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Type 1 diabetes (T1D) is an autoimmune disease in which the patientôs own immune 

system attacks and destroys the insulin-producing beta cells in the pancreas. It is 

estimated that in the US alone there are as many as three million people with T1D, with 

approximately 80 newly diagnosed patients every day. One in every 400 children and 

adolescents in the US has T1D and the rate of T1D incidence among children under the 

age of 14 is estimated to increase by 3% annually worldwide. Current treatments include 

injections and infusion of exogenous insulin and require constant attention and strict 

patient compliance. The transplantation of pancreases or islets offers a better alternative. 

However, its wide application is limited by the need for long-term immunosuppression 

and a persistent shortage of donor organs. Cell encapsulation has been shown to hold 

promise for effective, long-term treatment of T1D. However, encapsulation systems 

developed to date still face various challenges. For example, alginate hydrogel capsules, 

despite their biocompatibility and function, are difficult to retrieve or replace completely 

due to the large number of capsules required for effective treatment and the complicated 

organ structures in the transplantation site (i.e. peritoneal space), contributing to risks 

and concerns in case of transplant failure or medical complications. On the other hand, 

macroscopic devices (e.g. planar diffusion chambers), although considered retrievable, 

are challenging to scale up to a clinically relevant capacity due to their small surface 

area for mass transfer. In this thesis, I present three independent yet correlated research 

projects developing advanced cell encapsulation systems. Firstly, I developed a novel 



 

method to fabricate toroidal particles. Alginate hydrogel toroidal particles have a shorter 

diffusion path within compared to conventional spherical alginate hydrogel particles, 

facilitating mass transport and benefiting encapsulated cells. Secondly, to enhance the 

mechanical robustness of the hydrogel and prevent cells from escaping, I engineered a 

novel nanofiber-enabled encapsulation device by combining electrospun nanofibers 

with biocompatible hydrogel. Last but not least, to further push cell encapsulation 

therapies toward clinical applications, I designed a retrievable and scalable device. I 

demonstrated the therapeutic potential of the device through the correction of 

chemically induced diabetes in C57BL/6 mice using rat islets for 3 months as well as in 

immunodeficient SCID-Beige mice using human islets for 4 months. I further showed, 

as a proof of concept, the scalability and retrievability of the device in dogs. In general, 

these projects may contribute to a cellular therapy for T1D. 
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CHAPTER 1: INTRODUCTION  

1.1 Cell therapy for type 1 diabetes 

Type 1 diabetes (T1D; also known as juvenile diabetes) represents 5-10% of the 

total diabetes population1. It is estimated that in the US alone, there are as many as three 

million people with T1D with approximately 80 newly diagnosed patients every day2. 

One in every 400 children and adolescents in the US has T1D and the rate of T1D 

incidence among children under the age of 14 is estimated to increase by 3% annually 

worldwide3. T1D is an autoimmune disease in which the patientôs overactive immune 

system attacks and destroys the insulin-producing ɓ-cells in the pancreas. Current 

standard treatments include injections or infusion of exogenous insulin, requiring 

constant attention and strict compliance. However, this treatment does not perfectly 

simulate insulin secretion from ɓ-cells; consequently, a patientôs blood glucose levels 

fluctuate despite close monitoring and frequent adjustments of insulin doses4, leading 

to many devastating effects such as blindness, neuropathy, amputations, heart disease 

and stroke5. 

The transplantation of pancreases or islets offers a better alternative and has been 

shown to restore normglycemia6, 7, allowing for tighter blood glucose control. For each 

transplant infusion, researchers use specialized enzymes to remove islets from the 

pancreases of donors. The islets are purified and counted in a lab. Patients typically 

receive two infusions with an average of 400,000 to 500,000 islets per infusion8, 9. Once 

implanted, the beta cells in these islets begin to make and release insulin. The goal of 

the islets transplants are to help those patients who have difficulty in controlling their 
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blood glucose levels to achieve normal blood glucose levels with or without daily 

injections of insulin and to reduce or eliminate hypoglycemia unawareness10. It was 

reported that transplanted human pancreatic islets provide glycemic control, restoration 

of hypoglycemia awareness and protection from severe hypoglycemic events at 2 years 

in more than 70% of patents with previous hypoglycemia unawareness4. 

