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Type 1 diabetes (T1D) is an autoimmune disease in which the patient’s 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 patient’s overactive immune 

system attacks and destroys the insulin-producing β-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 β-cells; consequently, a patient’s 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 β-cells for transplantation. However, there is a concern that 

hESC-derived β-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 β-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 β-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.  
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Device or 

method 

Experimental 

intervention 

Properties Trial 

phase 

Ref 

Sernova Cell 

Pouch 

Implantation of 

allogeneic islets into 

the Sernova Cell Pouch 

following pre-

vascularization 

• Subcutaneous 

• 2-12 weeks of pre-

vascularization 

I/II 21 

Diabecell Laparoscopic delivery 

of alginate 

encapsulated porcine 

islets 

• Peritoneal cavity 

• Immune suppression: no 

• 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 

• Subcutaneous 

• Immune suppression: 

phase IA=yes; phase IB=no 

• One 1-3 cm2 patch 

I 23 

Alginate 

encapsulation 

Implantation of 

alginate encapsulated 

allogeneic islets 

• Peritoneal cavity 

• Immune suppression: yes 

II 24 

ViaCyte 

Encaptra 

Encaptra containing 

allogeneic hESC-

derived pancreatic 

progenitors 

• Subcutaneous 

•2, 4 or 6 Encaptra implants 

I/II 25 

βAir artificial 

pancreas 

Macroencapsulation of 

allogeneic islets in βair 

that provides oxygen to 

the cells 

• Peritoneal cavity 

• Immune suppression: no 

• Daily O2 injection 

I/II 26 

Thrombin 

plasma gel 

Allogeneic islets are 

suspended in a gel 

formed from 

autologous plasma and 

recombinant thrombin 

• Omentum 

• Immune suppression: yes 

• 5,000 IEQ per kg 

I/II 27 

Table 1.1. Islet and β-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, O’Shea 

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 β-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 α-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, 

Masson’s 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 β-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 β-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 β-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 animal’s 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 β-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  



 

18 

 

 

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 β-cells. Although many 

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

physiological insulin secretagogue64. It has been shown that in healthy β-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 β-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 



 

21 

 

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 

patients’ 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 

“freezing event” 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). 
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2.2 Materials and Methods 

2.2.1 Materials 

All chemicals were used as received. Nanoclay powders (Laponite XLG) were 

received from Southern Clay Products, Inc. Sodium alginate (PRONOVA UP VLVG) 

was purchased from FMC Corporation. Colloidal silica (LUDOX TM HS-40), chitosan 

(low molecular weight), Sodium tripolyphosphate, CaCl2, MgCl2 and acetic acid were 

purchased from Sigma-Aldrich Co. LLC. NaH2PO4 was purchased from J.T. Baker, Inc.  

2.2.2 Preparation of VRP and microVRP  

For nanoclay hydrogel VRP, typically, a droplet of 2% (w/v) nanoclay solution 

was extruded from a syringe needle. The droplet fell from a certain height into a 100 

mM CaCl2 buffer. The viscosity of the nanoclay solution was tuned by changing the 

CaCl2 concentration in the nanoclay solution. For nanoclay hydrogel donut-microVRP, 

a 2% (w/v) nanoclay solution was electrosprayed into the 100 mM CaCl2 solution at a 

voltage of 7.3 kV with a pumping rate of 0.06 mL min-1. The working distance between 

the nozzle and collecting buffer surface was fixed at 4 cm. For typical alginate hydrogel 

donut-microVRP, 2% (w/v) sodium alginate solution was electrosprayed into an 

aqueous buffer of 5 mM CaCl2 and 95 mM MgCl2 at 4.7 kV with a pumping rate of 0.06 

mL min-1. For typical chitosan hydrogel donut-microVRP, 0.5% (w/v) chitosan/acetic 

acid solution was electrosprayed into acetic acid buffer containing 13.6 mM sodium 

tripolyphosphate and 50 mM KH2PO4. Voltage was fixed at 4.8 kV and the pumping 

rate was 0.3 mL min-1. For nanosilica donut-microVRP, silica nanocolloidal solution 

was directly electrosprayed into a 100 mM CaCl2 aqueous buffer at 4.6 kV with a 

pumping rate of 0.06 mL min-1. Other microVRP shapes were obtained by tuning the 
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nanoclay/alginate/chitosan/silica nanocolloidal solution viscosity or electrospraying 

voltage. 

2.2.3 Characterizations 

The samples were characterized by different analytical techniques. Scanning 

electron microscopy (SEM) and energy dispersive spectrometer (EDS) element 

mapping were performed by using a field emission scanning electron micro-analyzer 

(LEO 1550). Optical and fluorescent microscopic images were observed by a digital 

inverted microscope (EVOS fl). Confocal laser scanning microscopy (CLSM) images 

were taken by confocal laser scanning microscope (ZEISS LSM710). High speed 

camera images were captured by a high-speed camera (RedLake HG-XL, Integrated 

Design Tools, Inc.).  

2.2.4 Cell encapsulation 

For cell encapsulation, MDA-MB-231 cells, isolated rat pancreatic islets or 

E.coli were collected by centrifugation, after removing the supernatant, cells or cell 

aggregates were re-suspended into a 2% sodium alginate solution. This cell/alginate 

solution was electrosprayed into the 95 mM MgCl2/ 5 mM CaCl2 buffer. Then, the 

donut-microVRP were collected and washed by PBS for 3 times to remove excess 

crosslinking buffer and transferred into corresponding culture medium.  

2.2.5 Cell-free production of model protein 

In order to produce green fluorescent protein (GFP), 1.4 μg of expression 

plasmid (PIVEX 2.4 containing GFP (5PRIME)) was added to a solution containing 5 

mg of nanoclay hydrogel donut-microVRP, 37.8 μl of cell-free lysate, and 15 μl of 

nuclease free water. Samples were then placed in a BioTek fluorescent plate reader and 
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measured every 30 minutes with an excitation of 488 nm and an emission of 509 nm. In 

order to determine the effect of nanoclay hydrogel donut-microVRP on protein 

expression, samples were done in triplicate and side by side with control samples. All 

samples were then imaged at the 24-hour time point.     

2.3 Results and Discussions 

2.3.1 Fabrication of VRP by freezing vortex rings 

A simple way to form a vortex ring is to drop a droplet into a miscible liquid. In 

a typical process, when a droplet hits the free surface of a miscible liquid at a sufficient 

impact speed, the droplet starts to deform in order to dissipate the energy by curling 

back (see Figure 2.2a for the time sequence). As the edge continues to curl, the center 

of the droplet becomes thinner and thinner. Eventually, when the center is too thin to 

withstand the surface tension, it breaks and a donut-shape is formed (Figure 2.2b).  

To more precisely visualize the vortex ring formation and investigate whether it 

is possible to utilize this process to fabricate novel particles, we need a material that 

allows controllable “freezing” of the vortex ring. We discover that a nanoclay system is 

ideal here because of its unique, controllable gelation properties. The nanoclay 

(Laponite XLG) possess a disk-like structure with a non-homogeneous charge 

distribution: negative charges on the disk surface and positive charges on the rim86. This 

special structure endows nanoclay with unique properties: in deionized water, the 

nanoclay disks are homogeneously distributed; whereas, in the presence of certain ionic 

species, the nanoclay disks pack together to generate a “house-of-cards” structure, 

forming a hydrogel87 (Figure 2.3a). Importantly, the viscosity (~1.7 cP) and surface 

tension (~72 mN·m-1) of the nanoclay solution are well suited for the formation of 
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vortex rings within the crosslinking buffer, since the gelation speed can be precisely 

controlled. We used a high-speed camera to capture a series of images of vortex rings 

formed by a drop of nanoclay solution impacting an aqueous bath, with or without 

gelation reaction (Figure 2.2c). In the case of no gelation (i.e. in a deionized water), the 

droplet moves along while spreading out with the front edges curling back. The shape 

of the droplet is constantly changing, experiencing in order: a teardrop-, jellyfish-, cap- 

and donut-shape. This whole process lasted for a mere 100 milliseconds, and the 

nanoclay solution finally dispersed homogeneously (see the upper row of Figure 2.2c). 

In contrast, in the presence of gelation (i.e., in a 100 mM CaCl2 solution), the vortex 

ring maintains its shape (i.e. formed a VRP) starting from 36 milliseconds (see the 

bottom row of Figure 2.2c). As a result, by tuning the viscosity and impact speed of the 

droplet, we successfully captured the intermediates and produced VRP with various 

intriguing shapes (Figure 2.4a, b). Some of these VRP may be difficult to fabricate using 

other traditional methods such as soft lithography88, 89, microfluidics90 or self-  

assembly91. The formation of each of the VRP was also captured in situ and in real time 

by high-speed camera images (Figure 2.5). Moreover, their unique shapes allow us to 

assemble the VRP in an ordered fashion, for example, into an orientated, close-packed 

monolayer via a strategy similar to a Langmuir-Blodgett deposition (Figure 2.4c). 
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Figure 2.2. Vortex ring formation by droplet dripping. a, Schematic illustration of the 

vortex ring formation process (a water drop striking a water surface). b, Digital image 

of a vortex ring formed by dripping a drop of ink into a water pool. c, High-speed camera 

images of the vortex ring formation process by dripping a drop of nanoclay solution into 

a water pool (upper) and into a crosslinking buffer pool (lower). Scale bars, 3mm (c). 
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Figure 2.3. Characterizations of nanoclay hydrogel donut-microVRP. a, Schematic 

illustration of the gelation process of nanoclay hydrogel. b, c, Confocal microscope 

images of a nanoclay hydrogel donut-microVRP: 3-D reconstruction (b) and a cross-

sectional image(c). d, SEM images of a freeze-dried nanoclay hydrogel donut-

microVRP at different magnifications. Scale bars in (d) (from left to right): 100 μm, 20 

μm, 2 μm. 
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Figure 2.4. Nanoclay hydrogel VRP fromed by free-fall dripping. a-c, Four typical VRP: 

teardrop-, jellyfish-, cap- and donut-ones. 3-D illustration (a), digital images (b) and 

close-packed monolayers (c). Scale bars, 6 mm (f). 
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Figure 2.5. High speed camera images of the formation processes of the nanoclay 

hydrogel VRP. (a) teardrop- (b) jellyfish- (c) cap- and (d) donut-VRP. 
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2.3.2 Mass production of microVRP 

The aforementioned simple dripping experiment proves the feasibility of 

freezing vortex rings at different stages to form various VRP. To reduce their 

dimensions and increase their production rate, we employ an industrially scalable 

electrospraying technique (Figure 2.6a). Briefly, by adding a high voltage electric field 

between the nozzle and the collector, the liquid jet is charged and breaks up into much 

smaller droplets92. Interestingly, the fluid dynamic behavior of smaller droplets 

impacting the crosslinking buffer remains similar to the “simple dripping” case. As a 

result, we easily fabricated nanoclay microVRP (e.g. with the donut shape) at a very 

high rate (> 15,000 VRP min-1) (Figure 2.6b). Both the micro-scale torus shape and the 

nano-scale porous network structure of these donut-microVRP are characterized and 

confirmed (Figure 2.3b-d).  

 Importantly, we discovered that the size and shape of the electrosprayed VRP 

can be well controlled. By simply tuning the voltage, the outer diameter of the donut-

microVRP can be controlled, from around 280 μm to over 1.5 mm (Figure 2.6c). The 

microVRP dimensions are also controllable by tuning the working distance between the 

nozzle and the collecting buffer surface. Moreover, we can control the shapes of the 

microVRP by adjusting the viscosity of the nanoclay solution. Similar to the dripping 

method, we obtained, in addition to the donut-microVRP, three other types including 

teardrop-, jellyfish- and cap-shaped ones, all made with high uniformity and in mass 

numbers (Figure 2.7). 
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Figure 2.6. Mass production and size control of nanoclay hydrogel donut-microVRP. a, 

Schematic illustration of the electrospray setup. b, Microscopic fluorescent images of 

the nanoclay hydrogel donut-microVRP fabricated by electrosparying. For better 

visualization, a fluorescent dye Rhodamine B was mixed in the nanoclay solution. c, 

Size control of the nanoclay hydrogel donut-microVRP: microscopic images and 

corresponding size distribution plots. Scale bars, 2 mm (b); 1 mm (c). 
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Figure 2.7. Shape control of the nanoclay hydrogel microVRP. (From top to bottom) 

schematic illustrations, microscopic images, 3-D confocal microscopic images and 

cross-sectional images. Scale bars: 1 mm. 
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2.3.3 Theoretical analyses and simulation 

To better understand the control of size and shape of the nanoclay microVRP, 

we investigate theoretically how the size of the donut-microVRP or droplets is affected 

by the processing parameters in electrospraying such as the voltage. A classic scaling 

law which is valid for liquids with relatively low viscosities and electrical conductivities 

indicates the relationship between droplet size (D) and voltage (V)92: 

𝐷~𝑉−1/3                             (1) 

This scaling law suggests that the droplet size will decrease as the voltage increases. As 

shown in Figure 2.8a, experimental data are plotted and fitted in this relationship 

assuming the droplet size is proportionally related to the VRP size. The fitting result 

indeed shows a linear relationship with a Coefficient of Determination R2≈0.9816. 

Next, to understand the controllability of the VRP shape, we conducted a series 

of experiments and simulations to study how the properties of the drop before impact 

and after immersion dictated the development of vortex rings. On impact, drop 

deformation is resisted by interfacial tension while, after immersion, VRP formation 

depends on the rate of mixing by invasion of vorticity into vorticity-free regions relative 

to the rate of reaction. Pre-impact ballistics is controlled by Weber (We) and Ohnesorge 

(Oh) numbers while post-impact vortical invasion and reaction is controlled by 

Reynolds (Re) and Damköhler (Da) numbers93, 94, defined as  

𝑊𝑒 ≡
𝜌𝑣2𝑟

𝜎
         (2) 

𝑂ℎ ≡
𝜇

√𝜌𝑟𝜎
         (3) 

𝑅𝑒 ≡
𝜌𝑎𝛾

𝜇
          (4) 
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𝐷𝑎 ≡
𝑘𝐶

𝛾
          (5) 

where ρ is the drop’s density, v is the impact velocity, r is the radius, μ is the dynamic 

viscosity, σ is the surface tension, k is the reaction rate constant, C is the concentration 

of binding sites, and a  is the rate of formation of interfacial area a  between regions 

with and those without vorticity. Rate γ is estimated as a shear rate, from the simulation 

results. We and Oh numbers respectively characterize the strength of inertia and 

viscosity relative to surface tension of the impacting drops. Re and Da numbers 

respectively characterize rates of vorticity generation a  relative to resistance to 

invasion of vorticity by viscosity    and rate of cross-linking kC   relative to 

shear rate  . 

