproducible encapsulation 

product suitable for clinical applications. 

5.1.1 Physics behind encapsulation droplet formation 

Encapsulation of cells within polymer hydrogel systems is a fairly simple process. The cells must be 

first mixed with a polymer, and then dripped into a gelation bath that solidifies the polymer as a gel. The 

cells thereby become trapped within the matrix.  Depending on the system employed, gel formation can 

occur through ionic cross-linking with divalent cations in the case of alginate or by poly-electrolyte 

complexation between a negatively charged polymer and positively charged polymer in the case of 

membrane core systems [2, 120]. The manufacturing process of spherical hydrogels uses a simple 

process of extrusion through a narrow opening such as a cylindrical nozzle, yet there are many physical 

factors that can influence the size of the droplets, and ultimately the size of the spherical hydrogels 

formed.  

During droplet formation of the polymers, there is competition between two main forces. The polymer 

experiences an attractive force to the nozzle/extrusion orifice material as well as surface tension due to 

the spherical nature of droplets [121]. For simplification, this will combined as surface tension. 

Eventually, the droplet on the tip of the nozzle will grow larger and larger until the downward force 

becomes too great and overcomes the surface tension at the nozzle/polymer interface. This causes the 

droplet to break from the nozzle and fall into the gelation bath for solidification. In the case of cell 

encapsulation, it is important to tightly regulate these two opposing forces in order to generate spherical 

hydrogels with of a homogeneous size, especially if desired in the sub-millimeter range (Figure 5-1).  
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Figure 5-1: Competitive forces regulating droplet size during 

encapsulation and spherical hydrogel formation 

The basic principles of encapsulation systems consist of competition 

between attractive and downward forces applied to the polymer solution. 

Droplet formation occurs once a critical magnitude of downward force is 

reached that breaks the surface tension at the nozzle/polymer interface. 

Characteristics of both the polymer solution and the encapsulation 

parameters can affect the attractive forces and magnitude of applied forces, 

which eventually controls the droplet size and hydrogel sphere diameter. 

 

This is a simple way to describe encapsulation by the opposing forces of surface tension and downward 

force during droplet formation. However, there are both characteristics of the polymer solution as well 

as the encapsulator machine parameters that will affect the magnitude of each of the governing forces. 

By altering these magnitudes, the diameters of the resulting droplets can become either smaller or larger. 

Thus it is important to understand how each will affect the physics of droplet formation in order to 

obtain desired sizes. 

Polymers are made of repeated molecules that are bonded together often in a strand. Each polymer has 

unique properties that are defined by the type of repeated molecule and the amount of repeats per strand 
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[122]. Since these characteristics can vary from polymer to polymer, it is important to classify some of 

the important polymer characteristics that will affect droplet formation (Table VII). One of the main 

characteristics of polymers is the viscosity or fluid resistance to movement under an applied force. A 

viscous polymer solution has a higher degree of surface tension at the tip of the nozzle. This requires a 

higher magnitude of downward force in order to break the surface tension at the nozzle interface.  

 

Table VII: Polymer characteristics that affect size of droplet formation during encapsulation 
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Cohesion, or how the molecules of the polymer interact with each other, can also affect the degree of 

surface tension at the tip of the nozzle. If the molecules interact with each other to a great extent, this 

will require a larger amount of downward force to be applied in order to break the self-interaction and 

surface tension for droplet formation. Similarly, adhesion or how the polymer molecules interact with 

the nozzle surface will affect the degree of surface tension at the nozzle interface. If there is a high 

degree of hydrophilic attraction to the metal nozzle, this will require a larger amount of downward force 

to be applied in order to break the attraction for droplet formation. 

On the other hand, the downward force that is applied to the polymer droplet is largely controlled by 

parameters of the encapsulation system that is employed during manufacture. The downward force 

applied to the polymer droplet in a very simple encapsulation system can be gravity. This is the case of a 

nozzle suspended above the gelation bath. Engineers have also found that other forces can be applied to 

the polymer as it is extruded through the nozzle, and the magnitudes of the applied forces can tightly 

regulate the size of the droplets formed. There are various types of forces that have been employed in 

cell encapsulators (Figure 5-2). These include air stripping, electric potential (electrostatic devices), 

vibrational, and microfluidics [2, 123-127]. By altering the magnitude of these applied downward 

forces, the size of the droplets formed can be controlled.  
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Figure 5-2: Types of encapsulation apparatuses currently available and 

the downward forces employed to control droplet sizes 

Air stripping encapsulation consists of a coaxial nozzle system where 

pressurized air in the outer nozzle strips polymer droplets from the inner 

concentric nozzle that feeds the polymer solution.  

