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Type 1 diabetes (T1D) is an autoi mmune
system attacks and destroys the insplioducing beta cells in the pancreas. It is
estimated that in the US alone there are as many as thliea people with T1D with
approximately80 newly diagnosed patients every day. One in every 400 children and
adolescents in the US has T1D and theo&®lD incidence among children under the
age of 14 is estimated to increase by 3% annuwalldwide. Currentreatments incluel
injectionsandinfusion of exogenous insuliandrequire constant attention and strict
patient compliancel he transplantatioof pancreassor islets offers a better alternative.
However, its wide applicatiois limited by the need for lorgerm immunosuppression
and a persistent shortage of donor org&@wl encapsulation has been shown to hold
promise for effective, longerm treatment off 1D. However, encapsulatn systems
developed to date still face various chaljes. For example, alginate hydrogel capsules,

despite their biocompatibility and function, are difficult to retrieve or reaogpletely

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

organ structures in theamsplantation 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 challengingo scale up to a clinically relevant capacity due to their small surface
area for mass transfer. In thigesis, Ipresent three independent yet correlated research

projectsdevelopingadvanced cell encapsulation syssefrstly, | developed a novel

di



metlhod to fabricate toroidal particleglginate hydrogeldroidal particls havea shorter
diffusion path within compared to conventional sptedralginate hydrogel particde
facilitating mass transport and benefg encapsulated cells. Secondly, to enhatite
mechanical robustness of the hydrogel and prevent cells from escaping, | engineered a
novel nanofibeienabled encapsulation device by combining electrospun nanofibers
with biocompatible hydrogel. dst but notleast, to further push cell encapsulation
therapes toward clinicalapplications | designed a retrievable and scalable device. |
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 SCIEBeige mice usinguman islets for 4 months. | further showed,

as a proof of concept, the scalability and retrievahilitthe devicen dogs. In general,

theseprojectsmay contribute t@cellular therapy for T1D.
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CHAPTER 1: INTRODUCTION

1.1Cell therapy for type 1 diabetes

Type 1 diabetes (T1also known as juvenile diabe}espresents-20% of the
total diabetes populatiénit is estimated that itheUS alonethere are as many as three
million people with T1Dwith approximately80 newly diagnosed patients every tiay
One in every 400 children and adolescentshmmUS has T1D and the rate of T1D
incidence among children under the age of 14 is estimated to increase by 3% annually
worldwide’. TIDi s an autoi mmune disease in which
system attacks and desgs the insulipp r o0 d u eceéll®: ig thé pancreas. Current
standard treatments inclednjections or infusion of exogenous insulin, reqgr
constant attention ansktrict compliance. However, this treatment does not perfectly
simd ate insul i ncelelcg,etec mms & qwem tbl y, a pati e
fluctuate despite close monitoring and frequent adjustments of insulirdiesetng
to many devastating effects such as blindness, neuropathy, amputations, heart disease
and stroke&

The transplantatioof pancreassor islets offers a better alternative dras been
shown to restore normglycerfii§ allowing for tighter blood glucose contrélor each
transplant infusion, researchers use specialized enzymes to remove islets from the
pancreass of donors. The islets are purified andunted in a lab. &ients typically
receive two infusions with an average of 400,000 to 500,000 islets paonffdsOnce
implanted, the beta cells in these islets beégimake and release insulin. The goal of

theisletstransplants are to helpdbe patients who have difficylin controlling their



blood glucose levels to achieve normal blood glucose levels with or without daily
injections of insulin and to reduce orrelhate hypoglycemiainawarenest It was
reported that transplanted human pancreatic islets prglyidemic control, restoration
of hypoglycemia awareness and protection from severe hypoglycemic events at 2 years
in more than 70% of patents with previous hypoglycemmiawarenegs