The results from all experiments and simulations are summarized in Figure 2.8b 

and Figure 2.9. According to our experimental and simulation results, with low-We, 

high-Oh and high-Da (i.e. reaction dominates mass transport), the droplet is “frozen” at 

the early stage of vortex ring development and forms a teardrop-VRP. While increasing 

We or decreasing Oh in the intermediate Da range (i.e. reaction and mass transport are 

commensurate), cap- or jellyfish-VRP are obtained. Further increasing We created 

rotating vortices that punctures the cap’s central part to produce a donut-VRP. When 

the We is large (or Oh low) and the Da sufficiently low (i.e. mass transport dominates 

reaction), the particle cannot maintain its shape as a whole due to the reaction rate being 

much slower than the transport, the particle ends up fracturing. Normally, unconstrained 

liquid tori are very unstable and hence difficult to preserve. However, our method points 

out a simple approach of preserving any shape that a drop may form while impacting 
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the free surface of a crosslinking agent. We, Oh, Re and Da are the lumped control 

parameters of solution properties and process. Our work suggests that, regardless what 

materials are used, an appropriate prescription of the four dimensionless numbers in 

principle will allow us to obtain a continuously deformed family of all the shapes 

spanning the developing process of a vortex ring. 

 

 

Figure 2.8. Mechanistic study of the VRP formation process. a, MicroVRP sizes 

controlled by tuning voltage. Error bars in (a) represent one standard deviation of the 

data away from the mean. b, Experimental results and theoretical analysis of the VRP 

shapes for different parameters. 
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Figure 2.9. The axisymmetric simulation results of the vortex ring formation over time 

for five situations. The light blue is the crosslinking bath and the droplet above is the 

nanoclay solution where the color represents the viscosity difference. The nanoclay 

solution is only plotted where there is at least 0.2 wt% nanoclay particles and the grey 

line at the air/solution interface represents where there is equal air-water volume 

fraction. 
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2.3.4 MicroVRP formed with other materials and reactions 

Our modeling and simulation suggests that microVRP can be fabricated from 

other materials as long as the deformation and “freezing” of vortex rings can both be 

controlled. To experimentally test this conclusion, we first chose two popular, 

crosslinkable biopolymers, alginate and chitosan. These two materials have been 

processed into hydrogel particles via electrospraying and they have been extensively 

used for drug and cell deliveries91. However, as in almost all previous studies, 

electrosprayed hydrogel microparticles have been spherical95, 96. This is as expected 

according to our mechanistic studies due to the fact that their gelation reactions are 

relatively fast and that there is no time for the droplets to evolve into vortex rings. For 

instance, alginate droplet stops changing shape 20 milliseconds after impacting a 

conventional crosslinking buffer (Figure 2.10). Decreasing the crosslinking buffer 

concentration may slow down the gelation, but the low concentration ion buffers cannot 

completely crosslink the hydrogel, resulting in fractures (Table 2.1, Table 2.2,).  

Here, in order to control the freezing event, we developed a novel ion-competing 

crosslinking solution containing a primary crosslinking agent (calcium ions for alginate 

or tripolyphosphate for chitosan) and a competing agent (magnesium ions or dihydrogen 

phosphate ions). Since the competing agent has a strong resemblance to the primary one 

but a much weaker crosslinking ability, when the droplet enters the ion-competing 

crosslinking solution, the competing agent competes with the primary one and hence 

slows down the reaction (Figure 2.11a, c). Indeed, using the ion-competing crosslinking 

solutions we successfully created microVRP from both alginate (Figure 2.11b) and 

chitosan (Figure 2.11d). 
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More interestingly, we can fabricate microVRP from inorganic colloidal 

nanoparticles as well. Silica nanocolloidal solution (ca. 50 nm in diameter) is initially 

stabilized in sodium chloride buffer. When the ionic strength is changed, the 

electrostatic homeostasis among the silica nanoparticles is broken, causing the 

nanoparticles to aggregate and precipitate (Figure 2.12a). This precipitation event is 

akin to the gelation event. As a result, by electrospraying the silica nanocolloidal 

solution into an ionic buffer, we also achieved mass production of uniform nanosilica 

jellyfish-, cap- and donut-microVRP (Figure 2.12b). These microVRP have excellent 

stability and rigidity; they remain almost intact after air-drying (Figure 2.12c).  

 

 

Figure 2.10. High speed camera images of an alginate solution impacting the 

conventional crosslinking buffer (100 mM CaCl2 solution). 
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Figure 2.11. MicroVRP fabricated from alginate and chitosan hydrogel. a, Scheme of 

the modified gelation process in the ion-competing crosslinking buffer for alginate. b, 

Alginate hydrogel microVRP, alginate labeled with Alexa Fluor® 488 dye. c, Scheme 

of the modified gelation process for chitosan with the ion-competing crosslinking 

buffer. d, Chitosan hydrogel microVRP. Scale bars, 500 μm (b); 1 mm (d) 
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Figure 2.12. MicroVRP fabricated from nanosilica. a, Scheme of the silica 

nanocolloidal precipitation process. b, Microscopic images of the nanosilica microVRP 

(false-colored). c, SEM images of a dried nanosilica donut-microVRP (false-colored). 

Scale bars, 500 μm (b); 60 μm (c left panel); 100 nm (c right panel). 



 

48 

 

 

Table 2.1. Different shapes of the electrosprayed alginate hydrogel microparticles using 

different crosslinking buffers. 
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Table 2.2. Different shapes of the electrosprayed chitosan hydrogel microparticles using 

different crosslinking buffers. 
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2.3.5 Hydorgel donut-microVRP for bio-encapsulation 

The fact that non-spherical, microVRP can be produced from a wide range of 

materials makes them not only fundamentally intriguing but also practically useful for 

real-world applications. For example, the donut-microVRP have several advantages 

over the spherical particles such as a larger surface area per volume, a shorter diffusion 

pathway within and sometimes a better deformability. These unique advantages 

combined with the tunable chemical composition make the donut-microVRP an 

interesting class of material for bio-encapsulation applications. 

As a first proof-of-concept, we employed the nanoclay hydrogel donut-

microVRP to encapsulate DNA molecules (Figure 2.13a) for improved cell-free protein 

production. Our previous work shows that the bulk nanoclay hydrogel protects DNA 

from DNase and hence enhance the cell-free protein production yield87. Compared to 

bulk nanoclay hydrogel, the donut-microVRP have a much higher surface area for mass 

transfer and are therefore ideal for protein production applications. Here, using a green 

fluorescent protein (GFP) as a reporter, the nanoclay donut-microVRP-DNA group 

produces more than three times the amount of GFP than the conventional solution-phase 

system (SPS) (Figure 2.13b, c).  

Next, we demonstrate efficient encapsulation of cells (both prokaryotes and 

eukaryotes) in hydrogel donut-microVRP. GFP-expressing E.coli cells were 

encapsulated in the nanoclay hydrogel donut-microVRP (Figure 2.14a). Additionally, 

we encapsulated mammalian cells or cell aggregates in alginate hydrogel donut-VRP 

(Figure 2.14b, c). Alginate hydrogel has been widely used for cell encapsulation for 

various applications such as type 1 diabetes treatment97-99. The hydrogel provides an 
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immuno-isolated environment for cells while allowing nutrients, oxygen and 

therapeutics to freely diffuse in and out. For decades, almost all previous works have 

used spherical alginate particles, typically with a diameter of 500-600 μm. However, 

recent studies have shown that it is actually more desirable to use larger size particles 

(about 1.5mm or larger in diameter) for cell delivery because these larger particles 

generate less foreign body responses upon implantation44. Unfortunately, for the large, 

spherical particles, mass transfer becomes a real problem (e.g., the cells in the center of 

the spheres can experience the lack of nutrients and oxygen). The non-spherical, donut-

VRP, on the other hand, are promising candidates to replace the spherical particles due 

to their larger surface area and shorter diffusion pathway within (i.e. decoupling of the 

overall dimension and the diffusion distance). To prove the concept, we encapsulated 

MDA-MB-231 cells, a human breast cancer cell line, in both alginate hydrogel spherical 

particles and donut-VRP. After four days of culture, the cells in the center of the 

spherical particles started to die, while the cells in the donut-VRP remained mostly alive 

(Figure 2.15). Encouraged by this result, we further demonstrate the feasibility of 

encapsulating rat pancreatic islets in the alginate hydrogel donut-VRP. The 

encapsulated islets again showed promising viability after 2 days in vitro culture (Figure 

2.14c).  
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Figure 2.13. DNA encapsulation and cell-free production using nanoclay hydrogel 

donut micro-VRP a, A nanoclay hydrogel donut-microVRP encapsulating plasmid 

DNA: bright-field image and fluorescent image (stained with GelGreenTM). b, Kinetic 

curve of the GFP fluorescence from cell-free protein production. Error bars in (b) 

represent one standard deviation of the data away from the mean. c, Fluorescent images 

of the reaction wells of cell-free protein production with (left) or without (right) 

nanoclay donut-microVRP. Scale bars, 400 μm. 
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Figure 2.14. Cell encapsulation using donut-micro-VRP. a, A nanoclay hydrogel donut-

microVRP encapsulating bacteria: bright-field image and fluorescent image (GFP 

expressing E.coli). b, Alginate hydrogel donut-microVRP encapsulating MDA-MB-231 

cells that express Tomato red. c, Rat pancreatic islets encapsulated in the alginate donut-

VRP. Scale bars, 400 μm (a, b right panel); 2 mm (b left panel, c) 
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Figure 2.15. Mass transport property study. MDA-MB-231 cells were encapsulated in 

(a) a spherical alginate particle and (b) an alginate donut-VRP. Cells were stained with 

calcium-AM (green, live) and ethidium homodimer (red, dead). 
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2.3.6 Composite, compartmentalized or directionally assembled donut-microVRP  

Composite materials often possess unique properties due to synergistic 

combination of the characteristics of the components. They have been widely used in 

applications such as catalysis, sensing, actuation, computation and communications100. 

To further enhance and diversify the properties and functionalities of the donut-

microVRP, we applied the approach of “freezing” to make VRP with even more 

complicated compositions and structures. First, we demonstrate two different kinds of 

donut-microVRP made from composite materials: nanoclay/nanosilica and 

nanoclay/alginate (Figure 2.16a). Addition of nanosilica or alginate improves the 

mechanical strength of the microVRP while maintaining the special characteristics of 

the nanoclay hydrogel such as enhancement of cell-free protein production. This 

combination can potentially make the nanoclay/nanosilica donut-microVRP applicable 

for packing a packed bed reactor for continuous cell-free protein production. In addition, 

we also doped other materials into the current donut-microVRP to introduce new 

properties. For examples, Fe3O4 nanoparticles were doped in the nanosilica or nanoclay 

matrix to prepare magnetic donut-microVRP (Figure 2.16b), which can be manipulated 

using an external magnetic field and potentially used as building blocks for novel 

stimuli-response materials101. 

 Next, by taking advantage of the unique donut-shape, we directionally 

assembled the donut-microVRP in either one or two dimensions into supra-structures. 

For 1-D assembly, we made use of the holes of the donut-microVRP. As shown in the 

scheme in Figure 2.16c, several Nylon short strings were fixed perpendicular to the air-

solution interface. When the donut-microVRP formed, they were threaded into Nylon 
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strings and captured in situ into 1-D assemblies (Figure 2.16c). For 2-D assembly, we 

assembled the magnetic donut-microVRP into a close-packed monolayer with 

hexagonal packing symmetry by a combination of magnetic field and a monolayer 

assembly strategy similar to that used in making Langmuir-Blodgett films (Figure 

2.16d). 

 Moreover, by engineering the nozzle used in electrospraying, we fabricated 

donut-microVRP with compartmentalized structures. As shown in Figure 2.15e, the 

Janus alginate hydrogel donut-microVRP are produced by using a side-by-side nozzle. 

Core-shell alginate hydrogel donut-microVRP are also successfully prepared by using 

a core-shell nozzle (Figure 2.16f). These bi-compartmental donut-microVRP may find 

a wide range of applications in biomedical applications, such as co-culture and co-

delivery of different types of cells. Additionally, we show another example of magnetic 

field-assisted directional assembly of Janus donut-microVRP. Janus donut-microVRP 

with half nanosilica and half nanosilica/Fe3O4 nanoparticles are prepared using a side-

by-side nozzle. They are aligned under an external magnetic field. Due to their 

asymmetric magnetic property, all the donut-microVRP are oriented in the same 

direction with the magnetic field (Figure 2.16g).  
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Figure 2.16. Composite and assembly of donut-microVRP. a, Donut-microVRP made 

from composite materials: nanoclay/nanosilica, nanoclay/alginate. b, Magnetic donut-

microVRP: nanosilica/Fe3O4 nanoparticles and nanoclay/Fe3O4 nanoparticles. c, 

Schematic illustration of the assembly process and a microscopic image of the 1-D 

structure made from nanoclay hydrogel donut-microVRP. d, Schematic illustration of 

the assembly process and a microscopic image of the 2-D structure made from magnetic 

nanoclay hydrogel donut-microVRP. e, Schematic illustration of the nozzle design and 

a microscopic image of the Janus donut-microVRP. f, Schematic illustration of the 

nozzle design and a microscopic image of the core-shell donut-microVRP. g, 

Directional assembly of the Janus magnetic nanosilica donut-microVRP; the arrow 

indicating the direction of the magnetic field. Scale bars, 400 μm (a, b); 2 mm (c, d, f); 

1 mm (e, g). 
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2.4 Conclusion 

 Compared with spherical particles, non-spherical particles have received much 

less attention in the materials community. However, non-spherical particles such as the 

donut-shaped ones are often advantageous due to their larger surface areas and shorter 

diffusion distances. Therefore, mass production of non-spherical particles with 

controlled dimensions and geometries from different materials will have important 

implications in fields ranging from catalysis to therapeutic delivery. Here, we report, for 

the first time, the creation of a new class of non-spherical particles, vortex ring-derived 

particles. By combining the ubiquitous vortex ring phenomenon with rationally 

designed freezing events, we develop a universal, robust and scalable method to produce 

uniform VRP from a variety of materials. Mechanistic studies reveal two critical 

timescales that determined the VRP shape: the timescale of the vortex ring development 

and the timescale of the gelation or precipitation process. In order for the VRP to form, 

the solution properties and process parameters must be well tuned such that the fast 

evolving vortex rings can be frozen at different stages. Among the various VRP, the 

donut-VRP are of particular interest and their diverse applications in bio-encapsulation 

and cell-free protein production are demonstrated. Further engineering of donut-VRP to 

include compartmentalization and directional assembling are all achieved, creating 

opportunities to design and engineer VRP-based novel materials that have not been 

attainable using conventional methods.  
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CHAPTER 3: DEVELOPING ROBUST, HYDROGEL-BASED, NANOFIBER-

ENABLED ENCAPSULATION DEVICES FOR CELL THERAPIES 

3.1 Introduction 

Even though microcapsules are easy to implant and have large surface areas for 

mass transfer, and tremendous promising results have been reported. One concern is 

that after these microcapsules are implanted, often in the peritoneal cavity in large 

numbers (~100,000 for a human) 52, 102, it is difficult or nearly impossible to completely 

retrieve or replace them in the event of transplant failure or medical complication4, 52, 

103. In addition, it is challenging to control the locations of the cells within the 

microcapsules, leading to incomplete encapsulation and inadequate immunoprotection. 