Electrostatic encapsulation applies an electric potential between the tip of 

the nozzle and the surface of the gelation bath that pulls polymer droplets 

toward the gelation bath.  

Vibrational encapsulation applies frequencies to a steady stream of flowing 

polymer solution. This creates sine waves through the polymer solution that 

induces surface tension driven formation of droplets prior to entering the 

gelation solution.  

Microfluidic encapsulation applies device geometry governed fluidic 

dynamics on immiscible solutions (hydrophilic vs. hydrophobic) to induce 

droplet formation and gelation. 

 

There are characteristics of the encapsulator and manufacturing process that will also have an effect on 

the magnitude of force that is applied to the droplets (Table VIII). For instance, the flow rate of the 

polymer solution used during encapsulation can affect droplet size. The polymer fluid speed limits the 

time the forces are applied to the droplets [128]. A higher flow rate results in less applied force and thus 

larger diameter hydrogels [129].  
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Table VIII: Encapsulator characteristics that affect size of droplet formation during encapsulation 

 

 

The inner diameter of the nozzle used during encapsulation will also affect the droplet size. A larger 

diameter nozzle makes contact with a smaller volume of the polymer. The decreased surface area to 

volume ratio of the polymer solution for large diameter nozzles decreases the attractive forces of the 

polymer solution with the nozzle. This reduction in attraction of the polymer with the large diameter 

nozzle allows for larger diameter hydrogels. The diameter of the inner nozzle also controls what 

diameters of hydrogels are obtainable [130]. It is not possible to obtain hydrogel diameters smaller than 
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the inner diameter of the nozzle [127]. It is possible to generate hydrogel diameters slightly larger than 

diameter of the nozzle, but as a rule of thumb, the inner diameter of the nozzle should be around half the 

diameter of the desired hydrogels.  

The roughness and shape of the nozzle can also affect the diameter and the homogeneity of hydrogels. A 

very rough inner nozzle or high RMS has a larger molecular surface area for the polymer to interact. 

This creates a higher surface tension and requires a larger amount of applied force to break into droplets. 

A rough or imperfect nozzle surface also results in inhomogeneity of the polymer hydrogels [131]. 

Polymers can also display some innate heterogeneity based on self interaction. Any imperfection in the 

nozzle surface will compound any heterogeneity in the polymer solution to produce aberrant droplets 

and heterogeneity in the spherical hydrogel product. Imperfectly manufactured nozzles can also result in 

satellite droplet formation. These miniscule droplets 20-50 µm in diameter can be generated if the 

polymer solution is too diluted or exhibits low viscosity. The satellite droplets can then become 

integrated and gelled on the surface of the larger hydrogel spheres. This can compromise the integrity of 

the spherical nature of the surface of the hydrogels and may lead to pericapsular fibrotic overgrowth. 

Overall, it is important to understand how characteristics of both the polymer solution and the 

encapsulator machine parameters will affect the physics behind droplet formation and solidification of 

spherical hydrogels. The operator is then better equipped to fine tune the encapsulation process to 

manufacture homogeneous spherical hydrogels suitable for transplantation. 

5.1.2 Apparatuses available for islet encapsulation and current limitations 

Many of the encapsulators currently in practice for single cell encapsulation work very well. However, 

many the apparatuses do not take into account the unique parameters that must be satisfied when 

encapsulating islets. Islets are clusters of 1,000-2,000 excitable cells [132]. β-cells, which are the major 
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cell type that constitutes islets, are responsible for insulin secretion in response to high glucose [14]. 

These cells are particular sensitive and their intracellular machinery such as mitochondria, which are 

required for glucose-sensing and insulin secretion, can become easily damaged [133]. Furthermore, 

islets are typically isolated from cadaveric donor pancreata. Islet isolation often results in minimal 

numbers of extracted islets and these clusters of cells do not proliferate substantially [19]. For this 

reason, encapsulators that apply high shear stresses or encapsulate cells extremely quickly may not be 

ideal for islet encapsulation.  