Unfortunately, the scarcity of donor organs and requirement of life-long 

immunosuppression significantly compromise the widespread application of islet 

transplantation. The required chronic systemic immunosuppression puts patients at risk 

of organ damage, infection and malignancies11. The recent development of human 

embryonic stem cell (hESC) stepwise differentiation leads to an efficient way to provide 

an unlimited supply of ɓ-cells for transplantation. However, there is a concern that 

hESC-derived ɓ-cells may contain undifferentiated stem cells, which may pose some 

regulatory concerns in terms of teratoma formation12. These barriers may be overcome 

by encapsulating islets or hESC-derived ɓ-cells inside an encapsulation device which 

provides physical barriers between transplanted cells and their recipients. These barriers 

permit the bidirectional diffusion of molecules such as the influx of oxygen, nutrients 

and growth factors and the outward diffusion of cell waste products and therapeutic 

proteins (insulin). At the same time, the device prevents immune cells and antibodies 

from destroying the encapsulated cells (Figure 1.1). An ideal islet encapsulation system 

should not only provide ample supply of nutrients and oxygen to sustain survival and 

function of sufficient amount of islets for the maintenance of normal glycaemia, but also 

serve as an immune barrier to prevent sensitization and rejection, and contain any 

potentially tumorigenic cells. 
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One of the first examples of using encapsulated cells for treatment of diabetes 

involved using semi-permeable membrane bags to encapsulate human insulinoma tissue 

and transplant them into rats in 193313. Since then, extensive works have been done, 

and the field of immune-isolated transplantation became established14-16. Recently, 

researchers have successfully demonstrated that hESC can be differentiated to 

pancreatic progenitors or even ɓ-cells in vitro17-19, which attracted more attention to the 

cell encapsulation field. A great deal of effort has focused on investigating the ideal cell 

encapsulation system from many approaches, such as encapsulation materials, site of 

transplantation, configuration of encapsulation device, and methods to improve 

vascularization and immune modulation20. To date, a small number of encapsulation 

systems have been developed and applied clinically; some examples are summarized in 

Table 1.14. Currently there are two major types of islets encapsulation systems: 

microencapsulation and macroencapsulation systems. In this thesis, I will discuss my 

approaches in developing novel cell encapsulation systems in both categories.  
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Figure 1.1. Schematic of cell encapsulation system. 

 

 

 
Figure 1.2. Schematics of different materials and devices for encapsulation of cells or 

cell aggregates. a, Microcapsules; b, Devices made of porous polymer membranes.  



 

6 

 

 

Device or 

method 

Experimental 

intervention 

Properties Trial 

phase 

Ref 

Sernova Cell 

Pouch 

Implantation of 

allogeneic islets into 

the Sernova Cell Pouch 

following pre-

vascularization 

Å Subcutaneous 

Å 2-12 weeks of pre-

vascularization 

I/II  21 

Diabecell Laparoscopic delivery 

of alginate 

encapsulated porcine 

islets 

Å Peritoneal cavity 

Å Immune suppression: no 

Å 2×10,000 IEQ per kg 

deliveries 12 weeks apart; 

(total 20,000 IEQ per kg) 

II  22 

Monolayer 

alginate 

encapsulation 

A monolayer patch of 

alginate encapsulated 

allogeneic islets 

Å Subcutaneous 

Å Immune suppression: 

phase IA=yes; phase IB=no 

Å One 1-3 cm2 patch 

I 23 

Alginate 

encapsulation 

Implantation of 

alginate encapsulated 

allogeneic islets 

Å Peritoneal cavity 

Å Immune suppression: yes 

II  24 

ViaCyte 

Encaptra 

Encaptra containing 

allogeneic hESC-

derived pancreatic 

progenitors 

Å Subcutaneous 

Å2, 4 or 6 Encaptra implants 

I/II  25 

ɓAir artificial 

pancreas 

Macroencapsulation of 

allogeneic islets in ɓair 

that provides oxygen to 

the cells 

Å Peritoneal cavity 

Å Immune suppression: no 

Å Daily O2 injection 

I/II  26 

Thrombin 

plasma gel 

Allogeneic islets are 

suspended in a gel 

formed from 

autologous plasma and 

recombinant thrombin 

Å Omentum 

Å Immune suppression: yes 

Å 5,000 IEQ per kg 

I/II  27 

Table 1.1. Islet and ɓ-cell encapsulation systems currently in clinical trials.4 
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1.2 Microencapsulation system 

Microencapsulation is a process by which small droplets or particles of liquid or 

solid materials are surrounded or coated with a continuous film of polymeric material. 