Lastly, the microcapsules sometimes tend to clump over time in the body, deteriorating 

the mass transfer 37. 

To this end, macroscopic hydrogel devices such as long fibers 104 and thin 

sheets105 have recently been proposed as alternative formats for cell encapsulations. 

However, the intrinsic softness of hydrogels due to the large water content (>95%) and 

the high aspect ratios of these macrodevices make the mechanical durability a potential 

concern for long-term clinical uses. In fact, most hydrogels that are suitable for cellular 

engineering applications 106, 107 (i.e. with large water contents and high diffusion rates) 

tend to have relatively low mechanical strength, as compared to typical plastics or 

rubbers108, 109. Robust mechanical properties are particularly desirable for cell 

encapsulation because the devices are intended for long-term use in the body. Numerous 

approaches have been reported to improve the mechanical properties of hydrogels, most 
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commonly through increase of crosslinking densities 110 or incorporation of additional 

chemically crosslinked networks 109, 111, 112.  

Here, we report a physical approach to fabricate robust hydrogel-based, 

nanofiber-enabled encapsulation devices (or NEEDs) for cell encapsulation. To make 

the NEEDs, we make use of the capillary-driven wicking phenomenon and infiltrate the 

nanofibrous walls of pre-made electrospun tubes or chambers with hydrogel precursor 

solutions. The precursors are held in place by the capillary force and the NEEDs, either 

tubular or planer, are obtained by a subsequent hydrogel crosslinking. This approach is 

simple, broadly applicable and does not alter the water content or the intrinsic chemistry 

of the hydrogels.  

The NEED design takes advantages of the mechanical strength and the unique, 

fine pore structures of the electrospun nanofiber membranes. Electrospun nanofibers are 

a versatile class of material that have various attractive properties for use as 

biomaterials113, 114 such as small fiber size (~10 nm – 10 μm), high porosity (>90%), 

large surface area (~ 10 m2/g), and interconnected pore structures (~ 1μm). Depending 

on the chemical compositions, they also have tunable material properties including 

mechanical strength, biodegradability and wettability113-115. It has been shown that by 

controlling how they are collected during the electrospinning process it is possible to 

engineer the nanofibers into macroscopic devices such as microwell chips116 or 

microtubes117, 118. Given these unique properties, electrospun nanofibers provide an 

enabling platform to engineer the next generation of hydrogel-based cell encapsulation 

devices. 

The NEEDs have several advantages for cell encapsulation. First, the nanofiber 
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membranes as the scaffolds of the device walls provide the necessary mechanical 

strength and prevent any potential breakage or cell leakage while still allowing adequate 

mass transfer. Second, the hydrogel as the device exterior reinforced by the nanofibers 

through mechanical interlocking provide the necessary biocompatibility and 

immunoprotection. Third, the NEEDs can be pre-fabricated and the cells can be loaded 

in a custom designed fashion, for example, by dispersing the cells in physiologically 

relevant extracellular matrices (ECM)119. This way, the device exterior hydrogel that 

interacts with the body when transplanted and the ECM hydrogel in the internal 

compartment that interacts with the cells can be decoupled and independently designed. 

Finally, multiple compartments can be engineered into a single NEED, which can then 

be used for complex cell encapsulation, co-culture and delivery.  

In this work, we successfully fabricated the NEEDs with different hydrogel 

chemistries and compartmentalizations. Through tensile tests, we confirmed their robust 

mechanical properties. Using model cells, we demonstrated the facile mass transfer and 

flexible cell loading in single or multiple compartments with control over the cell-

dispersing matrix. Lastly, we evaluated the potential application of the devices by 

encapsulating and delivering insulin-producing rat pancreatic islets into a chemically-

induced diabetic mouse model. The diabetes was corrected for the duration of the 

experiment (8 weeks) right before the implants were retrieved. The retrieved devices 

showed minimal fibrosis according to histological studies and as expected, live and 

functional islets were observed within the devices. This work provides a proof of 

concept for the NEEDs as a new platform for potential cell encapsulation therapies. 
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3.2 Materials and Methods 

3.2.1 Chemicals 

Poly (caprolactam) (Nylon 6), polysulfone (PSU), polyacrylonitrile (PAN) and 

polycaprolactone (PCL) were purchased from Scientific Polymer Products, Inc. 

(Ontario, NY). Formic acid, N,N-Dimethylformamide (DMF), dichloromethane(DCM), 

N,N-Dmethylacetamide(DMAc), poly(ethylene glycol) diacrylate (PEG-DA), 2-

hydroxy-2-methylpropiophenone, CaCl2 and BaCl2 were purchased from Sigma-

Aldrich Co. (St. Louis, MO). Sodium alginate was purchased from FMC BioPolymer 

Co. (Philadelphia, PA). All reagents were purchased and used as received without 

further purification. 

3.2.2 Animals 

Immune-competent male C57BL/6 mice were obtained from Jackson Lab and 

Sprague-Dawley rats were obtained from Charles River Laboratories. All animal 

procedures were approved by the Cornell Institutional Animal Care and Use Committee. 

3.2.3 Fabrication of electrospun nanofiber tubes or chambers 

In a typical procedure for electrospinning, a solution of 20% (w/v) Nylon 6 in 

formic acid was used. The nanofibers were spun at 20 kV (Gamma High Voltage, 

Ormand Beach, FL) with a pumping rate of 0.001 mL/min (Harvard Apparatus, MA) 

and with a 16G 1” blunt needle as the spinneret. Working distance was fixed at 25 cm. 

A rotating target (i.e. aluminum rods with diameters ranging from 0.32 mm to 2.41 mm 

or aluminum plates with various dimensions) was placed in the path of the polymer 

solution jet. The rod was connected to an AV motor controlled by rheostat (VWR) and 

rotated at 400~500 rpm. After electrospinning process, the nanofibrous tubes or 
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chambers were removed from the template and cut into desired lengths, or placed in a 

hydrogel precursor solution to make NEEDs (see 2.4 below). For other polymer 

nanofibers, the solutions and electrospinning conditions are summarized in Table 1. To 

fabricate the multi-compartmental nanofiber tubes; firstly, nanofibers were collected on 

several rotating targets. Then, these collecting targets were bundled together and used 

to collect electrospun nanofibers again. When finished, nanofiber devices with multiple 

compartments were removed from the collecting target and cut into desired lengths. 

3.2.4 Fabrication of NEEDs 

The as-prepared electrospun nanofiber device (tubular or planar, in the presence 

of the template) was submerged in a 2% (w/v) solution of SLG20 alginate dissolved in 

0.8% (w/v) NaCl solution. The whole setup was put in a vacuum chamber for degasing 

for 15 min to ensure the full impregnation of the alginate solution into the interstitial 

space of the nanofiber membrane. The alginate was then cross-linked by submerging 

the device into a BaCl2/Mannitol/HEPES solution (BaCl2: 20mM, D-Mannitol: 

250mM, KCl: 2mM, HEPES: 10mM). The NEEDs were washed with 1X PBS for 3 

times and were ready to use. Devices based on chitosan and collagen hydrogels were 

similarly prepared. The chitosan was crosslinked with a triphosphate solution and the 

collagen by neutralizing the pH and incubation at 37 oC. For PEG hydrogel device, a 

PEG precursor solution composed of 2-hydroxy-2-methylpropiophenone: PEG-

diacrylate (PEG-DA): water (0.5:50:50 wt:wt:wt) was prepared first. Then a nanofiber 

tube was submerged in the PEG-DA solution and degased in a vacuum chamber for 15 

min. The device with impregnated PEG precursor was put in the UV crosslinker 

(Spectronics, XL-1000) and exposed to UV radiation (325nm) for 300 mJ/cm2. 
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3.2.5 Characterizations 

The samples were characterized by different analytical techniques. Scanning 

electron microscopy (SEM) was performed by using a field emission scanning electron 

micro-analyzer (LEO 1550). Optical and fluorescent microscopic images were observed 

by a digital inverted microscope (EVOS fl). Conventional macro-tensile measurements 

were performed using a dynamic mechanical thermal analysis (DMA Q800). All 

samples were mounted between holders at a distance of ~1.5 cm. Tensile testing was 

conducted at a rate of 0.5 N/min at room temperature (23° C). Stress (MPa) and strain 

(%) were automatically calculated by the software. 

3.2.6 Cell viability assay-MTT 

Cell proliferation analysis was performed using a colorimetric methyl thiazolyl 

tetrazolium (MTT) assay. Cells were seeded in a 24-well plate at a density of 1 × 104 

cells per well. Same amount of cells was encapsulated in NEEDs. When performing the 

assay, the medium was removed. Cells were washed 3 times with PBS (pH = 7.4) and 

then 5 mg/mL MTT was added to each well and incubated for 4h. The formazan product 

was dissolved in 200 μL detergent reagent for 4h and the absorbance was read at 570nm 

with Absorbance Microplate Reader (BioTek Synergy 4). 

3.2.7 Rat islet isolation and purification 

Sprague-Dawley rats from Charles River Laboratories weighing approximately 

300 grams were used for harvesting islets. All rats were anesthetized using 3% 

isofluorane in oxygen and maintained at the same rate throughout the procedure. 

Isolation surgeries were performed as described by Lacy and Kostianovsky120. Briefly, 

the bile duct was cannulated and the pancreas was distended by an in vivo injection of 
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0.15% Liberase (Research Grade, Roche) in RPMI 1640 media solution. The pancreas 

was digested a 37 °C water bath for 30 minutes. The digestion was stopped by adding 

10−15 mL of cold M199 media with 10% heat-inactivated fetal bovine serum and a 

slight shaking. Digested pancreases were washed twice in the same aforementioned 

M199 media, filtered through a 450 μm sieve, and then resuspended in a Histopaque 

1077 (Sigma)/M199 media gradient and centrifuged at 1,700 RCF at 4 °C. Depending 

on the thickness of the islet layer that was formed within the gradient, this step was 

repeated for higher purity islets. Finally, the islets were collected from the gradient and 

further isolated by a series of gravity sedimentations, in which each supernatant was 

discarded after four minutes of settling. Purified islets were hand-counted by aliquot 

under a light microscope and then washed three times in sterile 1X phosphate-buffered 

saline. Islets were then washed once in RPMI 1640 media with 10% heat-inactivated 

fetal bovine serum and 1% penicillin/streptomycin, and cultured in this medium 

overnight for further use. 

3.2.8 Islets encapsulation 

Immediately prior to encapsulation, the cultured islets were centrifuged at 1400 

rpm for 1 minute and washed with Ca-Free Krebs-Henseleit (KH) Buffer (4.7 mM KCl, 

25 mM HEPES, 1.2 mM KH2PO4, 1.2 mM MgSO4 × 7H2O, 135 mM NaCl, pH ≈ 7.4, 

osmotic pressure ≈ 290 mOsm). After the wash, the islets were centrifuged again and 

all supernatant was aspirated. The islet pellet was then re-suspended in Matrigel (TM) 

(BD Biosciences) solution at desired islet number density. The islet suspended Matrigel 

(TM) solution was injected into NEEDs by using a precooled syringe, then the open end 

of the device was sealed by adding a small drop of Nylon 6/formic acid solution and 
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further coated with alginate hydrogel. Then the NEEDs were washed 4 times with 

HEPES buffer and 2 times with RPMI Medium 1640 and cultured overnight at 37 °C 

for transplantation. As the islets had variable sizes (50 – 400 μm) and the total number 

of encapsulated islets were converted into islet equivalences (IE, normalized to 150 μm 

size) based on a previously published method121. 

3.2.9 Insulin secretion from encapsulated islets on glucose stimulation 

Functional assessment of encapsulated islets was tested via static glucose-

stimulated insulin secretion (GSIS) assay. The Krebs Ringer Bicarbonate (KRB) buffer 

(2.6 mmol/l CaCl2/2H2O, 1.2 mmol/l MgSO4/7H2O, 1.2 mmol/l KH2PO4, 4.9 mmol/l 

KCl, 98.5 mmol/l NaCl, and 25.9 mmol/l NaHCO3 (all from Sigma-Aldrich, St. Louis, 

MO) supplemented with 20 mmol/l HEPES/Na-HEPES (Roche, Indianapolis, IN) and 

0.1% BSA (Serological, Norcross, GA), was prepared beforehand. Islets encapsulated 

in NEEDs were incubated for 2h in KRB buffer at 37°C, 5% CO2, and then incubated 

for 75 min with 2.8 mM or 16.7 mM glucose in the same conditions. Insulin 

concentration in the buffer solutions was determined by using ultrasensitive mouse/rat 

insulin ELISA kit (Crystal Chem) per supplier’s protocols. Briefly, 5μl of the sample 

(or mouse insulin standard) together with 95μl diluent buffer was put into the wells of 

insulin-capture-antibody pre-coated plates, and incubated for 2 hours at 4°C. After a 

thorough wash, 100μl of anti-insulin enzyme conjugate was applied to each well for a 

40-minute incubation. Then 100μl of enzyme substrate solution per well was added into 

the washed plate to develop an optimal blue color. Absorbance of reaction solution at 

450 nm was measured in the Synergy plate reader (Biotek). Data were plotted against 

the standard curve of serial dilutions of insulin. 
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3.2.10 Transplantation 

Immuno-competent male C57BL/6 mice were utilized for transplantation. To 

create insulin-dependent diabetic mice, healthy C57BL/6 mice were treated (50 mg/kg 

mouse) with freshly prepared Streptozocin (STZ) (Sigma-Aldrich) solution (7.5 mg/ml 

in sodium citrate buffer solution) for 5 consecutive days. The blood glucose levels of 

all the mice were retested prior to transplantation. Only mice whose non-fasted blood 

glucose levels were above 300 mg/dL were considered diabetic and underwent 

transplantation. The mice were anesthetized using 3% isofluorane in oxygen and 

maintained at the same rate throughout the procedure. Preoperatively, all mice received 

0.3 mL of 0.9% saline subcutaneously to prevent dehydration. The abdomens of the 

mice were shaved and alternately scrubbed with betadine and isopropyl alcohol to create 

a sterile field before being transferred to the surgical field. A ~1 mm incision was made 

along the midline of the abdomen and the peritoneum was exposed using blunt 

dissection. The peritoneum was then grasped with forceps and a ~1 mm incision was 

made. The device was then inserted into the peritoneal cavity through the incision. The 

incision was closed using 5-0 taper tipped polydioxanone (PDS II) absorbable sutures. 