One such example is the vibrational encapsulator. In order to encapsulate cells, a continuous flow of 

polymer solution is extruded through the nozzle. The applied vibrational sine waves travel through the 

continuous stream of polymer solution and induce surface tension to break the stream into polymer 

droplets [134]. The polymer droplets then become gelled in the gelation solution in individual particles. 

The Buchi Encapsulator B395 Pro™ is such an encapsulator that works very well to produce large 

quantities of encapsulated single celled organisms at various sized hydrogels [135]. After testing this 

machine in Bratislava, Slovakia, it was observed that this encapsulation system may not be ideal for islet 

clusters (Figure 5-3).  
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Figure 5-3: Buchi Encapsulator B395 Pro™ testing with PMCG 

polymer system. 

The Buchi Encapsulator B395 Pro™ from Switzerland uses vibration or 

frequency driven generation of polymer droplets. During testing for future 

application of this machine with the PMCG microcapsule system, it was 

discovered that this machine requires high polymer flow rates with 

potentially high shear stresses that may not be ideal for islet encapsulation. 

Optimization of encapsulation parameters for polymers with various 

viscosities may also hinder the application of this machine for islet 

encapsulation in the future. 

 

The vibrational sine waves through the polymer solution might be impeded by the presence of islets. 

The inhomogeneous islet/polymer solution may then result in inhomogeneous droplet formation. Most 

importantly, this encapsulation apparatus requires a continuous stream of polymer extrusion, and 

consequently, very high flow rates through the nozzle. This high flow rate allows for quick 

encapsulation of the cells; however, this also means that there is very little room for quality control 

measures during encapsulation. This reduces the time to make adjustments to achieve homogenously 

sized hydrogel spheres. If the parameters of encapsulation are slightly off, all the islets will be 
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encapsulated without the ability to finely tune the droplet formation. If the resulting hydrogels are not of 

ideal quality, the entire batch of isolated islets may be wasted. Also, the vibrational system is flexible 

with various polymer solutions, yet requires testing to determine optimal apparatus parameters for these 

systems. This includes optimization of frequency and flow rate to obtain homogeneously sized particles 

of the particular polymer system. Since polymer characteristics such as viscosity may vary from one 

polymer system to another, and these properties may also be influenced by the presence of islets, the 

determination of the optimal parameters for the encapsulator may be difficult to attain. This may limit 

the uniform application of the vibrational system as there are many encapsulation materials currently 

researched with islets [136]. 

Another system employed for cell encapsulation is microfluidic based devices [124, 125, 137]. These 

systems can produce uniform sized hydrogels; however their small geometry, can at times become 

clogged by debris within the device [81, 138]. This is particularly important considering islets, which 

range in size from 50-400 µm on average [132]. Furthermore, the microfluidic based systems currently 

in practice, do not have capacity for large scale production. There is potential to multiplex microfluidic 

systems and encapsulate large batches of islets in the future, yet no such microfluidic system exists on 

the market today. 

Air stripping is a common method employed for islet encapsulation [2, 139]. The method uses a system 

of coaxial and concentric nozzles with air jet production of polymer droplets (Figure 5-4:A). Once the 

ideal distances between nozzle components and the flow rates of polymer/air have been determined, the 

droplet formation/hydrogels  are very homogenous [140]. The difficulty with the air stripping method 

lies with completely concentric alignment of the coaxial nozzles. Otherwise, the mechanical stripping 

forces driving the polymer droplet formation will be variable. For this reason, the current air stripping 

nozzles require the operator to tweak the inner and outer nozzles until they are perfectly aligned. This 



109 

 

 

 

can take some time and makes the system heavily dependent on the operator. The operator must be 

highly trained in order to adapt and finely-tune parameters for ideal homogeneous encapsulation. 

 

 

Figure 5-4: Current encapsulation apparatuses available for islet 

transplantation 

A) Air stripping encapsulator with loop reactor for controlled gelation time 

of hydrogel spheres (Polymer Institute of the Slovak Academy of Sciences, 

Bratislava, Slovakia). B) Electrostatic microbead generator in-house 

encapsulator (Norwegian University of Science and Technology (NTNU), 

Trondheim, Norway). C) Simplified electrostatic encapsulator 

(Massachusetts Institute of Technology (MIT), Cambridge, Massachusetts). 