Capsules in the 0.3-1.5 mm range have been traditionally referred to as microcapsules 

in the cell encapsulation field28. Microencapsulation of islets involves the envelopment 

of one to a few islets within their own individual capsule. The spherical shape of 

microcapsules offers a better diffusion capacity due to the greater surface-to-volume 

ratio. Microcapsules are generally mechanically stable and do not require complex or 

expensive manufacturing procedures. The most common implantation site is the 

peritoneal cavity29. In most cases, microcapsules can be implanted into the patient by a 

simple injection procedure. 

The first described cell microencapsulation dates back to 196430. The first 

attempt of using microcapsules to treat diabetes was made in 1980 by Lim and Sun31, 

where they used alginate-polylysine-polyethyleneimine capsules to encapsulate islets 

and demonstrated the prolonged isograft islet survival up to 3 weeks. In 1984, OôShea 

et al. improved the microcapsule material by removing the polyethyleneimine 

component32. The use of alginate demonstrated substantial improvement by showing 

that the encapsulated islets remained viable for 1 year in one of the five animals used in 

the experiment. Numerous microencapsulation strategies have been shown to be 

effective in rodent diabetes models33, 34. However, successful large animal and clinical 

trials are limited. In recent years, Living Cell Technologies has been conducting clinical 

trials on xenotransplantation of encapsulated porcine islets. However, there has always 
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been concerns about the overall safety of this xenotransplantation approach since 

efficacy data failed to achieve the desired success. 

Researchers have always considered insufficient biocompatibility to be a major 

threat for clinical application of microcapsules. Insufficient biocompatibility of the 

materials applied is the most interpreted cause of the failure of the microencapsulated 

islets graft, where a nonspecific foreign body reaction against the microcapsules results 

in progressive fibrotic overgrowth of the capsules35. This cellular overgrowth interferes 

with the mass transport of the oxygen and nutrient inside the microcapsules and causes 

islet cell death. Consequently, many efforts have been made to identify factors that are 

involved in determining the biocompatibility of microcapsules. 

Many modifications of the encapsulation technology have been reported to 

reduce the host response against alginate-based microcapsules. Over a decade ago, 

researchers found that crude alginate was associated with the cellular overgrowth 

(mostly macrophages and fibroblasts)36. As a consequence, the enveloped therapeutic 

cells experience necrosis due to the insufficient diffusion of the nutrients and oxygen. 

Since then, many efforts have been paid to purify the crude alginate and ultra-pure 

sodium alginate is now commercially available. 

Not only the purity of the alginate but also the composition of the alginate has 

been studied. Alginate molecules are composed of mannuronic (M) and guluronic acids 

(G) and can be crosslinked by divalent ions (such as Ca2+ and Ba2+) through the binding 

of consecutive blocks of G-molecules. By tuning the G/M ratio, some basic properties 

of the resulting hydrogel will change. Theoretically, high-G alginate hydrogel is more 

durable and associated with less islet protrusion37, 38. However, it was found that high-
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G alginate hydrogel microcapsules are associated with more inflammatory reactions 

than intermediate-G alginate hydrogel microcapsules38, 39. 

The size of the microcapsules also plays a significant role in determining the 

success of the encapsulation systems. There has been concern that the conventional size 

of the capsules (600-1,000 µm in diameter) may lead to diffusional limitations, which 

results in core hypoxia and delayed insulin secretion in response to glucose40. Thus, a 

significant amount of effort has been devoted to reducing the size of the encapsulating 

capsules, with the aim of maximizing the surface-to-volume ratio40. As a consequence, 

the conformal coating has arisen as a new encapsulation model for the 

immunoprotection of islets of Langerhans. Various fabrication procedures have been 

developed, including the alginate emulsification method, layer-by-layer assembly and 

the flow-focusing approach40-42. However, although most of the conformal coating 

studies show some success in vitro, most technologies have not achieved success as 

immune barriers in preclinical and clinical models, still requiring systemic 

immunosuppression43. 