The skin was then closed over the incision using a wound clip.  

3.2.11 Blood glucose monitoring 

Blood glucose levels were monitored three times a week following the transplant 

surgery. A small drop of blood was collected from the tail vein using a lancet and tested 

using a commercial glucometer (Clarity One, Clarity Diagnostic Test Group, Boca 

Raton, FL). Mice with unfasted blood glucose levels below 200 mg/dL were considered 

normoglycemic.  
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3.2.12 Histological analysis 

The retrieved devices were fixed in 4% paraformaldehyde, embedded in paraffin, 

and sectioned by the Cornell Histology Core Facility. Ten-micrometer-thick paraffin 

sections were stained with hematoxylin/eosin. For staining of insulin with 

immunofluorescence, paraffin-embedded sections were rehydrated by sequentially 

washing in xylene, 100%, 95%, 75% ethanol and water. Then slides were boiled in 1mM 

EDTA for antigen exposure. After blocking, primary Guinea pig anti-rat insulin 

antibody (Linco, 1:200) were applied and incubated overnight at 4°C, followed with 

wash and incubation with FITC-conjugated Donkey anti-Guinea pig IgG (Jackson 

Immunoresearch, 1:200). Slides were washed twice with water, applied with 

antifade/DAPI and covered with coverslips. Fluorescence Images were captured under 

a Zeiss LSM710 confocal microscope at Cornell Biotechnology Resource Center 

Imaging Facility.  

3.3. Results and Discussion 

3.3.1 Fabrication and characterization of NEEDs 

To fabricate the tubular NEEDs, we first electrospun nanofibers directly onto a 

rotating aluminum rod, as shown in Figure 3.1a, to form nanofibrous tubes117, 118. 

Different polymers (Figure 3.2) could be spun, and we chose Nylon due to its excellent 

mechanical property and wide usage as a clinically approved suture material. The tubes 

in the presence of the rod template were then placed in a hydrogel precursor solution 

such as alginate in a vacuum chamber for wicking (see Figure 3.1b for a schematic). 

The vacuum could remove any air trapped in the viscous solution and the nanofiber 

membrane, and therefore facilitate the wicking. The wicking of liquid into a porous 
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medium is a well-studied phenomenon. For example, when a porous medium is assumed 

to consist of a bundle of parallel capillary tubes of diameter D in which the liquid 

follows the Hagen-Poiseuille flow and the effect of gravity is neglected, then how far 

the liquid can penetrate the porous medium (L) at time t is described by the Washburn 

equation122: L=[γDcos(θ)t/(4μ)]1/2 where γ is the liquid surface tension, θ is the contact 

angle of the liquid on a smooth surface made of the medium material, and μ is the liquid 

viscosity. From this equation, it is obvious that the wicking occurs when θ < 90o. With 

a water contact angle of ~60o on smooth Nylon polymer surface, the surface tension-

driven wicking enables the infiltration of alginate solution into the porous walls of the 

nanofibrous devices. To confirm the infiltration and visualize the hybrid structures of 

NEEDs, we incorporated a Rhodamine (red) fluorescent dye into the Nylon nanofibers 

and covalently labeled alginate with an Alexa Fluor (green) dye, as shown in Figure 

3.1c-e. Similarly and more interestingly, NEEDs with more complex, 

multicompartmental structures (Figure 3.1f) can be fabricated by wrapping several tubes 

together through an additional nanofiber deposition. The different compartments in the 

NEEDs are separated by robust nanofiber/hydrogel hybrid membranes that prevent the 

direct cell contacts but allow chemokine/cytokine exchanges. Therefore, these devices 

may find applications for paracrine cell co-cultures and co-delivery of multiple types of 

cells.  

The thickness of the nanofibrous walls of the electrospun tubes can be tuned by 

adjusting the deposition time, while the inner diameter of the tubes can be controlled by 

changing the diameter of the rod template. Nanofibrous Nylon tubes with different 

diameters ranging from 300 μm to 3 mm and wall thickness of ~ 20 μm were fabricated 
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and shown in Figure 3.3a. The devices with multiple (2 to 4) compartments were also 

demonstrated. Figure 3.3b shows scanning electron microscopy (SEM) images of an 

electrospun Nylon tube and its nanofibrous walls. The average diameter of individual 

Nylon fibers was around 200 nm. Although the exact pore structures of the nanofiber 

nonwoven walls were difficult to quantify, they were sufficiently tight so that the cells 

could not escape123, while oxygen, nutrients, metabolic wastes and therapeutic products 

were able to diffuse in and out freely. Based on these nanofibrous tubes, tubular NEEDs 

were made by wicking an alginate solution into the tube walls. The tubes holding 

alginate were dipped into a BaCl2 solution to finish the crosslinking. NEEDs with 

different sizes and compartmentalizations are shown in Figure 3.3c, where the watery 

hydrogel surface can be seen. To confirm that the alginate hydrogel indeed penetrated 

the nanofiber membrane and that they were mechanically interlocked by the nanofiber 

structure, we freeze-dried a NEED and observed the lyophilized structures under a SEM. 

As shown in Figure 3.3d, the dehydrated alginate attached to the Nylon fibers and was 

uniformly distributed within the interstitial space. The inset digital photo and confocal 

image further revealed the watery appearance of the NEED at hydrated state and the 

thin (green) alginate hydrogel exterior, respectively. This composite structure brings 

together the advantages of both the nanofibers and the hydrogel to the NEED. On one 

hand, the nanofibers are coated with more biocompatible alginate hydrogel; on the other 

hand, the soft hydrogel is reinforced by the tough Nylon nanofibers, making it easier to 

handle and less likely to break or leak.  

The NEED design can be applied to different hydrogel chemistries. In addition 

to the alginate, we demonstrated the fabrication of NEEDs with a photo-crosslinked 
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polyethylene glycol diacrylate (PEG-DA), an ionically crosslinked chitosan and a 

thermally crosslinked collagen. (Figure 3.4a-d). We quantified the mechanical 

enhancement by comparing the elastic moduli of the nanofiber-reinforced hydrogel 

sheet and the sheet made of the corresponding hydrogel alone. The stress-strain curves 

in Figure 3.4e-g clearly show that the mechanical properties of the hydrogels were 

greatly improved by Nylon nanofiber reinforcement. This is expected from the general 

rule of mixtures: 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝑎1𝐸1 + 𝑎2𝐸2, Where Etotal, E1, E2 are the Young’s modulus 

of the composite material and the two different components, respectively; and a1, a2 are 

their respective cross-sectional area fractions. With the enhancement of the mechanical 

properties, the handleability of NEEDs was also greatly improved as compared to the 

devices made of hydrogels alone. For example, an alginate fiber which appeared normal 

in a solution (Figure 3.4h) was difficult to handle by tweezers outside the solution 

(Figure 3.4i). In contrast, a tubular alginate NEED with similar dimensions was much 

more robust and easier to handle (Figure 3.4j). 
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Figure 3.1. Design and fabrication of NEEDs. a, A schematic of the electrospun 

nanofibers being collected on a rotating template. (Planar devices can be fabricated by 

changing the rod to a sheet as the template.) b, A schematic of the wicking process. c-

e, Fluorescent microscope images of a NEED where the nanofibers and the hydrogel 

(alginate) were labeled with different colors; Red: Nylon nanofibers (c), Green: alginate 

hydrogel (d), Merge (e). f, Schematics of the compartmentalized NEEDs. 
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Figure 3.2. Microscopic images and digital photos of various electrospun nanofibers 

and nanofibrous tubes. a, Nylon 6. b, Polyacrylonitrile. c, Polycaprolactone. d, 

Polysulfone. e, Polystyrene. 
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Figure 3.3. Characterizations of NEEDs. a, Digital images of the electrospun Nylon 

nanofiber tubes with different sizes or capacities (top) and multi-compartments 

(bottom). b, SEM images of a nanofibrous tube with the inset showing the open end. c, 

Digital images of different alginate NEEDs. d, A SEM image of the wall of a freeze-

dried NEED; insets: a digital image of the NEED (top) and a confocal image (bottom) 

of the cross section of the NEED (red: nanofibers; green: alginate).  
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Figure 3.4. NEEDs with different hydrogel chemical compositions and their robust 

mechanical properties. a-d, Digital images of alginate, PEG, chitosan and collagen 

NEEDs. e-h, Comparisons of stress-strain curves of different hydrogel sheets and the 

corresponding nanofiber-reinforced ones with similar dimensions. (Due to the 

difficulties of fabricating tubular devices with hydrogels alone, a sheet format was used 

for the measurements and the demonstration of the mechanical property enhancement. 

The collagen sheet or fiber was too weak to measure and therefore not shown here.) h-

j, A comparison of handleability between an alginate hydrogel fiber and an alginate 

NEED with the same outer diameter and length: the alginate fiber placed in a petri dish 

(h) and handled by tweezers (i); the NEED handled by tweezers (j).  
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3.3.2 Cell encapsulation and culture 

The application of NEEDs for cell encapsulation and culture was demonstrated 

first by using a model cell line, MDA-MB-231 cells. The cells were dispersed in 

Matrigel TM, a commercially available extracellular matrix favored by many cell types, 

and then injected into an alginate NEED. After sealing the open end with a drop of 

electrospinning solution and an additional alginate coating, the NEED was put into 

culture and the cells were characterized. Figures 3.5a and Figure 3.5b show cell 

viabilities right after encapsulation and cultured for 5 days. The growth curves were 

obtained using MTT (methyl thiazolyl tetrazolium) assays (Figure 3.5c) where the 

control group was the same number of MDA-MB-231 cells seeded onto petri dishes. 

Both the cell viability and the growth comparison confirmed that the NEED had 

sufficient mass transfer to support cell survival and proliferation. Another cell line 

GATA6WT was utilized as an additional example of cell encapsulation where the cells 

were encapsulated in both tubular and planer NEEDs. Similarly, high cell viability was 

observed (Figure 3.6). A unique feature in the NEED design is the compartmentalization 

which enables co-encapsulation of different types of cells in individualized 

compartments, rather than a simple, random mixture. The cells are physically separated 

but soluble factors (chemokines and cytokines) are essentially interchangeable due to 

the high permeability of the membranes and the proximity of the cells located in 

different compartments. Such a system may find applications as a novel, implantable 

platform for studying cell co-cultures, and paracrine signaling124 under both in vitro and 

in vivo environments. To provide a proof of concept, MDA-MB-231-EGFP (green) 

cells and MDA-MB-231-dTomato (red) cells were used as model cells for co-
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encapsulation. The two types of cells were seeded into the two compartments within 

one single alginate NEED as shown by the 2D and 3D fluorescent images in Figure 

3.5d-f. In principle, more types of cells can be readily encapsulated, co-cultured and 

even delivered, all in a single device. 
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Figure 3.5. In vitro model cell encapsulation and culture using NEEDs. a, b, Images of 

encapsulated MDA-MB-231 cells stained with calcium-AM (green, live) and ethidium 

homodimer (red, dead) 0 day (a) and 5 days (b) after encapsulation in alginate NEEDs. 

c, Growth curves of the encapsulated MDA-MB-231 cells by MTT analysis (mean ± 

s.d., n=3). d-f, Images of the MDA-MB-231-EGFP and MDA-MB-231-dTomato cells 

encapsulated in a compartmentalized NEED: a fluorescent microscope image with the 

inset illustrating of the cross-section of the device (d); a confocal image of the 

encapsulated cells at a higher magnification (e); and a 3-dimensional fluorescent image 

showing the relative localizations of the encapsulated cells (f). 
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Figure 3.6. In vitro cell encapsulation and viability test. Digital photos and live (green) 

/ dead (red) staining images of tubular (a) and planar (b) NEEDs encapsulating 

keratinocytes. c, Quantitative comparison (n=3) of the cell viability between 

encapsulated cells (in tubular NEEDs) and un-encapsulated ones (control). 
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3.3.3 Islet encapsulation and transplantation 

Next, we tested the potential applications of NEEDs for cell therapies using a 

type 1 diabetic model. Pancreatic islets isolated from Sprague-Dawley rats were 

encapsulated in tubular alginate NEEDs. Both the viability staining (Figure 3.7a, b) and 

the immunostaining of the insulin (Figure 3.7c) of the encapsulated islets after overnight 

culture confirmed that NEEDs supported the survival of islets. More importantly, the 

glucose-stimulated insulin secretion (GSIS) assay (Figure 3.7d) indicated 

approximately the same level of insulin secretion upon glucose stimulation between the 

encapsulated islets and the control (islets cultured in medium), pointing to the facile 

mass transfer of not only nutrients but also the secreted insulin. Encouraged by these 

results, we transplanted the encapsulated rat islets into immunocompetent, streptozocin 

(STZ)-induced diabetic mice. We chose C57BL/6 mice as the donor because they were 

a challenging strain known to develop more fibrosis against alginate than other models 

such as BALB/c mice125. For each mouse, we implanted intraperitoneally a ~1 inch long 

NEED with ~500 islet equivalences (IE’s; see Materials and method section for details). 

Figure 3.7e shows the blood glucose concentrations (BG) over time post-transplantation. 

The diabetes was reversed 2 days after the implantation and remained cured (i.e. BG < 

200 mg/dL) for at least 8 weeks when the experiment was ended. The devices were then 

retrieved and all the mice went back to a diabetic state, confirming the effectiveness of 

NEEDs in regulating blood glucose levels and controlling diabetes. The retrieved 

devices had no visible tissue adhesion or extensive fibrosis (Figure 3.8a). Histological 

studies (Figure 3.8b, c) revealed only a very thin (about one layer of cells) layer of 

cellular overgrowth and more interestingly the alginate hydrogel was still firmly 
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attached to the nanofiber membranes, consistent with the mechanical characterization. 