 

The requirement for a technically trained operator is a limitation to the universal application of the 

current coaxial nozzle system by hindering translation to multiple institutions across the globe. 

Nonetheless, the air stripping encapsulation system used for the production of PMCG capsules employs 

the loop reactor apparatus (US patent # 6001312 A). The loop reactor is continually refilled with 

gelation solution, which allows for controlled gelation of the hydrogel system (Figure 5-5). This is 

imperative for membrane core polymer encapsulation systems (PMCG) since the time in gelation 

solution determines the thickness of the membrane that is formed [2]. The loop reactor also permits 

continuous production of encapsulated cells within spherical hydrogels. This reduces the number of 
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batches that must be performed in order to encapsulate a large batch of isolated islets. Furthermore, the 

time the islets spend in the gelation solution can be controlled to minimize the time islets may be 

exposed to chemicals that may be detrimental to islet functionality [141]. 

 

 

Figure 5-5: Loop reactor for continuous production of hydrogel spheres 

with controlled gelation time. 

Gelation solution is continually circulated through the loop reactor which 

allows for the continuous production of hydrogel spheres. The flow rate of 

the gelation solution determines the amount of time the hydrogel spheres 

are in the gelation solution (gelation time). 

 

The electrostatic system applies a voltage potential between the tip of the nozzle and the surface of the 

gelation bath. Two versions of the electrostatic system (in-house versions) were employed during studies 

(Figure 5-2:B/C). The major benefit to electrostatic encapsulation is its simplicity and reproducibility. It 

can produce homogeneous batches of hydrogel spheres at various sizes simply by altering the applied 
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voltage potential (Figure 5-6). This is possible with very little operator dependency. Once the ideal 

voltage for a specific polymer system is determined, very few adjustments must be made in order to 

produce multiple large batches of homogeneously sized hydrogels. Although there is potential for large 

batches of encapsulated islets, current electrostatic systems must use multiple batches to limit the time 

islets are within the gelation bath. Islets are sensitive cells and cannot be left in the high concentration of 

ions or potentially toxic cross-linkers for too long [141, 142]. Thus it is possible to encapsulate rather 

large batches of islets using electrostatic systems, but this requires some hours of manufacture to 

produce repetitive batches of encapsulated islets. Lastly, the two electrostatic systems employed in 

studies had variable safety precautions for the operator. For one system, the high voltage could only be 

activated once the housing unit was secured, which is safer for the operator and more appropriate for 

clinical practice. The other system employed open encapsulation where the operator may be exposed to 

high voltage. Extreme care was taken when using this system to ensure no operator exposure to high 

voltage. 
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Figure 5-6: Size of Ca2+/Ba2+ alginate microbeads in response to 

voltage variation. 

Relationship between applied voltage (kV) and size of empty microbeads 

(𝜇𝑚). Based on the polynomial regression, applied voltage is negatively 

correlated to microbead size. (n=17 batches; 50 microbeads sized per batch; 

Mean ± SD) 

 

5.1.3 Key technologies to implement into a clinically relevant islet encapsulator 

Each of the encapsulation systems has its benefits and limitations. Ideally, a combination of the best 

apparatuses from each encapsulation system may be ideal for encapsulation of islets. Forming the 

polymer droplets using electrostatic methods would allow for consistently sized hydrogels without the 

necessity of a highly skilled technician. If the electrostatically formed droplets then fell into the loop 

reactor, this would allow for controlled gelation of the hydrogels. This will be important for 

homogeneity of hydrogel formation as well as a reduction in the amount of time islets are exposed to the 

potentially toxic gelation solutions. Lastly, the continuous production associated with the loop reactor 

will allow for very large numbers of islets to be encapsulated quickly but slow enough to allow for 

quality control assurances during encapsulation. 
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5.1.4 Design criteria for novel encapsulator 

An islet encapsulation system should ideally produce uniform, spherical hydrogels, with an integral 

smooth surface at a defined diameter. The hydrogels should exhibit a low polydispersity and consistent 

chemical composition throughout the batch. There should be little operator dependency and little batch 

to batch variation from batches produced on different days and by different technicians. Consistency in 

the manufactured product is critical to confidently define hydrogel characteristics that lead to success or 

failure of the technology [39].  