Recently, Veiseh et al. found that the overall sizes of the implanted 

microcapsules affect the host recognition and foreign body response. They showed that 

in rodent and non-human primate animal models, implanted spheres 1.5 mm and above 

in diameter significantly abrogate foreign body reactions and fibrosis when compared 

with smaller spheres (Figure 1.3). By using 1.5 mm alginate capsules encapsulating rat 

islets, they were able to restore blood glucose control of streptozotocin (STZ)-treated 

diabetic C57BL/6 mice for up to 180 days, five times longer than the control group with 

0.5 mm alginate capsules44. Moreover, these groups of researchers created a large 
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library of chemically modified alginate and tested the foreign body response of these 

alginate in vivo. It showed that three triazole-containing analogs substantially reduce 

foreign body reactions in both rodents and in non-human primates (Figure 1.4). It is 

claimed that the distribution of the triazole modification creates a unique hydrogel 

surface that inhibits recognition by macrophages and fibrosis deposition45. These 

foreign-body response mitigating alginate derivatives were used to encapsulate human 

embryonic stem cells (hESCs) derived ɓ-cells in capsules and transplanted in STZ 

treated C57BL/6 mice. The implants induced glycemic correction without 

immunosuppression for up to 174 days before retrieval (Figure 1.5)46. 
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Figure 1.3. Increasing alginate sphere size results in reduced cellular deposition and 

fibrosis formation on the spheres. a, Dark-field phase contrast images obtained from 

retrieved spheres reveal a significant decrease in level of cellular overgrowth with 

increase in sphere size. Scale bar, 2 mm. b, Z-stacked confocal images of retrieved 

spheres immunofluorescence stained with DAPI (highlighting cellular nuclei), 

phalloidin (highlighting F-actin) and Ŭ-SMA (highlighting myofibroblast cells). Scale 

bar, 300 µm.44 
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Figure 1.4. Combinatorially modified hydrogels with reduced subcutaneous 

inflammation and fibrosis. a, Scheme for the synthesis of 774 alginate analogs. b, 

Massonôs trichrome (MT) 28-day subcutaneous histology of the top ten alginate analog 

microcapsules and the ultrapure control alginate microcapsules (SLG20, V/S = 

UPVLVG/SLG100 blend); n = 10 (controls) and n = 3 (experimental). Abnormal 

microcapsule morphology is caused by histological processing (dehydration) of the 

tissue. Scale bars, 400 µm.45 
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Figure 1.5. hESCs-derived ɓ-cells encapsulated with modified alginate sustain 

normoglycemia in STZ-treated immune-competent C57BL/6J mice. a, Blood glucose 

levels in STZ-treated C57BL/6 mice implanted with hESCs-derived ɓ-cells 

encapsulated with modified alginate at a dose of 250 clusters/mouse or healthy and non-

transplanted C57BL/6 mice. b, Blood glucose levels of the mice shown in a together 

with a cohort of STZ-treated non-implanted mice that were subjected to an intravenous 

glucose tolerance test (IVGTT) 174 d after implantation. c, Human C-peptide levels in 

the blood of the STZ-treated C57BL/6 mice implanted with hESCs-derived ɓ-cells (used 

in a).46 
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1.3 Macroencapsulation systems 

Macroencapsulation systems are generally much larger devices compared to 

microcapsules. They typically have a planar or cylindrical geometry, and a relatively 

smaller surface-to-volume ratio. In macroencapsulation systems, cells are physically 

isolated from directly interacting with the host tissues by the membrane of the 

encapsulation devices4. These devices rely on the host animalôs own homeostatic 

mechanisms for the control of pH, metabolic waste removal, electrolytes, and nutrients28. 

Macroencapsulation systems can be categorized into two general categories based on 

their association with the host vasculature: intravascular devices and extravascular 

devices. 

Intravascular devices are connected or anastomosed directly to the existing host 

vasculature (Figure 1.6). The islets in these devices are in close contact with the blood 

stream which implies a fast exchange of glucose and insulin and a strict regulation of 

glucose levels47, 48. Although the intravascular devices have shown some degree of 

success in various animal models49, 50, there are some drawbacks (for instance, 

thrombosis, defects of the device, or potential infections) for wide applications in large 

numbers of diabetic patients33.  