The islets observed from the retrieved devices appeared to have distorted morphology, 

suggesting those islets might have experienced certain stress in this non-native 

environment. However, importantly the islets seemed to still be functional after 8 weeks 

of implantation, as indicated by positive insulin staining (Figure 3.7f). Taken together, 

the data obtained from this in vivo experiment suggested that the NEEDs were 

mechanically robust, biocompatible, retrievable and had sufficient mass transfer for 

potential therapeutic applications. 
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Figure 3.7. Islet encapsulation and transplantation using NEEDs. a, b, Fluorescent 

Images of the encapsulated islets stained with calcium-AM (green, live) and ethidium 

homodimer (red, dead) after overnight culture. c, Images of immunostaining of the 

encapsulated islets (green: insulin, blue: nuclei). d, Glucose stimulated insulin secretion 

of the islets cultured in medium (control) and encapsulated in NEEDs (mean ± s.d., n=3). 

e, Blood glucose concentrations (mean ± s.d., n=3) of STZ-induced diabetic mice after 

the transplantation of encapsulated rat islets; the devices were retrieved after 8 weeks of 

implantation. f, Immunohistochemical staining of the islets in a retrieved device (green: 

insulin, blue: nuclei). 
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Figure 3.8. Histology study of the retrieved NEEDs. a, A representative digital image 

of the retrieved devices. b, Histology analysis of the retrieved devices. Sections were 

stained with H&E and observed under a light microscope. c, A magnified image of the 

wall of the retrieved device shown in (b) where the nanofibers, alginate hydrogel and 

cellular overgrowth are indicated by arrows. 
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3.3.4 Discussion 

Cell encapsulation has been investigated for decades, but clinical application has 

remained elusive, partially because of the lack of an appropriate, translatable 

encapsulation material or device52. There are currently two major types of encapsulation 

systems: microscopic capsules and macroscopic devices. The microcapsules, typically 

made of alginate, have many advantages for cell encapsulation. They are relatively 

biocompatible, easily implantable and have large surface area for mass transfer126. 

Numerous research groups have made tremendous progress including both animal 

studies and clinical trials97, 127. However, the inconvenience of retrieving the 

microcapsules after transplantation may become a concern for eventual clinical uses80. 

The retrievability is particularly desirable if stem cell-derived cells are used due to the 

risk of potential teratoma formation. On the other hand, the macroscopic devices can 

potentially be retrieved (if there is no tissue adhesion or ingrowth), but other challenges 

exist. For example, the devices made of porous polymer membranes have potential 

issues with fibrosis52. Alginate hydrogel sheets or fibers, although presumably more 

biocompatible, have potential problems with mechanical robustness. In addition, they 

do not allow for flexible cell loading. Thus, new encapsulation devices with robust 

biocompatibility, superior mechanical and mass transfer properties that allow for 

flexible cell loading, easy implantation, and convenient retrieval are highly desirable. 

In this work, we developed nanofiber-enabled hydrogel encapsulation devices that 

combined the properties of nanofiber membranes (e.g. mechanical strength, fine and 

interconnected pore structures, and tunable wettability) and those of hydrogels (e.g. 

facile mass transfer and biocompatibility106, 107) The success of cell encapsulation 
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materials are coupled to the appropriate transport of gases, nutrients, proteins, cells and 

waste products into and out of the scaffold128. Electrospun nanofiber scaffolds contain 

pores on the nanometer size scale, which can limit cell migration. While due to their 

high porosity, these nanofiber scaffolds can overcome mass transfer limitations 

associated with other polymeric systems129. On the other hand, the diffusional properties 

of hydrogels are already well studied and modeled previously130. In this work, we 

demonstrated that mass transport of NEED is not an issue, since encapsulated cells live 

and proliferate normally and the desired cell secretion product (insulin) can diffuse out 

freely. In addition, the fact that the cells can be loaded in a custom designed way with 

controlled extracellular matrix and space makes it possible to deliver cells that have 

certain proliferation potential. We are currently applying the NEEDs to studying the 

cell-autonomous effect of certain gene knockouts on beta cell proliferation in vivo.  

Since the fabrication is based on a simple capillary action, the design of NEEDs 

is not limited to any polymer or hydrogel. For example, biodegradable polymer (e.g. 

polycaprolatone) nanofibers can be combined with non-degradable, tough (e.g. Nylon) 

nanofibers to make nanofibrous devices where the biodegradable component may 

release anti-inflammatory drugs to mitigate the fibrosis131. Similarly, the hydrogels can 

have almost any chemical compositions, either bio-inert (e.g. ultra-compatible, 

chemically modified alginates and foreign body response-resistant zwitterionic 

polymers132) or bioactive (e.g. collagen and fibrin). The NEEDs may be further coated 

with polyelectrolytes to control permselectivity133 or biocompatibility134. In addition to 

the diverse chemical compositions, it is also possible to design NEEDs with 

multicompartments. Compared with the single-compartment devices, the 
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multicompartmental ones are particularly interesting because they may provide a novel, 

implantable platform for cell co-culture, migration and paracrine signaling assays that 

have typically been studied at present in Transwell TM systems. Though NEEDs have 

several advantages mentioned above and have demonstrated good performance, there 

are still some improvements that need to be addressed to make these cell encapsulation 

devices work better. For instance, more work is required to deal with the fibrosis 

problem, and the feasibility of implantation and retrieval in large animals is another key 

issue for the cell encapsulation devices. 

3.4. Conclusion 

A new type of cell encapsulation device, NEED, is described. The mechanical 

strength and unique micro/nano structures of electrospun fibers enabled the 

development of robust encapsulation devices from hydrogels that may not be able to 

form mechanically stable devices (such as small diameter tubes) on their own. We 

demonstrated encapsulation and culture of several different types of cells including both 

single cells and cell aggregates (islets). Further compartmentalization of the NEEDs 

provides opportunities for cell co-encapsulation, co-culture and co-delivery. Lastly, we 

demonstrated the therapeutic potential of the NEEDs through a type 1 diabetic model 

using primary islets. We expect this encapsulation design will be applicable to other 

types of cells particularly those stem cell-derived ones135, 136 because of its relative 

biocompatibility of the hydrogel and the mechanical robustness of the nanofiber 

membranes. This proof-of-concept study suggests that the NEEDs can potentially 

overcome some of the challenges in the cell encapsulation field and may therefore 

contribute to the development of cell therapies in future.  
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CHAPTER 4: DEVELOPING A RETRIEVAL AND SCALABLE CELL 

ENCAPSULATION DEVICE FOR POTENTIALTREATMENT OF TYPE 1 

DIABETES 

4.1 Introduction 

 There have been huge research efforts worldwide to develop a functional and 

durable cell encapsulation system for clinical uses, from animal studies137-139 to human 

trials140. However, the lack of a suitable immunoisolation device has prevented this 

approach from being clinically used140. The devices used to date (e.g. TheraCyte®, 

Encaptra® and Neurotech devices) are predominantly made from phase-inverted 

membranes, polyethylene netting meshes, and expanded Teflon. These materials were 

originally designed for filtration and the textile industry and suffered serious problems 

when used for immunoisolation including insufficient biocompatibility and suboptimal 

wettability, permselectivity, and mass transport properties. Moreover, these 

macroscopic devices have a small surface area for mass transfer and consequently low 

encapsulation capacity52, 80, 141-143. Even though the capacity problem may be addressed 

by increasing the cell packing density, dense packing will also inevitably lead to a 

hypoxic environment and associated impairment in insulin secretion144. Thus, the scale-

up to a capacity sufficient to cure a human patient has been challenging4, 52, 80, 141, 143, 145. 

Retrievability is another very important factor affecting a successful cell encapsulation 

device. Unable to completely retrieve the device will raise significant risks and concerns 

in the event of transplant failure or medical complications4, 52, 56, 103, 146. Retrievability is 

also an important issue associated with the regulatory approval process147. 
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To address these challenges, here we report a simple and translatable cell 

encapsulation design that is both scalable and retrievable. The design involves a one-

step in situ crosslinking of an alginate hydrogel around a nanoporous, wettable, Ca2+-

releasing polymer thread. We term the design as TRAFFIC (Thread-Reinforced 

Alginate Fiber For Islets enCapsulation). In TRAFFIC, the hydrogel encapsulating the 

cells provides the necessary mass transfer and biocompatibility similar to conventional 

hydrogel capsules, while the polymer thread imparts mechanical strength and enables 

easy handling, implantation, and retrieval. The device may be extended to meters long 

and still be entirely retrievable through a minimally invasive laparoscopic procedure. 

To demonstrate the therapeutic potential of the device, we encapsulated and transplanted 

rat islets into diabetic C57BL/6 mice or human islets into SCID-Beige mice and 

obtained diabetes correction for up to several months. As a proof of concept, we scaled 

up the device and showed its retrievability in dogs. Given its simplicity and 

translatability, this device may contribute significantly to a cell encapsulation therapy 

for T1D and potentially many other diseases.  

4.2 Materials and Methods 

4.2.1 Chemicals 

Calcium chloride (CaCl2), barium chloride (BaCl2), sodium chloride (NaCl), 

poly(methyl methacrylate) (PMMA), N,N-dimethylformamide (DMF), Glucose stock 

solution, HSA, and IBMX were purchased from Sigma-Aldrich Co. (St. Louis, MO). 

Forskolin was purchased from Tocris Bioscience. Glutamax was purchased from Life 

Technologies. KRBH was purchased from VWR. Glucose was purchased from 

Mallinckrodt Pharmaceuticals (Dublin, Ireland). Ultrapure, sterile sodium alginate 
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(SLG100) was purchased from FMC BioPolymer Co. (Philadelphia, PA). (Note that 

alginates used in this study had no significant amount of endotoxin according to a 

previous publication46) Water was deionized to 18.2 MΩ-cm with a Millipore 

purification system. 

4.2.2 Animals  

C57BL/6 and BALB/c mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME). SCID-Beige mice for transplantation experiments were obtained from 

Taconic Farms (Hudson, NY) and Taconic, Denmark. Sprague-Dawley rats for isolation 

of pancreatic islet cells were obtained from Charles River Laboratories (Wilmington, 

MA). Beagle dogs for implantation were obtained from Marshall Bioresources (Clyde, 

NY). All animal procedures were approved by the Cornell Institutional Animal Care 

and Use Committee. Transplantation of encapsulated human islets in diabetic SCID-

Beige mice was performed at Novo Nordisk A/S and the protocols were approved by 

the Danish Animal Experimentation Inspectorate and carried out by trained and licensed 

personnel.  

4.2.3 Characterizations 

The samples were characterized by different analytical techniques. Scanning 

electron microscopy (SEM) and energy dispersive spectrometer (EDS) element 

mapping were performed by using a field emission scanning electron micro-analyzer 

(LEO 1550). Optical and fluorescent microscopic images were observed using a digital 

inverted microscope (EVOS fl). Conventional macro-tensile measurements were 

performed using a dynamic mechanical analysis (DMA Q800). All samples were 

mounted between holders at a distance of ~1.5 cm. Tensile testing was conducted at a 
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rate of 0.5 N/min at room temperature (23 °C). Stress (MPa) and strain (%) were 

automatically calculated by the software. Confocal images were taken by using a Laser 

Scanning Confocal Microscope (LSM 710). 

4.2.4 Fabrication of modified threads 

Typically, two sterile sutures (Ethilon ® nylon suture, 5-0, monofilament, 

Ethicon, Inc. KRUUSE nylon suture, 5-0, Jørgen Kruuse A/S) were twisted together to 

accumulate some torsion. Then, the twisted sutures were folded in the middle which 

causes the sutures to self-twist again to release the torsion. Knots were made at the end 

of the twisted sutures to prevent the sutures from un-twisting. Then, the sutures were 

submerged into 7% (w/v) PMMA/DMF solution, containing 2.5% (w/v) CaCl2, for 

approximately 3 seconds. The sutures were taken out from the polymer solution and air 

dried. After the modification was finished, all the sutures were sterilized by ethylene 

oxide or by autoclave in dry mode before use. 

4.2.5 Rat islet isolation and purification 

Sprague-Dawley rats from Charles River Laboratories weighing approximately 

300 g were used for harvesting islets. All rats were anesthetized using 3% isoflurane in 

oxygen and maintained at the same rate throughout the procedure. Isolation surgeries 

were performed as described by Lacy and Kostianovsky120. Briefly, the bile duct was 

cannulated and the pancreas was distended by an in vivo injection of 0.15% Liberase 

(Research Grade, Roche) in RPMI 1640 media solution. The pancreas was digested a 

37°C water bath for 30 min. The digestion was stopped by adding 10-15 mL of cold 

M199 media with 10% heat-inactivated fetal bovine serum and a slight shaking. 

Digested pancreases were washed twice in the same aforementioned M199 media, 
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filtered through a 450 m sieve, and then suspended in a Histopaque 1077 

(Sigma)/M199 media gradient and centrifuged at 1,700 RCF at 4°C. This gradient 

centrifugation step was repeated for higher purity islets. Finally, the islets were collected 

from the gradient and further isolated by a series of gravity sedimentations, in which 

each supernatant was discarded after 4 min of settling. Purified islets were hand-counted 

by aliquot under a light microscope and then washed three times in sterile PBS. Islets 

were then washed once in RPMI 1640 media with 10% heat-inactivated fetal bovine 

serum and 1% penicillin/streptomycin, and cultured in this medium overnight for further 

use. 

4.2.6 Cell encapsulation 

For a typical mouse device, the modified thread was inserted into a polyethylene 

tube (~1.5 mm inner diameter). A pre-determined amount of cell-loaded alginate 

solution (e.g. ~500 IEQ’s dispersed in ~60 uL 2% w/v alginate solution) was filled into 

the tube using a micropipette and left for 4 min. Then, the TRAFFIC device was 

carefully pulled out of the tube using tweezers. Most alginate and cells were 

incorporated into the device and the leftover alginate in the tube was usually 

unnoticeable with a small number of islets adhered to the tube wall. It was estimated 

from multiple observations that the encapsulation efficiency was at least 90% (data 

analyzed and estimated from 5 isolations with ~30 independent trials). Given the ~500 

IEQ’s we started with, we determined the actual IEQ for transplantation was 47525. 

The device was further crosslinked by a crosslinking buffer containing 95mM CaCl2 

and 5mM BaCl2. Next, the device was washed three times with 0.9% (w/v) saline and 

transferred into corresponding cell culture medium. Islets were typically treated as 
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following for encapsulation. Immediately prior to encapsulation, the cultured islets were 

centrifuged at 1,400 rpm for 1 minute and washed with Ca-free Krebs-Henseleit (KH) 

Buffer (4.7 mM KCl, 25 mM HEPES, 1.2 mM KH2PO4, 1.2 mM MgSO4·7H2O, 135 

mM NaCl, pH ≈ 7.4, osmotic pressure ≈ 290 mOsm). After the wash, the islets were 

centrifuged again and all supernatant was aspirated. Then, the collected islets were 

encapsulated following the procedure described above. The TRAFFIC devices 

encapsulating cells were checked under microscope to ensure that no cells were exposed 

on the hydrogel surface. Since the islets had variable sizes (50 – 400 μm), the total 

number of encapsulated islets were converted into islet equivalences (IEQ’s, normalized 

to 150 μm size) based on a previously published method121. 