The number of islet cells per hydrogel should be defined and tightly regulated. Islets are highly 

metabolically active and consume large quantities of oxygen to maintain proper functionality [25]. Too 

many islet cells per hydrogel may exacerbate islet hypoxia in low oxygen environments. Oxygen 

availability may also be dependent on the transplantation site.  The optimal number of islet cells per 

hydrogel is not clearly defined; nonetheless, strict control over this factor would be highly advantageous. 

This may prove difficult as batches of encapsulated islets often exhibit empty hydrogels as well as 

hydrogels with many islets. Islets tend to aggregate during washing steps or are not evenly distributed 

when mixed with the polymer solution. Empty hydrogels are also undesirable by taking up transplant 

real estate. 

Islets should always be fully encapsulated and not protruding from the hydrogels. This is especially 

important since exposed islets compromises the overarching goal of immuno-protection, and may 

initiate a cellular reaction that negatively affects the entire encapsulated islet graft.  

Encapsulation processes that cause stress or damage to intracellular machinery important for insulin 

secretion should be avoided. Physical forces used to control droplet size during islet encapsulation 

should be mild or shown to be well tolerated by islets. Exposure of islets to harsh chemical/gelation 
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environments should be kept to a minimum or shown to be inconsequential. The amount of time islets 

spend out of culture should be kept to a minimum. The hydrogel should also be well tolerated by the 

islets and biocompatible with the host.  

The islet encapsulation system should also have the potential for scalability as up to 500,000 cadaveric 

human islets may be required to be encapsulated in one batch in the future. This is not an easy feat to 

produce this large number of encapsulated islets with a consistent chemical composition and size while 

maintaining gentle manufacture conditions suitable for islets and with a limited time out of culture. 

Lastly, if the machine is to be used in clinical applications, the encapsulation system should satisfy GMP 

standards and regulatory agency specifications. This includes criterion for strict assurance of sterility, 

safety, and reproducibility of a product with adequate quality control measures during manufacture.  

5.2 Apparatus Design: Electrostatic with integrated Loop Reactor (ELR) Encapsulator for 

continuous production of spherical polymer hydrogels with controlled gelation time 

In collaboration with Nisco Engineering, a high precision encapsulation specialty company in 

Switzerland, the best technologies from multiple encapsulation apparatuses were implemented into the 

final design of the ELR encapsulator. The ELR encapsulator was designed to continuously manufacture 

uniform, spherical polymer hydrogels with controlled size and gelation time. Some encapsulators on the 

market can claim such feats, yet many are not suitable for islet encapsulation due to the high shear 

stresses placed on the fragile cell clusters or are limited by production capabilities. Most importantly, the 

ELR encapsulator is designed to be a user friendly device, and once the ideal parameters for 

encapsulation are established, there is little operator dependency on the final product. This is especially 

important when submitting to regulatory agencies like the FDA, where a defined cellular/material 
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product must be thoroughly validated for safety, potency, and reproducibility prior to coming onto the 

market. 

The ELR encapsulator adopts 3 key technologies from previous encapsulation devices. 1) Electrostatic 

encapsulation, which is a user friendly method, reproducible, and requires only minimal adjustments on 

a voltage dial to finely tune droplets to the desired size. 2) Loop reactor gelation, which can be used to 

control the time of gelation of the polymer droplets, and the process can be made continuous through the 

use of a circuit design. 3) Electrostatic ring electrode accelerator, which is an important component that 

allows the first two technologies to be combined in a safe and reproducible manner. The ring electrode 

makes it possible to place the electrostatic potential between the nozzle and accelerator to drive droplet 

formation. The droplets then pass through the orifice in the ring accelerator and fall into the loop reactor 

by gravity (Figure 5-7). 
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Figure 5-7: General diagram of ELR encapsulation 

A voltage potential is placed between the tip of a 

nozzle and the electrostatic accelerator. The 

electrostatic force pulls polymer droplets toward the 

accelerator which can then pass through the opening 

via gravity. The polymer droplets solidify within the 

funnel and loop reactor. 