The first reported extravascular macroencapsulation devices were developed by 

Algire and co-workers in the 1950s15, 16, 51. Although most of the animal trials using 

these devices were compromised by insufficient oxygen and nutrient diffusion into the 

device, these early works emphasized the importance of the membrane biocompatibility, 

host cell membrane overgrowth, delays in immune rejection of encapsulated tissues and 

prevention of allograft rejection15, 52. Later, in the early 1990s, Baxter healthcare 
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developed a planer cell encapsulation device, which consisted of encapsulated islets 

immobilized in flat membranes fastened to make a sealed chamber53,54. The membrane 

was designed to encourage host vascularization to resolve the critical issue of 

oxygenation. Similar designs of the planer devices have been investigated by different 

research and pharmaceutical groups52. ViaCyte is currently using a similar device called 

Encaptra (Figure 1.7), which has a single membrane that is immunoisolating to protect 

the transplanted cells from direct interaction with immune cells, while allowing oxygen 

and nutrients to diffuse. ViaCyte is carrying out a phase I/II clinical trial for the delivery 

of hESC-derived pancreatic progenitors25. Another approach associated with 

vascularization is the Sernova Cell Pouch55, which aims to pre-vascularize a 

subcutaneous site before the administration of the islets into the pouch56. Sernova is 

doing a phase I/II clinical trial on the implantation of allogeneic islets21. 

It is well known that inadequate oxygen delivery due to a lack of immediate 

angiogenesis after implantation is the key factor limiting the functionality of cell-based 

devices57-59. Insufficient oxygen levels lead to cell apoptosis, particularly for high 

metabolic cells such as ɓ-cells20, 60. Even though vascularization of the implant may 

improve the oxygen concentration within the device, the time required for the formation 

of a fully functional vascularization is too long to maintain islet viability.  Recently, 

Stabler and co-workers developed a novel oxygen-generating biomaterial in the form of 

polydimethylsiloxane (PDMS)-encapsulated solid calcium peroxide, PDMS-CaO2
57. It 

is reported that a single PDMS-CaO2 disk could enhance survival of rat pancreatic islets 

under hypoxic culture conditions (Figure 1.8)57. Since 2005, Beta-O2 has been exploring 

methods to provide exogenous oxygen to the encapsulated islets (Figure 1.9). The 
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device is implanted subcutaneously, with access ports used for daily filling with 

oxygen61. These Beta-O2 studies have been successful in rodents and in large animals61, 

62. More recently, a case reported for this device in a single patient reported persistent 

islet graft function for 10 months with regulated insulin secretion and preserved islet 

morphology without immunosuppression63. 
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Figure 1.6. Schematic illustration of an intravascular device. Islets are enclosed in a 

chamber surrounding a selectively permeable membrane. The device is implanted as a 

shunt in the vascular system.33  

 

 

 

 

Figure 1.7. Schematic of the ViaCyte device.4  
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Figure 1.8. PDMS-CaO2 prevents hypoxia-induced cell death for pancreatic rat islets. a, 

Schematic of oxygen-generating biomaterials, fabricated using PDMS-CaO2. b, 

Photograph of PDMS-CaO2 disk (10-mm diameter; 1-mm height). c, Representative 

confocal z-stacked culture at 0.05 mM oxygen without (control) or with a PDMS-CaO2 

disk. (Scale bars, 100 µm.) 57 
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Figure 1.9. Image and schematic of the Beta-O2 device demonstrating the ports for 

recharging oxygen and the encapsulation device.4 
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1.4 Mass transport kinetics and transplantation site 

The goal of islets transplantation is to reconstitute the physiological glucose 

homeostasis autonomously by the transplanted pancreatic ɓ-cells. Although many 

hormones and neurotransmitters can induce insulin release, glucose is the main 

physiological insulin secretagogue64. It has been shown that in healthy ɓ-cells the 

release of insulin is oscillatory with relatively stable pulses of variable amplitude65, 66. 

It is very challenging to maintain this subtle regulation by using encapsulated islets, 

since the production, secretion and diffusion of insulin through an encapsulation device 

is affected by various biological and physio-chemical factors67, 68. It is reasonable to 

speculate that a larger surface-to-volume ratio is highly desired in any cell encapsulation 

system. In this regard, microencapsulation may naturally be superior to most of the 

macroencapsulation devices. However, the mass transport property is also affected by 

many other complications such as the size of the capsules/devices, the composition of 

the encapsulation materials, the fibrotic overgrowth, and transplantation site. It has been 

shown that insulin infusion into the peritoneal cavity causes a markedly delayed and 

reduced increase in peripheral blood insulin levels when compared to intraportal insulin 

infusion69. 