4.2.7 Static glucose-stimulated insulin secretion (GSIS) assay 

Krebs Ringer Bicarbonate (KRB) buffer (2.6 mM CaCl2·2H2O, 1.2 mM 

MgSO4·7H2O, 1.2 mM KH2PO4, 4.9 mM KCl, 98.5 mM NaCl, and 25.9 mM NaHCO3 

(all from Sigma-Aldrich, St. Louis, MO) supplemented with 20 mM HEPES/Na-

HEPES (Roche, Indianapolis, IN) and 0.1% BSA (Serological, Norcross, GA), was 

prepared beforehand. Encapsulated islets were incubated for 2h in KRB buffer at 37°C, 

5% CO2, and then incubated for 75 min with 2.8 mM or 16.7 mM glucose under the 

same condition. Insulin concentrations in the buffer solutions were determined by using 

ultrasensitive mouse/rat insulin ELISA kit (Crystal Chem) or human insulin ELISA kit 

(ALPCO) per suppliers’ protocols. For devices retrieved from mice, 3 out of 5 retrieved 

TRAFFIC devices were tested with the GSIS assay (the remaining 2 devices were fixed 

right after retrieval and submitted for histology); for devices retrieved from dogs, 3 

independent regions of the retrieved devices were cut and tested with the GSIS assay. 
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All the ELISA results were normalized to the IEQ’s. 

4.2.8 Perifusion test 

Human islets were purchased from Prodolabs. Upon receipt, viability was 

assessed with the LIFE/DEAD Viability/Cytotoxicity kit (calcein-AM staining 

indicating living cells and ethidium homodimer-1 staining indicating dead cells) 

according to manufacturer’s instructions (Invitrogen). Dynamic insulin release was 

examined with a perifusion system from Biorep, Miami Lakes, FL according to 

manufacturer’s guidelines. In short, 250 hand-picked human islets or 1/3 device 

(expected 500 IEQ) were loaded on columns surrounded by Bio-Gel P-4 beads (Biorad) 

and allowed to acclimate for 60 min in KRBH containing 2 mM glucose at 100 µl/min 

flow (kept constant during the experiment). Islets were then exposed to different glucose 

concentrations and/or factors and secreted insulin was collected in defined time frames. 

After the experiment, islets were collected and lysed (tissue extraction reagent I 

(Invitrogen) + tissue lyzer (Qiagen)). The insulin concentration was measured and 

normalized to DNA concentration (PicoGreen dsDNA kit, Thermofisher).  

4.2.9 Implantation and retrieval in mice 

Immune-competent male C57BL/6 mice and immuno-deficient SCID-Beige 

mice were utilized for transplantation. To create insulin-dependent diabetic mice, 

healthy mice were treated (50 mg/kg mouse) with freshly prepared streptozocin (STZ) 

(Sigma-Aldrich) solution (7.5 mg/mL in sodium citrate buffer solution) for 5 

consecutive days. The blood glucose levels of all mice were retested prior to 

transplantation. Only mice whose non-fasted blood glucose levels were above 300 

mg/dL for two consecutive measurements were considered diabetic and underwent 
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transplantation. The non-diabetic or STZ-induced diabetic mice were anesthetized with 

3% isoflurane in oxygen and their abdomens were shaved and sterilized using betadine 

and 70% ethanol. Preoperatively, all mice received 0.3 mL of 0.9% saline 

subcutaneously to prevent dehydration. A ~1 mm incision was made along the midline 

of the abdomen and the peritoneal lining was exposed using blunt dissection. The 

peritoneal wall was then grasped with forceps and a ~1 mm incision was made along 

the linea alba. The device was then inserted into the peritoneal cavity through the 

incision. The incision was closed using 5-0 taper polydioxanone (PDS II) absorbable 

sutures. The skin was then closed over the incision using a wound clip. The devices 

were retrieved from mice at desired time points post-implantation or transplantation 

(with encapsulated cells) using similar procedures except that larger (~5 mm) incisions 

were made in the skin and the peritoneum. The device was located, grasped and pulled 

out by using blunt tweezers. After retrieval, the TRAFFIC devices were first submerged 

into a crosslinking solution containing 95 mM CaCl2 and 5mM BaCl2 for ~5min, and 

then transferred into a 4% paraformaldehyde for fixation or a cell culture medium for 

post characterization. 

For the SCID-Beige mice and human islet study, the mice were rendered diabetic 

by 5 consecutive doses of STZ (70 mg/kg). During the first week after the STZ 

treatment, the mice were not intervened. After the first week, if the body weight of a 

mouse dropped more than 10%, the mouse was treated with insulin (NPH 100nmol/kg 

1X daily). The insulin treatment was independent on whether the mouse was from 

experimental or control groups. Normally, the diabetic mice were used 3-4 weeks after 

STZ treatment, but for this batch of experiment, mice were used about 45 days after 
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treatment due to the logistics associated with human islet isolation and delivery. The 

TRAFFIC device transplantations were performed as described above but anesthesia 

and analgesia procedure were performed as for the kidney capsule transplantation. 

Kidney capsule transplantation: Mice were anaesthetized using 5 % isoflurane 

with O2 flow set at 1 liter for anesthetic induction (approx. 1-2 min). The anesthesia was 

maintained using 1-1.5% isoflurane. Rimadyl: 5 mg/kg. s.c. was administered 30 min 

pre-surgery and +24 +48 h post surgery. Temgesic: 0.05 mg/kg. was dosed s.c 30 min 

pre-surgery and 3-6 h post- surgery. 

The sedated mice were shaved in the surgical area, more specifically the left 

lateral side of the mouse approximately 3x3 cm and about 2 cm from last rib down. The 

skin was washed with iodide and ethanol. The shaved area covered with a barrier drape. 

A small incision through the skin and muscle of the left flank of the animal was made 

and the kidney exposed outside the body using two saline-moistened cotton-tipped 

applicators. The kidney capsule was sliced using a small needle leaving a small hole. A 

pouch was made using a rounded glass capillary and a transfer pipette was used to 

transplant clusters of islets into the pouch. The kidney was returned to the peritoneal 

cavity and the muscle layer closed with a 4-0 absorbable suture and the skin closed with 

2-3 staples. 

4.2.10 Laparoscopic implantation and retrieval in dogs 

Dogs were premedicated with glycopyrolate and butorphanol, induced with 

propofol, and anesthetized with isoflurane and oxygen. The abdomen was clipped and 

prepared for sterile surgery. A 10 mm laparoscopic camera port and two 5 mm 

instrument ports were percutaneously inserted into the abdomen. The abdomen was 
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insufflated to 12 mm Hg pressure with CO2. The device was inserted into the abdomen 

through the left side instrument port. A laparoscopic probe was introduced through the 

right sided 5 mm port and was used to manipulate the device so that it was placed 

between the liver and the diaphragm. The remaining ports were then removed and the 

port sites were closed with 3-0 polydioxinone suture material. For retrieval of the 

devices, the procedure was similar using one 10 mm camera port and one or two 5 mm 

instrument ports. The previously implanted device was located and photographed. The 

device was grasped with laparoscopic Kelly forceps inserted through a 5 mm port and 

dissected from attached omentum if necessary using laparoscopic scissors. The device 

was then removed from the abdomen through the 5 mm port. The remaining 

laparoscopic ports were removed and the dogs were humanely euthanatized.  

4.2.11 Blood glucose monitoring 

Blood glucose levels were monitored three times a week in mice following 

transplant surgery. A small drop of blood was collected from the tail vein using a lancet 

and tested using a commercial glucometer (Clarity One, Clarity Diagnostic Test Group, 

Boca Raton, FL). Mice with unfasted BG levels below 200 mg/dL were considered 

normoglycemic. For BG test in SCID-Beige mice: Blood samples were obtained from 

the tip of the tail by puncturing the tail capillaries with a lancet in conscious mice. The 

blood (5 µL) was collected into Na-heparinised capillary tubes and transferred to 250 

µL EBIO haemolysing buffer. The glucose concentration was measured on Biosen 5040 

S line glucose analyzer (Eppendorf, Germany). 

4.2.12 Histological analysis and immunostaining 

The retrieved devices were fixed in 4% paraformaldehyde, embedded in 
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paraffin, sectioned by Cornell Histology Core Facility. Ten-micrometer-thick paraffin 

sections were stained with hematoxylin /eosin. For staining of insulin with 

immunofluorescence, paraffin-embedded sections were rehydrated by sequentially 

washing in xylene, 100%, 95%, 75% ethanol and water. Then slides were boiled in 1 

mM EDTA for antigen exposure. After blocking, primary Guinea pig anti-rat insulin 

antibody (Linco,1:200) was applied and incubated overnight at 4 °C, followed with 

wash and incubation with FITC-conjugated Donkey anti-Guinea pig IgG (Jackson 

Immunoresearch, 1:200). Slides were washed twice with water, applied with 

antifade/DAPI and covered with coverslips. Fluorescence images were captured under 

a ZeissLSM710 confocal microscope. The histologic analysis of human islets is as 

follows: Devices and grafted kidneys were fixed in 10% natural buffered formalin, 

processed to paraffin and sectioned (3µm). Islet morphology was visualized with 

hematoxylin and eosin staining. Alpha and beta cells were visualized in a triple 

immunohistocemical stain with guinea pig anti-Insulin (1/75 in 0.05% TNB; A0564, 

DAKO), rabbit anti-Nkx6.1 (1/1000 in 0.05% TNB; HPA036774, Sigma Aldrich) and 

mouse anti-glucagon (1/7800 in 0.05% TNB; Glu-001, Novo Nordisk). Insulin was 

visualized with goat-anti-guinea pig-488 (A11073, Invitrogen) and donkey-anti-goat-

488 (705-545-147, Jackson). Nkx6.1 was visualized with donkey anti-rabbit-biotin 

(711-065-152, Jackson) and TSA cy3 (NEL704A001KT, Perkin Elmer). Glucagon was 

visualized with donkey anti-mouse-Cy5 (715-175-151, Jackson). Antigens were first 

retrieved with TEG buffer (AMPQ17020, Ampliqon), after which slides were blocked 

with 1% hydrogen peroxide, avidin, biotin and TNB buffer (0.05%). The slides were 

then incubated with primary antibodies for 45 minutes, secondary antibody and DAPI 
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for 30 minutes, Streptavidin-PO (1:500) and tertiary antibody for 30 minutes, TSA-cy3 

substrate for 15 minutes and finally the slides were mounted with a fluorescent mount 

(DAKO). The stains were visualized on an Olympus VS120 slide scanner.  

4.2.13 Statistical Analysis 

Results are expressed as mean ± s.e.m. The data were analyzed via student’s t 

tests and analysis of covariance (ANCOVA) followed by a Tukey post-hoc test where 

appropriate. Treatment (i.e. TRAFFIC vs. diabetic control, vs. non-diabetic control, 

etc.) was considered as a factor while time was treated as a continuous covariate. In 

many experiments there were data collected before the treatment was applied and/or 

after the treatment was removed (e.g. before implantation of TRAFFIC and after 

retrieval).  

4.3. Results and Discussion 

4.3.1 Design and Fabrication of the Device   

The TRAFFIC device consists of a tough polymer thread and a uniform, strongly 

adhered alginate hydrogel layer with controllable thickness (Figure 4.1a). To obtain 

strong adhesion between the thread and the hydrogel, we designed the thread by 

mimicking the highly adhesive, nanoporous silks that certain spiders use for capillary-

enabled water collection and retention148. To achieve uniform, controllable hydrogel 

formation, we incorporated a Ca2+-releasing mechanism into the thread design. The 

fabrication process (Figure 4.1b) is simple but involves several material design 

principles. First, to create the spider-silk-like, nanoporous (and mechanically tough) 

thread, we chose to coat a nylon suture with 7% (w/v) poly(methyl methacrylate)/N,N-

dimethylformamide (PMMA/DMF) solution. Under humid conditions, the drying of the 
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polymer solution resulted in evaporative cooling and phase separation, leading to 

nanoporous structures149, 150. However, due to the surface tension-driven Rayleigh 

Instability151, 152, the coating solution dewetted on the suture and formed patchy beads 

instead of continuous coatings (Figure 4.1c), leading to a “beads-on-a-string” 

morphology after drying. To overcome this problem, we twisted two sutures (typically 

5-0) together to form a double helix and folded the helix in the middle. Upon folding, 

the torsion generated from the twisting spontaneously led to a stable 4-strand thread 

with a “ridges-in-grooves” structure (Figure 4.1d, e). In contrast to the coating on the 

smooth suture, the solution formed liquid wedges along the grooves of the twist-folded, 

4-strand thread. This simple method prevented the dewetting and resulted in a 

continuous nanoporous coating (Figure 4.1d, e) on the thread. Lastly, within the 

nanoporous coating, we incorporated the crosslinking agent CaCl2 by taking advantage 

of an unusual and unique property of CaCl2 - its solubility in DMF. By dissolving 2.5% 

(w/v) CaCl2 in the PMMA/DMF coating solution, we obtained a nanoporous thread with 

a uniform distribution of Ca and Cl as evidenced by energy dispersive X-ray (EDS) 

element mapping (Figure 4.1f). 

After the thread was made, the formation of an alginate hydrogel layer or the 

fabrication of a TRAFFIC device was achieved through a simple, one-step, in situ 

crosslinking process (Figure 4.1b). In a typical process, a 2% (w/v) alginate solution 

(e.g. ultra-pure sterile SLG100 alginate dissolved in a 0.9 wt% NaCl solution) was 

placed in a tubular mold or a channel reservoir and a modified thread was then inserted 

into the alginate solution. After a four-minute crosslinking, the entire device was taken 

out and placed in a Ca/Ba solution (typically 95 mM CaCl2 and 5 mM BaCl2) for 5 
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minutes for further crosslinking. The hydrogel layer that formed around the thread was 

uniform (Figure 4.1g, h). In addition, examination of the interface between the 

nanoporous thread and the hydrogel in a lyophilized sample (Figure 4.1i) seemed to 

suggest that the hydrogel infiltrated into the porous surface, which was believed to 

contribute to the strong thread-hydrogel adhesion. For cell encapsulation, the process 

was similar and an alginate solution containing cells or cell aggregates such as rat islets 

(Figure 4.1j) was used for crosslinking. It is noted that the continuous nanoporous 

modification of the thread, resulted from the twisted helical structure and the 

evaporative cooling, and the internal release of Ca2+ are both of great significance to 

this encapsulation design. Simple sequential dipping of a conventional thread (i.e. bare 

suture) into a CaCl2 solution and an alginate solution resulted in much less well 

controlled hydrogel formation153. Our biomimetic thread may be used as an off-the-

shelf, ready-to-use product for cell encapsulation conveniently at the research or 

transplantation place. 
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Figure 4.1. Schematics and fabrication of the TRAFFIC device. a, Schematic illustration 

of the design of TRAFFIC. b, Schematic illustration of the fabrication process. c-d, 

Schematic illustrations and optical images of the PMMA/CaCl2/DMF solution coating 

on a monofilament nylon suture (c) and a thread made of twist-folded sutures (d). e, 

SEM images of the thread and the uniform nanoporous surface modifications. f, EDS 

element mapping of Ca and Cl on a modified thread. g, Fluorescent microscopic images 

of the thread, modified thread and a TRAFFIC device (without cells). h, Confocal 

images of a TRAFFIC device. i, A SEM image of the interface between alginate 

hydrogel and the modified thread after lyophilization. j, A microscopic image of a 

TRAFFIC device encapsulating rat islets. 
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4.3.2 Characterizations of the Mechanical Robustness, Mass Transfer Property and 

Biocompatibility 

To show the mechanical robustness of the TRAFFIC device, we measured both 

the tensile strength of the whole device and the adhesion between the thread and the 

hydrogel. Compared with neat alginate hydrogel fiber, TRAFFIC exhibited drastically 

higher strength (Figure 4.2a). More importantly, the hydrogel-thread adhesion in 

TRAFFIC was also remarkably high, much higher than the device made from the non-

uniform “beads-on-a-string” thread or the one made by sequential dipping of a bare 

suture (Figure 4.2b). We attributed the high adhesion to both the nanoporous surface 

structure (similar to the adhesion of water droplets to spider silks) and the macroscopic 

helices from the twisting of sutures. To further demonstrate the necessity of the thread 

reinforcement for easy handling, we compared the TRAFFIC with a neat alginate fiber. 