 

In order to integrate all three of these components into one device, a completely novel encapsulation 

model was created in the ELR Encapsulator (Figure 5-8). The housing unit of the Nisco VAR1 

Electrostatic Encapsulator was enlarged and provided the framework as the base model. Safety features 

were also added to ensure high voltage could only be activated once all openings were secure. The 

control system is accessible on the left to make any fine adjustments that might be required to tune the 

droplet formation during production.  
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Figure 5-8: 3D rendering of the ELR Encapsulator with integrated Loop Reactor 

A) 60 mL glass syringe with customized head for air pressure connection and loading of 

polymer solution. The syringe connects to a nozzle inside the housing unit for droplet 

formation.  

B) Removable syringe holder with integrated safety switch. High voltage is only applied to 

the unit once all openings are secured. 

C) Electrostatic accelerator and nozzle system for voltage dependent polymer droplet 

formation. 

D) Loop reactor where droplets fall into the funnel to become hardened by the gelation 

solution. The loop reactor is continually refilled by gelation solution which provides for 

controlled gelation time as well as continuous production of polymer hydrogel spheres. 

E) Customized support bar to hold nozzle components and loop reactor. Each of the 

supported components can be adjusted vertically and horizontally to a desired distance.  

F) Rear window for LED illumination. The encapsulation unit is backlit with light to better 

visualize droplet sizes as they leave the nozzle. 

G) Collection beaker for capsules as they exit the encapsulation unit and loop reactor. This 

allows for continuous post-processing of capsules and dilution of the gelation solution. 
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The ELR encapsulator works in the following manner. A polymer solution with or without islets is 

loaded into a 60 mL glass syringe using a luer lock connection on top of the syringe. The loading port is 

then attached to a gas regulator which is used to control the flow rate of the polymer solution through 

the nozzle. The main support holds the nozzle, accelerator, and the funnel of the loop reactor. These can 

then be positioned above one another and adjusted vertically and horizontally with measureable 

distances. One adjustable arm branches from the main support to position the nozzle and accelerator. 

Another adjustable arm positions the loop reactor.  

 

 

 

Figure 5-9: Top and side view of Ring Electrode Accelerator 

The accelerator is made of non-conductive PEEK. The metal scoped 

electrode (center) is flanked by two luer lock connectors for the gelation 

solution. Ports connect the metal pieces and allow the accelerator and 

gavage needles to be grounded. 
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Components holding the nozzle and accelerator are made of either electrically conductive stainless steel 

or non-conductive polyether ether ketone (PEEK). This way a voltage potential can be applied between 

the nozzle and accelerator since they are spatially separated by a non-conductive screw (PEEK). The 

accelerator bar is made of PEEK but has a stainless steel orifice (scoped electrode). The polymer 

droplets are attracted toward the scoped electrode, and then fall through the orifice by gravity. The 

scoped electrode is flanked on both sides with two stainless steel luer lock connectors that continually 

feed the loop reactor with gelation solution. All metal components in the accelerator (PEEK) are 

connected to individual metal ports that can be grounded by wires (Figure 5-9). By controlling electrical 

conductance in the system, a voltage potential can be created between the nozzle and accelerator, and 

this is independent of the distance to the gelation solution. After the polymer droplet formation is driven 

by electrostatics, they then fall by gravity into the loop reactor for gelation. 

The loop reactor circulates gelation solution at a constant rate. This rate is dependent on the height of the 

solution in the funnel according to hydrodynamic principles. The height of the solution in the funnel is 

maintained by continually replenishing with gelation solution. Silicon tubing and a two-way splitter 

delivers the gelation solution to the housing unit via an air pressure regulator or peristaltic pump. These 

attach to luer lock connectors on the accelerator bar. The gelation solution is then fed into the funnel 

using 2 bent gavage needles that attach to the bottom of the accelerator bar (Figure 5-10). These are also 

made of metal and ground the gelation solution. Ultimately, the time of gelation for polymer droplets is 

controlled by the flow rate used to feed the loop reactor to an appropriate height.  

Once the polymer droplets have hardened in the loop reactor, they exit the encapsulation housing unit 

into a collection beaker. The collection beaker can be prefilled with a dilution solution to quench 

gelation. In another variation, the collection beaker can be filled with more gelation solution and the 

hydrogels can be collected in a sieve. The sieve can then be transferred to another beaker with gelation 
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solution in order to allow enough time to completely saturate the gel. Once the polymer droplets have 

been cured to the desired amount, they can be processed and placed in culture in the case of 

encapsulated islets. 