Besides insulin diffusion, inadequate oxygen delivery due to a lack of immediate 

angiogenesis after implantation is another very important factor which greatly limits the 

functionality of cell encapsulation devices57-59. Insufficient oxygen levels will cause cell 

apoptosis, especially for highly metabolic cells such as ɓ-cells, which will reduce insulin 

production under low oxygen levels70, 71. In a cell encapsulation system, oxygen diffuses 

from the surrounding blood vessels to the device, across the immunobarrier membrane 
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and then diffuse into the encapsulated cells4. Some studies have shown that the diffusion 

distance of the oxygen within the encapsulation materials has to be limited to within a 

few hundred microns72. Given the fact that in order to cure a human T1D patient, 

~500,000 IEQs may be needed73, the loading capacity of the cell encapsulation device 

remains a great challenge. 

The transplantation site for encapsulation device is a controversial and highly 

critical issue to be considered74.The site chosen will not only affect the mass transport 

kinetics mentioned above, but also determine the surgical complications and affect 

patientsô acceptance of the treatment. In clinical islets transplantation, free islets are 

infused into the liver through the portal vein75. In this case, the mass transport, including 

the diffusion of nutrients, oxygen and insulin, matches the physiological route. In the 

case of microencapsulation, the intraperitoneal space is the most popular site for 

transplantation, due to the ease of access via laparoscopy and less restriction of the 

volume to be transplanted (Figure 1.10). Moreover, there are much more body fluids in 

the intraperitoneal space compared to other transplantation sites. It is assumed that the 

deficiency of nutrients and oxygen is less severe when the cells are transplanted 

intraperitoneally. However, in contrast to the situation in rodent and pig models, 

microencapsulated islets transplanted into the peritoneal cavity show a tendency to 

clump in upright nonhuman primates and man due to gravity76. An alternative 

transplantation site for microcapsules is a surgically created omental pouch77. When 

transplanted into the omental pouch, the encapsulated cells are closer to pre-existing 

extensive vasculature and it is relative easy to retrieve the grafted capsules. 
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For macroscopic cell encapsulation devices, the most favorable transplantation 

site is the subcutaneous space. The implantation procedure is less invasive compared to 

implantation in the intraperitoneal space. However, due to the rare vascularization in 

the subcutaneous area, the transplanted cells usually experience poor oxygen supply. 

When encapsulation devices are placed under the skin, they may require an enhanced 

oxygen supply from an external source, as they are impermeable to vascular growth76. 

There are a few studies show beneficial effects of neovascularization pretreatment using 

basic fibroblast growth factors (FGF) in islet transplantation, and demonstrated reversal 

of hyperglycemia up to 3 months in rodents78, 79. Encapsulation devices developed by 

Theracyte and Sernova have a membrane or catheter that can promote vascularization. 

In the Sernova system, a catheter was implanted subcutaneously to induce 

vascularization, upon removal, a prevascularized subcutaneous site was created (Figure 

1.11). Mouse syngeneic islets were transplanted into this prevascularized site and 

normoglycemia was maintained for >100 days.  
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Figure 1.10. Laparoscopic images showing the microcapsules in the intraperitoneal 

space.44 

 

Figure 1.11. Design and characteristics of the subcutaneous device-less cellular 

transplant site.55 
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1.5 Significance of this dissertation 

Cell encapsulation holds great potential as a better treatment for type 1 diabetes. 

Even though extensive efforts have been made in various aspects, and some 

encapsulation systems are already in clinical trials, there are still many challenges 

remaining. For instance, there is an unmet need for an effective way to improve the mass 

transport property of the encapsulation materials, a secured encapsulation device that 

can ensure no cell penetration, and a system that is capable of delivering sufficient cell 

mass while still allowing convenient retrieval or replacement. In this dissertation, I will 

introduce three individual but correlated projects in which I studied the cell 

encapsulation from three different aspects. Firstly, I developed a novel fabrication 

method to prepare non-spherical particles by combining vortex ring formation process 

and gelation/precipitation reactions. Especially, by combining the vortex ring freezing 

method with the electrospray process, I was able to produce toroidal hydrogel particles 

at large scale. These toroidal hydrogel particles, compared to conventional spherical 

particles used in cell encapsulation, have several advantages such as shorter diffusion 

distance within, better deformability and larger surface/volume ratio. Secondly, I 

developed a robust hydrogel-based, nanofiber-enabled encapsulation device (NEED). 

This cell encapsulation device retained the properties of both the hydrogel (e.g. the 

biocompatibility) and the nanofibers (e.g. the mechanical robustness). The facile mass 

transfer was confirmed by encapsulation and culture of different types of cells. 