As shown in Figure 4.2c, the TRAFFIC was much more mechanically robust and easier 

to handle. In addition, the neat alginate fiber can clump or entangle with itself within 

the peritoneal cavity, jeopardizing the mass transfer or causing fibrosis (Figure 4.3). The 

mechanical robustness and easier handling are important advantages during 

implantation and retrieval. 

Next, we investigated the biocompatibility of TRAFFIC. In cell encapsulation, 

the biocompatibility of the encapsulating material is one of the most important factors; 

foreign body reaction-induced fibrosis can negatively affect the mass transfer and the 

viability of encapsulated cells20, 154. In recent years, much progress has been made on 

the biocompatibility of alginate materials including both purity and formulation46, 126. 

Particularly, it has been shown that increasing the size of intraperitoneally implanted 
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alginate capsules from ~500 m to ~1.5 mm reduced fibrosis44. Inspired by these 

studies, we tested TRAFFIC with different thicknesses of the alginate layer in 

immunocompetent C57BL/6 mice and found that the thick device (overall diameter ~1.3 

mm) had less cellular overgrowth than the thinner ones (~500 m) after 2 weeks of 

intraperitoneal implantation (Figure 4.4). We believe this difference could be caused by 

many factors such as stiffness and surface area, and future work and more quantitative 

immunological studies are needed to elucidate the exact mechanisms. Nevertheless, 

encouraged by the short-term results, we further conducted longer-term studies (3 

months, n=6; 7 months, n=11). In the 3-month study (Figure 4.5), while the thin devices 

induced variable cellular overgrowth, the thick ones had significantly less, consistent 

with the 2-week results. Interestingly, even after 7 months of implantation, 10 out of the 

11 thick devices remained almost free of fibrosis (Figure 4.6). In the following tests of 

function and demonstration of scalability and retrievability, the thick device design was 

used. 

Another factor that is critical to the function of an encapsulation device is the 

mass transfer property155. In the TRAFFIC design, since the cells are encapsulated in 

alginate hydrogel that has been proven to have facile mass transfer and since all the cells 

are near the surface, we hypothesized that the mass transfer would be sufficient to 

support the cell survival and function. Indeed, experiments with human islets (Figure 

4.7a, b) and several other types of cells (Figure 4.7c, d) confirmed the cell viability in 

in vitro cultures. In addition, we performed a dynamic glucose-stimulated insulin 

secretion (GSIS) experiment using an islet perifusion system. The islets were subjected 

to Krebs-Ringer bicarbonate HEPES (KRBH) buffers with low (2 mM) or high (20 mM) 
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glucose concentrations continuously in an alternating pattern and the secreted insulin 

was measured. The results showed that both the non-encapsulated and encapsulated 

human islets could sense the glucose concentration change and secrete insulin (Figure 

4.7e). Application of 3-isobutylmethylxanthine (IBMX) and forskolin was included as 

a positive control and increased the insulin secretion in both cases. Although there 

appeared to be a delay in response for encapsulated islets, statistical analysis (see details 

in Methods) showed no significant difference in both total insulin secretion and the 

kinetics in this experiment. The facile mass transfer was probably due to the short 

diffusion distance (i.e. proximity of encapsulated islets to the surface). Previous studies 

have shown that the short diffusion distance was beneficial for not only cell survival but 

also glucose responsiveness143, 156. We also measured the mass transfer of TRAFFIC 

more directly using different molecular weight, FITC-labelled dextran standards. The 

results indicated that the device would prevent the diffusion of molecules larger than 

~250 kDa (Figure 4.8). 
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Figure 4.2. Characterizations of the mechanical robustness of TRAFFIC. a-c, 

Mechanical robustness test: strain-stress measurement (a), load-displacement 

measurement (b), and comparison between a neat alginate fiber and a TRAFFIC device 

in handling (c) 
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Figure 4.3. In vivo mechanical stability test. a, digital image of a TRAFFIC device (left 

panel) and a neat alginate hydrogel fiber (right) during retrieval, arrow indicating the 

entangled region. b, digital image of the retrieved TRAFFIC device and neat alginate 

hydrogel fiber. 

 

Figure 4.4. 2-week fibrosis study. a,b, TRAFFIC devices with diameters of 500 µm  

(a) and 1.3 mm (b) before and after implantation (n=5). c,d, Immunohistochemistry 

analysis and H&E staining of the retrieved devices with different sizes retrieved after 2 

weeks: TRAFFIC with a diameter of 500 µm (c) and 1.3 mm (d) (n=5), cellular 

deposition was examined by immunostaining using DAPI (nucleus marker), F-actin 

(cellular cytoskeleton marker), and alpha-smooth muscle actin (α-SMA, myofibroblast 

marker). 
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Figure 4.5. 3-month fibrosis study. Retrieved TRAFFIC devices with diameters of ~1.3 

mm (a) and ~500 µm (b), all scale bars: 2mm. 
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Figure 4.6. Characterizations of the biocompatibility of TRAFFIC. a-c, 

Biocompatibility characterization: Microscopic images of TRAFFIC before 

implantation and after 7-month implantation in mice (Note that the devices shrank 

slightly after being transferred into a 4% paraformaldehyde for fixation.) (a), digital 

photo of the device in the intraperitoneal space of a mouse during the retrieval (b), and 

a H&E stained image (c) of a retrieved device. 
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Figure 4.7. Characterizations of the mass transfer property of TRAFFIC. a, microscopic 

image of the TRAFFIC device encapsulating human islets. b, Live (green)/dead (red) 

staining of encapsulated human islets. c, Live (green) /dead (red) staining of MDA-MB-

231 cells encapsulated in the device after a 4-day culture. d, Live/dead staining of 

aggregates of human Embryonic Stem Cell (hESC)-derived beta-like cells encapsulated 

in the device after a 3-day culture. e, the glucose-stimulated human insulin secretion in 

a dynamic perifusion test, n=3, mean ± s.e.m., #P>0.05. 
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Figure 4.8. Permeability measurement of the TRAFFIC. Fluorescent images (a) and 

intensity profiles (b) showing the permeability of TRAFFIC devices to different 

molecular weight FITC-dextrans. The TRAFFIC devices were immersed in saline 

solutions containing FITC-dextrans with four molecular weight (Mw=10,000, 70,000, 

250,000, and 500,000), all scale bars: 100 µm. 
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4.3.3 Diabetes Correction in Mice 

After confirming the mechanical robustness, biocompatibility, and mass transfer 

property of TRAFFIC, we explored its therapeutic potential. We transplanted 

encapsulated rat islets into the peritoneal cavity of streptozotocin (STZ)-induced 

C57BL/6 diabetic mice (n=10 pooled from 2 independent experiments). This “rat-to-

mouse” model has been used extensively in the field and alginate hydrogel materials 

have been shown to be effective to protect xenografts without immunosuppression157. 

Each diabetic mouse received a device of ~1-inch length containing ~475±25 islet 

equivalents (IEQ’s) (Figure 4.9a)121. (Note that the cell survival post transplantation was 

not studied and therefore the actual, functional IEQ’s inside a mouse was unknown.) 

The blood glucose (BG) level of the mice decreased to the normal glycemic range 

(BG<200 mg/dL) 2 days after the transplantation and the mice remained cured for 4 

weeks before the devices were retrieved. After retrieval, the mice returned to a diabetic 

state, indicating the effectiveness of the device in regulating the BG (Figure 4.9b). An 

intraperitoneal glucose tolerance test (IPGTT) was conducted on day 28 after 

transplantation, prior to retrieval. The BG increased to more than 400 mg/dL in both 

healthy and diabetic mice after an intraperitoneal injections of glucose solution (2g of 

glucose per kg body mass). The BG of the transplanted mice gradually dropped to 

normal range within 120 min, further confirming the function of transplanted islets 

(Figure 4.9c). The retrieved devices showed no tissue adhesion or significant fibrosis 

(Fig. 3d). In vitro static GSIS (Figure 4.9e) test of the retrieved devices suggested that 

the islets were responsive to glucose increase and secreted insulin, indicating the 

viability and normal function of the retrieved islets. Moreover, histological studies 
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(Figure 4.9f) showed minimal cellular overgrowth around the devices and normal 

morphology of islets with positive staining of insulin (Figure 4.9g).  

In another set of 1-month transplantation experiments, we also included a 

control group of rat islets encapsulated in neat alginate fibers and a control group of 

BALB/c mouse islets encapsulated in TRAFFIC (Figure 4.10). With a similar number 

of rat islets (~475±25 IEQ), TRAFFIC performed similarly to the neat alginate fiber, 

confirming that the modified thread in TRAFFIC had no negative effect on the 

therapeutic potential. The results from rat islets and BALB/c mouse islets were also 

similar, although we used a lower IEQ (~380±20) for mouse islets. These control 

experiments confirmed the immunoprotective function of TRAFFIC for at least 1 

month, similar to neat alginate fibers. However, compared to the neat alginate fibers, 

TRAFFIC had much more robust mechanical properties that were critical for handling, 

retrieval and scale-up. To examine whether TRAFFIC could have a longer-term 

function, we conducted two independent 3-month transplantation experiments using the 

rat-to-mouse model with a control group of unencapsulated rat islets transplanted in 

kidney capsules (in total, n=14 for TRAFFIC and n=8 for kidney capsules). For the mice 

with kidney capsule transplantation of unencapsulated islets, the blood glucose level 

was decreased briefly after transplantation, suggesting that the primary graft function 

was achieved. However, the transplants were rapidly rejected, all within 2 weeks. In 

contrast, TRAFFIC protected the islets from rejection and cured 10 out of 14 mice for 

at least 3 months (Figure 4.11). The normal morphology of islets retrieved from cured 

mice as shown by the H&E staining and the positive immunohistochemical staining of 

insulin and glucagon confirmed the islet function in the device (Figure 4.11d).  
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To further demonstrate the function of TRAFFIC, we performed more 

experiments in a different transplantation model using human islets. Given the large 

species difference between human and mouse, we chose immunodeficient SCID-Beige 

mice as recipients to minimize the complication of immune responses that occur in 

xenogeneic transplantation158. We first tested the viability of encapsulated human islets 

(Figure 4.12a) in non-diabetic SCID-Beige mice. The devices were retrieved after one 

month and had minimal cell attachment and fibrosis (Figure 4.12b, c). Live/dead 

staining (Figure 4.12d) and in vitro GSIS (Figure 4.12e) of the retrieved islets indicated 

high viability and expected function. Next, we transplanted encapsulated human islets 

into STZ-induced diabetic SCID-Beige mice. We considered the mice to be diabetic 

when we had two consecutive measurements over 300 mg/dL which we acknowledge 

was a relatively low standard for diabetes. However, when we measured mouse c-

peptide for the non-transplanted control groups we found that the average was 42.7 pM 

for the STZ-treated group (94 days after STZ treatment) and 123.2 pM for non-treated 

group. The c-peptide comparison in combination with the blood glucose levels indicated 

that the mice had lost a substantial part of the beta cell mass due to the STZ-treatment. 

Each STZ-treated mouse received 2 devices of ~1-inch-long containing ~1,900±100 

IEQ’s in total159. Non-encapsulated human islets of a similar number were transplanted 

in kidney capsules as control. The BG and body weight were monitored over time. It 

took over 2 weeks after transplantation to reverse the hyperglycemia. This slow 

response could be due to the species difference and/or the islet quality; similarly slow 

BG reduction was observed previously following transplantation of human islets into 

kidney capsules of immunodeficent diabetic mice159. However, after the initial diabetes 
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correction, the BG levels of the mice in both the device and kidney capsule groups were 

maintained within the normal range for more than 4 months until the experiment ended 

(Figure 4.13a). In addition, the mice in both groups gained weight after transplantation, 

as compared with the diabetic control group (Figure 4.13b). Immunohistochemical 

staining showed positive staining of human insulin, Nkx-6.1, and glucagon in the islets 

retrieved from both kidney capsule and TRAFFIC, similar to the islets before 

transplantation (Figure 4.13c). Assembled together, these data provide an important 

proof of concept for the use of TRAFFIC for T1D treatment. 
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Figure 4.9. Demonstration of therapeutic potential of TRAFFIC using rat islets. a, 

Microscopic image of a TRAFFIC device encapsulating rat islets before transplantation. 

b, Blood glucose concentration of diabetic C57BL/6 mice after transplantation of 

encapsulated rat islets, n=6-10, mean ± s.e.m., *P<0.05. c, Intraperitoneal glucose 

tolerance test prior to retrieval on day 28, n=4-5, mean ± s.e.m., *P<0.05 (diabetic 

control versus rat islets - TRAFFIC), #P>0.05 (non-diabetic control versus rat islets - 

TRAFFIC). d, A microscopic image of the retrieved device. e, In vitro glucose-

stimulated insulin secretion test of the retrieved rat islets, n=3, mean ± s.e.m., *P<0.05. 

f, H&E staining of cross-sections of retrieved islets (the arrow points to the cellular 

overgrowth on the device). g, Immunohistochemical staining of the islets in a retrieved 

device (green: insulin, blue: nuclei). 
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Figure 4.10. Transplantation of rat islets encapsulated in neat alginate fiber/TRAFFIC 

and allogenic mouse islets encapsulated with TRAFFIC. a, Blood glucose concentration 

of diabetic C57BL/6 mice after transplantation, n=5, mean±s.e.m., #P>0.05 (between 

all three groups). b, Body weight of the diabetic mice after transplantation, n=5, 

mean±s.e.m., #P>0.05 (between all three groups). c, Intraperitoneal glucose tolerance 

test prior to retrieval on day 28, n=5, mean ± s.e.m., *P<0.05 (three groups with 

transplantations versus the diabetic control), #P>0.05 (among the three groups with 

transplantations). d, Optical microscope images of the device/islets before 

transplantation and after retrieval. e, Live/dead staining of the retrieved islets. f, 