One of the benefits to using the ELR Encapsulator is that the morphology and hydrogel size can be 

monitored throughout the encapsulation process. This can be accomplished by taking small samples of 

the hydrogels as they exit the loop reactor, and then evaluating their characteristics under the 

microscope. On a similar note, the rear of the ELR Encapsulator is backlit by LED illumination to better 

visualize droplet sizes as they leave the tip of the nozzle. This is especially important during the start of 

encapsulation to establish the ideal parameters to obtain desired diameters. The LED illumination can 

also be beneficial during the encapsulation process to quickly discern if the process has changed and 

adjustments are needed. 
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Figure 5-10: Diagram of the internal housing unit of the ELR Encapsulator 

A) The 60 mL glass syringe is loaded with the polymer and islet/cell solution and attached 

to an air pressure regulator to control the flow rate to the nozzle. 

B) An adapted arm holds an exchangeable nozzle that extrudes the polymer solution. The 

arm is made of stainless steel and carries the high voltage to the nozzle tip. 

C) Another adapted arm holds the electrostatic accelerator and feeds for the gelation 

solution.  This arm is made of the insulator PEEK with individual ports to ground both the 

electrostatic accelerator and gelation solution. The electric potential created between the 

nozzle tip and accelerator drives the polymer droplet formation, which then fall by gravity 

through the opening in the electrostatic accelerator. 

D) Two metal gavage feeding needles supply the loop reactor with a continuous flow of 

grounded gelation solution. 

E) Once the droplets fall into the funnel of the loop reactor, they circulate through the 

loops by hydrodynamic forces maintained by refilling the gelation solution. The flow rate 

of gelation solution and can be adjusted to control the time of polymer gelation. 

F) After gelation in the loop reactor, the polymer spheres exit the encapsulation unit and 

are collected in a beaker for post-processing. 
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The ELR Encapsulator has the potential for continuous manufacture of hydrogel spheres in large 

batches. This can be accomplished by continually circulating the gelation solution through the use of a 

peristaltic pump and circuit design (Figure 5-11). The peristaltic pump circulates gelation solution 

through the gavage needles and into the funnel of the loop reactor. The loop reactor solidifies the 

hydrogels, which exit into a sieve that is placed on top of the collection beaker. The volume of gelation 

solution in the collection beaker is large enough to keep hydrogels submerged while in the sieve. Once 

the hydrogels are collected in the sieve for an allotted amount of time, the sieve can be exchanged with 

an empty sieve to repeat the process. The sieve containing the hydrogels can be moved to a beaker with 

fresh gelation solution. The hydrogels can then achieve saturation before undergoing washing and 

dilution of the gelation solution. Finally, the hydrogels are complete and can be placed into culture in the 

case of islets. Islets are highly sensitive cells and can withstand only a limited amount of time in the 

gelation solutions, typically about 20 minutes. Since the process is continuous, very large batches of 

encapsulated islets can be produced where all the hydrogels have had enough time to fully saturate 

without overexposure to the gelation solution.  

A key component that allows the circulation of the gelation solution is the submerged yankeur tube in 

the collection beaker. The peristaltic pump pulls up the solution in the collection beaker through the 

yankeur tube. This is then circulated through a closed vessel reservoir so large volumes of gelation 

solution can be added to the system. The gelation solution is then circulated from the reservoir to the 

loop reactor to continue the process. The volume of gelation solution that is added to the circuit may be 

variable yet solution levels in the collection beaker and reservoir should be closely regulated at the start 

of encapsulation.    
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Figure 5-11: Encapsulation Circuit for Continuous Production of Spherical Hydrogels 

A) The polymer solution is extruded through the electrostatic nozzle system and droplet 

size can be monitored by altering the applied voltage using external potentiometers.  

B) The polymer droplets then circulate in the loop reactor with controlled gelation time. 

C) Once solidified, the hydrogels are collected in a sieve. The sieve can then be transferred 

to a beaker filled with fresh gelation solution to ensure appropriate gel saturation. 