Additional compartmentalization of the devices enabled paracrine cell co-culture in 

single implantable devices. Lastly, I engineered a retrievable and scalable device termed 

as TRAFFIC (thread-reinforced alginate fiber for islets encapsulation). The mechanical 
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property of the device, critical for handling and retrieval, was much more robust than 

the neat alginate fibers due to the reinforcement of the central thread. I demonstrated 

the therapeutic potential of the device through the correction of chemically induced 

diabetes in C57BL/6 mice using rat islets for 3 months as well as immunodeficient 

SCID-Beige mice using human islets for 4 months. I further showed the scalability and 

retrievability in dogs.  
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CHAPTER 2: DEVELOPING MICROENCAPSULATION SYSTEM WITH 

SHAPED PARTICLES 

2.1 Introduction 

Hydrogel-based microcapsules, due to their large surface to volume ratio, is 

considered advantageous from a mass transport perspective. This microencapsulation 

system has been studied for many years and hundreds of publications with multiple 

successes having been produced in various animal models74. Fibrotic overgrowth is one 

of the most significant challenges limiting the further clinical application of the hydrogel 

microcapsules80. Standard alginate microcapsules are 500-1000 microns in diameter28. 

However, recent studies have shown that increasing the size of intraperitoneally 

implanted alginate capsules from ~500 µm to ~1.5 mm reduced fibrosis44. Unfortunately, 

for the large, spherical particles, mass transfer becomes a problem (e.g., the cells in the 

center of the spheres can experience a lack of nutrients and oxygen).  

Herein, I proposed an alternative way to increase the overall size of the capsules 

and increase the surface to volume ratio at the same time, which is to break the geometry 

topologically. A torus is a surface of revolution made by revolving a small circle, 

diameter d, about an axis. The center of the small circle is displaced by D/2 > d/2 from 

the axis. By this construction, the torus is the Cartesian product of two circles of radium 

d and D (Figure 2.1). The solid whose surface is the torus is called a toroid. Advantages 

of toroidal over spherical geometry derived from surface area to volume ratios (Figure 

2.1). For the toroid, the surface area to volume ratio depends only on the small diameter 

d. Hence, surface area for mass transfer can be controlled independently of the toroid 
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size D. Furthermore, for the same volume, the toroid has greater surface area provided 

d/D < 2/3 (i.e. 4/d > 6/D). In this case, the surface area advantage of a donut translates 

into a mass transfer advantage has been shown in the context of cell 

microencapsulation33. 

A vortex ring is a torus shaped, fluidic region where the fluid spins around an 

imaginary axis line, and vortex rings exist almost ubiquitously in nature and have 

stimulated numerous studies for decades81-84. One simple way to generate a vortex ring 

is to have a droplet impacting the surface of a miscible liquid. When hitting the surface, 

the nearly spherical droplet deforms; during this deformation, many fluid intermediates 

with various intriguing, non-spherical shapes appear, including those resembling 

teardrops, jellyfishes, caps and donuts. 

However, vortex rings rapidly evolve and are often short-lived85, making it 

almost impossible to harvest and utilize them as materials. I hypothesized that if a proper 

ñfreezing eventò exists, it will be possible to fix the unstable liquid vortex rings into 

stable hydrogel or solid microparticles of a defined shape. Through a fine-tuned gelation 

or precipitation process, I showed that I could freeze vortex rings using various materials 

such as nanoclay, alginate, chitosan and nanosilica. I termed these uniform and 

sometimes unprecedented shaped particles vortex ring-derived particles (VRP). 

Among the different shapes of the microVRP, the donut (or toroidal) one is of 

special interests in the cell encapsulation field. Compared to the conventional spherical 

shapes, donut ones have several prominent advantages including a higher surface to 

volume ratio, a shorter diffusion path within, and a better deformability. In this part, I 

demonstrated the several applications of these donut-microVRP including bio-
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encapsulation, 3-D cell culture, and cell free protein production. In addition, I showed 

the successful fabrication of more complicated Janus and core-shell donut-microVRP 

by engineering the electrospray nozzle. The donut-microVRP can also be directionally 

and orderly organized in either linear or planer fashion by taking advantages of their 

unique geometry, paving the way for future assembly of more sophisticated hierarchical 

materials. 

 

Figure 2.1. A comparison of a sphere and a donut (torus). 

  
















































































































































































