Immunohistochemical staining and H&E staining of the retrieved islets. 
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Figure 4.11. Long-term study of the transplantation of the rat islet encapsulated in 

TRAFFIC. a, Blood glucose concentrations of mice from 3-month transplantation 

studies, n=8-17, mean±s.e.m., *P<0.05 (diabetic control versus rat islets - TRAFFIC). 

b, Body weight of the C57BL/6 diabetic mice that received transplantation of rat islets. 

c, Optical microscopic images of the rat islets in TRAFFIC before transplantation and 

retrieved after 3 months. d, H&E staining and immunohistochemical staining of 

retrieved islets in TRAFFIC. 
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Figure 4.12. Transplantation of human islets encapsulated in TRAFFIC into healthy 

mice. a, Microscopic image of a TRAFFIC device with encapsulated human islets 

before transplantation. b, Microscopic image of a TRAFFIC device retrieved after 1 

month. c, H&E staining of a cross-section of the device (the arrow points to the minimal 

cellular overgrowth on the device). d, Live (green)/dead (red) staining of human islets 

in retrieved device. e, In vitro glucose-stimulated insulin secretion test of human islets 

in retrieved device, n=3, mean ± s.e.m., *P<0.05. 
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Figure 4.13. Demonstration of therapeutic potential of TRAFFIC using human islets. a, 

Blood glucose concentrations of diabetic SCID-Beige mice after transplantation of 

human islets, n=4-21, mean ± s.e.m., *P<0.05 (human islets – TRAFFIC versus diabetic 

control), #P>0.05 (human islets – kidney capsule versus human islets - TRAFFIC). b, 

Body weights of the mice after transplantation. n=4-21, mean ± s.e.m., *P<0.05 (human 

islets – TRAFFIC versus diabetic control), #P>0.05 (human islets – kidney capsule 

versus human islets - TRAFFIC). c, H&E staining and immunohistochemical staining 

of human islets before transplantation and retrieved from kidney capsules or TRAFFIC. 
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4.3.4 Scale-up and Test of Retrievability in Dogs 

Two important advantages of the TRAFFIC design are scalability and 

retrievability. It is estimated that 500,000 IEQ’s may be needed to cure a human T1D 

patient73. To deliver such a large number of islets, scalability is critical to any successful 

cell encapsulation system. Due to the thin cylindrical geometry, TRAFFIC can be scaled 

up in the longitudinal direction to a large capacity and can still be retrieved through 

minimally invasive laparoscopic procedures. To prove this concept, we fabricated ~10-

inch TRAFFIC devices using a custom-made thread holder and a channel reservoir 

(Figure 4.14a, b). Next, we performed some large animal experiments using dogs. In an 

initial pilot experiment, a ~1.5 mm diameter, 10-inch-long device (without cells) made 

from the “beads-on-a-string” thread (Figure 4.14b) was laparoscopically implanted into 

each of two dogs. The procedure was relatively simple and fast. Briefly, the device was 

placed in a pipette, which was then inserted through a laparoscopic trocar (Figure 4.14c, 

d). Under the laparoscopic visualization, the device was pulled into the peritoneal cavity 

using laparoscopic forceps (Figure 4.14c, left) and placed in the cranial abdomen near 

the liver. Two weeks later, the device was retrieved by grasping and pulling the device 

using a similar laparoscopic procedure (Figure 4.14c, right). In one dog, minor tissue 

adhesion occurred between the omentum and a segment of the device in which the 

hydrogel had detached and the thread was exposed (Figure 4.15). However, the device 

was still retrievable in its entirety after excising the adhered tissue. In the other dog, 

there was no adhesion or any gross fibrosis on the device (Figure 4.14e, f). Remarkably, 

even though the device left an indentation on the liver (Figure 4.14e), there was no 

fibrosis or histologic indication of inflammation in the tissue (Figure 4.14g). In both 
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dogs, there were no significant changes in bloodwork (i.e. fibrinogen concentration, 

white blood cell count, liver enzyme concentrations) suggesting that no inflammation 

was induced.  

Although this first pilot experiment was promising, comparison of the results 

from the two dogs highlighted the importance of the thread design to ensure strong 

hydrogel-thread adhesion. To overcome the hydrogel detaching problem that occurred 

in one of the dogs, we repeated the implantation experiment with 3 more dogs using a 

device (diameter of ~2 mm) made from the continuously modified, twist-folded thread. 

One dog was implanted with an empty device while the other two were implanted with 

devices encapsulating sub-therapeutic doses of rat islets (~1,000 IEQ’s /device). The 

devices were retrieved after 1 month. All three devices remained intact and no tissue 

adhesion occurred. To illustrate the convenient retrieval, we took videos both inside and 

outside the dog (Figure 4.16a, b). The retrieval was simple and rapid; it took merely 10 

seconds from grasping the device to removal. The retrieved devices had only thin layers 

of attached cells (Figure 4.16c, d). The xenogeneic rat islets induced some local 

inflammation, however, there was no tissue adhesion and the devices were still easily 

retrievable. More importantly, the islets in retrieved devices were still viable and 

functional, as evidenced by live/dead staining (Figure 4.16e), insulin staining of cross-

sectioned islets (Figure 4.16f) and in vitro GSIS (Figure 4.16g). 
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Figure 4.14. Scalability of TRAFFIC and laparoscopic retrieval. a, A digital image of 

custom-made tools for fabrication of long TRAFFIC. b, A digital image of a ~10-inch-

long empty device for canine implantation, inset: a microscopic image of the device. c, 

d, Schematic illustrations and a digital image showing the laparoscopic procedures; the 

arrow in (d) indicates the insertion of the device into a dog during intraperitoneal 

implantation. e, Laparoscopic image of the device 2 weeks after implantation. f, H&E 

staining of the retrieved device. g, H&E staining of the liver tissue in contact with the 

device.  
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Figure 4.15. Weak mechanical stability of the device made from a “beads-on-a-string” 

thread. a, A laparoscopic image showing the alginate hydrogel partially detached in the 

peritoneal space of a dog. b, Laparoscopic image showing tissue adhesion of the 

exposed thread where the alginate hydrogel detached. c, Digital images showing a 

detached part of the retrieved device. 
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Figure 4.16. Demonstration of rapid device retrieval and cell survival in a dog model. 

a, A series of laparoscopic images showing the retrieval process. b, A series of digital 

images showing the device being pulled out from a trocar. c, d, Microscopic images of 

the device with encapsulated rat islets before (c) and after (d) transplantation in dogs 

(the arrow points to the minimal cellular overgrowth on the device). e, Live/dead 

staining of retrieved rat islets. f, Insulin staining of retrieved islets. inset: H&E staining. 

g, In vitro glucose-stimulated insulin secretion, n=3, mean ± s.e.m., *P<0.05. 
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4.3.5 Discussion 

Recent development of stem cell biology has brought tremendous hope that one-

day human stem cells may be differentiated into functional beta-like cells and 

transplanted into T1D patients17, 160. However, to prevent immune and autoimmune 

attack, the exogenous cells need to be encapsulated or immuno-protected. Developing 

an encapsulation system that can be clinically used has unfortunately been a great 

challenge4, 103. Planar diffusion chambers such as the Viacyte® device have shown great 

promise in preclinical small animal studies161. However, there are considerable 

challenges to scale up the device to human patients due to the intrinsically low surface 

area for mass transfer; high cell packing density may lead to deficiency of oxygen and 

nutrients142, 143, 162. The other major type of encapsulation system is the hydrogel 

capsule. Hydrogel capsules have a larger surface area and can potentially deliver a 

higher number of islets4, 44, 141, 162. Importantly much progress has been made recently 

on the biocompatibility of alginate hydrogels46, 154, which makes the capsules more 

functionally durable and easier to retrieve. However, common retrieval techniques such 

as aspiration and lavage are time-consuming and it is a great challenge to ensure 

complete retrieval given the large capsule number and the complicated organ structures 

inside the peritoneal space52, 163, 164. Incomplete retrieval can cause serious safety 

concerns when stem cell-derived cells are used due to the potential of teratoma 

formation4, 12. 

4.4 Conclusion 

In this work, we report a new encapsulation design that takes advantages of 

alginate hydrogel and is both scalable and retrievable. The key to the design is a tough 
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central thread with continuous nanoporous modification and uniform Ca2+-release. The 

device is in contrast to conventional neat hydrogel fibers which although previously 

proposed for cell encapsulation98, 104, 165, 166, were soft and easy to break and therefore 

not suited for clinical applications. The uniform and controllable hydrogel thickness as 

well as the strong thread-hydrogel adhesion are both important for function and 

translation. Convenient retrieval with a minimally invasive surgery would be 

particularly attractive for clinical applications. For any transplantation, straightforward 

removal after completion of therapy or failure of transplant would address patients’ 

concerns of having foreign materials and cells permanently implanted in the body56, 103. 

As therapeutic cells derived from stem cells or adult cells become a potential alternative 

to primary cells, retrievability is more highly desired to mitigate the concerns of 

teratoma formation12. We believe this new encapsulation design will minimize the risks 

and discomfort associated with transplantation, make repeated transplantation a more 

acceptable option, and therefore likely accelerate and contribute to the translation of cell 

encapsulation for T1D and potentially many other diseases. Furthermore, our modified 

thread device could be available to researchers or clinicians as an off-the-shelf, ready-

to-use product and cell encapsulation may be performed at site via a one-step in situ 

crosslinking. 
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CHAPTER 5: CONCLUSION AND FUTURE PERSPECTIVE 

5.1 Conclusion 

Mass transport property is a significant factor that determines the success of any 

cell encapsulation system. In microencapsulation systems, spherical hydrogel 

microparticles, typically with a diameter of 500-600 µm, are the most commonly used 

and widely studied materials. Recent studies have shown that it is actually more 

desirable to use larger size particles (about 1.5 mm or larger in diameter) for cell 

delivery, since larger particles generate less foreign body responses upon implantation. 

However, when increasing the overall size of the hydrogel particles, the diffusion 

distance within the hydrogel is also increased. Thus, mass transfer becomes a problem. 

For instance, the cells in the center of the sphere can experience the lack of nutrients 

and oxygen. Therefore, to address this dilemma, I developed a novel fabrication 

platform for preparing non-spherical particles. By combining the ubiquitous vortex ring 

phenomenon with rationally designed freezing events, I was able to produce toroidal 

shaped hydrogel particles in large scale. Compared to conventional spherical hydrogel 

particles, the toroidal ones have a shorter diffusion distance within, a better 

deformability and a larger surface/volume ratio. These advantages greatly facilitate the 

mass transport property of the hydrogel particle-based cell encapsulation system. 

 Besides mass transport property, good mechanical stability is another very 

important property affecting the effectiveness and usefulness of cell encapsulation 

devices. Here, I firstly engineered a nanofiber enabled hydrogel encapsulation device 

(NEED). In this design, I took advantage of the well-known capillary action that holds 
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wetting liquid in porous media. By impregnating the highly porous electrospun 

nanofiber membrane of pre-made tubular or planar devices with hydrogel precursor 

solutions and subsequent crosslinking, I obtained various nanofiber-enabled hydrogel 

devices. This approach is broadly applicable and does not alter the water content or the 

intrinsic chemistry of the hydrogels. The device takes advantages of the properties of 

both the hydrogel (e.g. the biocompatibility) and the nanofiber (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 provided a proof-of-

concept study on potential therapeutic applications of the devices by encapsulating and 

delivering rat pancreatic islets into chemically-induced diabetic mice. The diabetes was 

corrected for the duration of the experiment (8 weeks) before the implants were 

retrieved. The retrieved devices showed minimal fibrosis and as expected, live and 

functional islets were observed within the device. This study suggests that the design 

concept of NEEDs may potentially help to overcome some of the challenges in the cell 

encapsulation field and therefore contribute to the development of cell therapies in 

future. 

 Besides the properties and problems mentioned above about the cell 

encapsulation systems, challenges still remain for clinical applications. For example, 

there is an unmet need for an encapsulation system that is capable of delivering 

sufficient cell mass while still allowing convenient retrieval or replacement. Therefore, 

I report a simple cell encapsulation design that is readily scalable and conveniently 

retrievable. The key to this design was to engineer a highly wettable, Ca2+-releasing 
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nanoporous polymer thread that promoted uniform in situ cross-linking and strong 

adhesion of a thin layer of alginate hydrogel around the thread. The device provided 

immunoprotection of rat islets in immunocompetent C57Bl/6 mice in a short-term (1-

month) study, similar to neat alginate fibers. However, the mechanical 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. It also had facile mass transfer due 

to the short diffusion distance. We 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. We further showed, as a proof of concept, the scalability and retrievability in 

dog, the device could be rapidly retrieved through a minimally invasive laparoscopic 

procedure. This encapsulation device may contribute to a cellular therapy for T1D 

because of its retrievability and scale-up potential. 

 In conclusion, the works presented in this dissertation focused on improving 

several crucial properties of both microencapsulation and macroencapsulation systems. 

Several solutions were proposed and tested in order to overcome the challenges 

discussed above, and they will contribute to a cellular therapy for T1D and potentially 

other endocrine disorders and hormone-deficient disease. 

5.2 Future perspective 

With a world diabetes prevalence of over 300 million and an estimated increase 

to over 500 million in 20 years, there is an urgent need for therapy. It is reasonable to 

envision that the cure of diabetes will rely on the combination of pharmacological and 

cell-based treatment. Islet transplantation represents a potential cure for T1D. However, 
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its wide use has been limited by insufficient long-term success, the risks associated with 

immunosuppression and donor organ shortage. Islets encapsulation is a fast emerging 

field which attempts to overcome these obstacles by transplanting islets without 

immunoisolation and provide the safe usage of other cell sources. 

With the recent advances of stem cell research, stem cells become a very 

attractive alternative and theoretically unlimited cell source for transplantation. Recent 

reports on the generation of insulin-producing cells from human embryonic stem cells 

(hESCs) showed great promise. The Melton160 and Hebrok167 laboratories reported a 

culture system for generating insulin-producing cells from hESCs that can normalize 

hyperglycaemia in diabetic mice. Furthermore, encapsulation of these hESCs-derived 

immature β-cells within alginate hydrogel microcapsules and transplantation into 

immune-competent diabetic mice established euglycaemia that persisted for 25 weeks 

without any immunosuppression46. Even though many promising results have been 

reported, challenges and concerns still exist. For instance, the material requirements for 

the transplantation of adult islets may differ relative to the systems for the 

transplantation of neonatal or progenitor cells. Moreover, the potential for immature 

cells or un-differentiated cells within the transplant may cause concerns that should be 

addressed. 
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