Unfortunately, the scarcity of donor organs and requirement ofiolig
immunosuppression significantly compromise the widespread application of islet
transplantationThe required clanic systemic immunosuppression puts patients at risk
of organ damage, infection and malignantie¥he recent development of human
embryonic stem cell (hESC) stepwise differentiation leads to an efficient way to provide
an unl i mi t ecdllsferurgngplantation.fHowever, there asconcernthat
hESGd e r i xadisdmay contain undifferéiated stem cells, which may pose some
regulatory concerns in terms of teratoma formafiohhese barriers ay be overcome
by encapsulating islets or hEQCe r | «edldirside 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 diffusiof cell waste products and therapeutic
proteins (insulin). At the same time, the device prevents immune cells and antibodies
from destroying the encapsulateslls (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 peew sensitiation and rejectionand contain any

potentially tumorigenic cells.



One of the first examples of using encapsulated cells for treatment of diabetes
involved using sempermeable membrane bags to encapsulate human insulinoma tissue
and transplant them int@ts in 1933%. Since then, extensive works have been done,
and the field of immunésolated transplantatiobecameestablishetf'®. Recently,
researchers have successfully demonstrated that hESC can be differentiated to
pancreatic pr ealsnvira’ & wkich atiractedwnera atténtion to the
cell encapsulation field. A great deal of effort has focused on investigating the ideal cell
encapsulation systefrom many approaches, such as encapsulation materials, site of
transplantation, configuration of encafaion device, and methods to improve
vascularization and immune modulattériTo date, a small number ehcapsulation
systems have been developed and applied clinjcaiye examples are summarized in
Table 1.f. Currently there are two major types of islets encapsulation systems:
microencapsulation and macroencapsulaticstesys. In this thesis, | will discuss my

approaches in developing novel cell encapsulation systems in both categories.
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Figure 1.2. Schematics of different materials and devices for encapsuhtelts or

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



Device  or| Experimental Properties Trial | Ref
method intervention phase
Sernova Cell| Implantation of ASubcutaneous I/11 21
Pouch allogeneic islets into | A2-12 weeks of pre
the Sernova Cell Pouc| vascularization
following pre-
vascularization
Diabecell Laparoscopic delivery|A Per it oneallll 22
of alginate A Il mmune sup
encapsulated porcine | A x1D,000[EQ per kg
islets deliveries 12 weeks apart;
(total 20,000 IEQ per kQ)
Monolayer | A monolayer patchof [A Subcut aneoll 23
alginate alginate epapsulated |A | mmune sup
encapsulatior| allogeneic islets phase I1A=yes; phase IB=n
A OmBent flatch
Alginate Implantation of A Peritoneallll 24
encapsulation alginate encapsulated| A | mmune sup
allogeneic islets
ViaCyte Encaptra containing |A Subcut aneolll 25
Encaptra allogeneic hESE A2, 4 or 6 E
derived pancreatic
progenitors
b Ai r a|Macroencapsulatonofl A Per i toneallll 26
pancreas all ogeneic|/A | mmune sup
that provides oxygen t( A D a dinjegtionO
the cells
Thrombin Allogeneicisletsare |[A Oment um I/11 27
plasma gel | suspended in a gel A Il mmune sup
formed from A 5,000 | EQ
autologous plasma an(
recombinant thrombin
Tabl e 1. 1-cell encapsdation ayatems burrently in clinitils.*




1.2 Microencapsulation system

Microencapsulation is a process by whethall droplets or particles of liquid o
solid materials are surrounded or coated with a continuous film of polymeric material.
Capsules in the 0:B.5 mm range have been traditionally referred to as microcapsules
in the cell encapsulation fidl Microencapsulation of islets involvéise envelopment
of one to a few isletsvithin their own individual capsule. The spherical shape of
microcapsules offera better diffusion capaty due to the greater surfat@volume
ratio. Microcapsules are geneyathechanically stable and do not require complex or
expensive manufacturing procedurd$ie most common implantation site is the
peritoneal cavit§?. In most casgsnicrocapsules can be implanted into the patient by a
simple injection procedure.