Encapsulated cells can then be washed quickly and placed in culture. 

D) The gelation solution circulates through the circuit using a peristaltic pump. By 

controlling the peristaltic circuit flowrate, the flowrate in the loop reactor can also be 

controlled, and most importantly, the gelation time. 

E) It is important to maintain hydrodynamic forces in the circuit in order to circulate the 

gelation solution. Hydrodynamic forces are maintained in the collection beaker using a 

sterile yankauer and tubing that connects to the peristaltic pump. Hydrodynamic forces are 

maintained in the loop reactor by gravity driven circulation. 

F) A gelation solution reservoir is contained in a vessel for sterility purposes as well as the 

maintenance of hydrostatic pressures for large volumes in the circuit. In the case that fresh 

gelation solution is required to feed the loop reactor, the yankauer can inserted into bottles 

of fresh gelation solution and spent gelation solution can be discarded. 
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There are other important factors that must be considered when using a recirculating gelation solution 

system. As the hydrogel forms, some of the molecular components in the gelation solution will become 

depleted since they are used to solidify the gels. A rather small amount of components are consumed per 

volume of polymer; however, appropriate polymer to gelation solution volume ratios should be defined 

for each hydrogel system to ensure homogeneity throughout the final product [142]. As a rule of thumb, 

large volumes of gelation solution should be used if an excess is available. Furthermore, fresh gelation 

solution can always be introduced into the circuit if needed and the depleted solution discarded.  

A problem that often occurs during encapsulation is the formation of tiny satellite hydrogels that then 

stick/gel to the surface of the larger hydrogel spheres. This is not desirable as these satellites 

compromise the spherical integrity of the hydrogel surface, and may create a niche for fibrotic cellular 

attachment. In the case of a recirculating gelation solution system, these satellite hydrogels may pass 

through the collection sieve and become continually circulated throughout the gelation solution. This 

might produce more large hydrogels with satellite protrusions. To remedy this, the reservoir may be 

designed to act as a catch for these satellites by controlling the heights of the inlets and outlets or 

incorporating additional filtration. Furthermore, surface imperfections in encapsulation nozzles are the 

leading cause of satellite formation. Nisco has incorporated state-of-the-art nozzles that are precisely 

polished to eliminate surface imperfections.  

Some polymer/hydrogel systems may require the use of fresh gelation solution. In the particular case of 

membrane/core hydrogels, the time of gelation can be very short (40-50 seconds) and requires 

immediate dilution [2]. For these systems, the peristaltic pump can still be used and the yankeur tube 

should be transferred from bottle to bottle of fresh gelation solution. The reservoir can be made into an 

open container to eliminate bubble formation when transferring the yankeur tube from bottle to bottle. 

After the fresh gelation solution passes through the loop reactor and solidifies the hydrogels, the 
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hydrogels can be quenched in the collection beaker filled with dilution solution. The hydrogels can then 

be collected in a sieve for post-processing, and the spent gelation solution should be discarded. 

A major design criterion for the ELR Encapsulator was to build a clinical grade encapsulation unit. This 

requires the device to satisfy strict sterility standards as well as quality control measures. Quality control 

measures for encapsulation devices include the reproducibility of homogeneously sized hydrogels with a 

uniform chemical make-up. There should be little batch to batch variation for hydrogels manufactured 

on different days. In the case of the ELR encapsulator, components were designed so all distances 

between parts can be measureable. This is important since polymers behave uniquely to their formula 

and parameters such as voltage and distance between parts will subsequently have an effect on each 

individual hydrogel system. However, once the ideal parameters are defined for each hydrogel system, 

there should be very little batch to batch variation and little dependency on the operator. Furthermore, 

sterility can be ensured since the ELR encapsulation system is largely a closed loop circuit. As the loop 

reactor is enclosed within the sterile and closed housing unit, the collection beaker and the yankeur 

tubing are the only openings for potential contamination of the system. Care should be taken to ensure 

these areas remain organized and free of possible sources of contamination. 

5.3 Conclusion: 

The ELR Encapsulator is the first of its kind that can continuously manufacture spherical hydrogels with 

a specified diameter and controlled gelation time. The high-throughput system is very user friendly and 

may be well suited to produce GMP grade, large batches of encapsulated cells for clinical 

transplantation in the future. 
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