The first described cell microencapsulation dates back964°. The first
attempt of using micicapsules to treat diabetes was made in 1980 by Lim ant, Sun
where they used alginapmolylysinepolyethyleneimine capsules to encapsulate islets
and demonstrated the prolonged isograft
et al. improved the microcapsule materiay removing the polyethyleneimine
component. The use ofilginatedemonstrated substantial improvement by showing
that the encapsulated islets remained viable for 1 year in one of the five animals used in
the experimentNumerous microencapsulaticstrategieshave beenshown to be
effective inrodent diabetes modéfs®* 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

.1



been concerns about the oukersafety 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 biocaibpdy of the
materials applied is the masiterpreted 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 capstite$his cellular overgrowth interferes
with the mass transport of the oxygen and nutrient insielenibrocapsules archuses
islet cell deathConsequentlymany efforts have been made to identify factoas ne
involved in determining the biocompatibility of microcapsules.

Many modifications of the encapsulation technology have been reported to
reduce the hdasresponse against algindtased microcapsule®Qver a decade ago,
researchers found that crudeginhte was associated with the cellular overgrowth
(mostly macrophages and fibrobladisps a consequence, the enveloped therapeutic
cells experience necrosis due to the insufficient diffusion of the nutrients anednoxyg
Since then, many efforts have been paid to purify the crude alginate anrguuéra
sodium alginate is now commercially available.

Not only the purity of the alginate but also the composition of the alginzeste
been studiedAlginatemolecules are coposed of mannuronic (M) and guluronic acids
(G) and can be crosslinked by divalent ions (such 4sada B&") throughthebinding
of consecutive blocks of -@olecules. By tuninghe G/M ratio, some basic properties
of the resulting hydrogel will chang&heoretically, highG alginate hydrogel is more

durable and associated with less islet protri€idh However, it was found that high



G alginate hydrogel microcapsules are associated with more inflammatory reactions
than intermediat& alginate hydrogel microcapsutes®

The size of the microcapsules also plays a significant role in determining the
success of thencapsulation systems. There has been concern that the conventional size
of the capsules (660,000 um in diameter) ay lead to diffusional limitations, which
results in core hypoxia and delayed insulin secretion in response to §fuddses, a
significant amount of effort has been devoted to reducing the size of the encapsulating
capsuleswith the aim of maxnizing thesurfaceto-volumeratic®. As a consequence,
the conformal coating has arisen as a new encapsulation model for the
immunoprotection of islets of Langerhan&arious fabrication procedures have been
developed, including the alginate emulsification methagerby-layer assembly and
the flow-focusing approad®d*?. However, altbugh most of the conformal coating
studies show some succeassvitro, most technologies have not achieved success as
immune barriers in preclinical and clinical models, still requiring systemic
immunosuppressidh

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 noiuman primate animal models, implanted spheres 1.5 mm and above
in diameter significantly abrogate foreign body reactions and fibrosis when compared
with smaller spheres$-gure 13). By using 1.5 mm alginate capsules encapsulating rat
islets, they were able to restore kdoglucose control of streptozaia (STZ)-treated
diabetic C57BL/6 mice for up to 180 days, five times longer than the control githup w

0.5 mm alginate capsufés Moreover,these group of researchers createa large



library of chemically modied alginate and tested the foreign body response of these
alginatein vivo. It showed that three triazolkeontaining analogs substantially reduce
foreign body reactions in both rodents and in-haman primategFigure 1.4) It is
claimed that the distrition of the triazole modification creates a unique hydrogel
surface thatinhibits recognition by macrophages and fibrosis depositiofihese
foreign-body response mitigating alginate derivatives were used to encapsulate human
embryonic stem cell (hESCs)d e r i wallglin dapsules and transplanted in STZ
treated C57BL/6 mice. The implants induced glycemic correction without

immunosuppression for up .74 days before retrievéifigure 15)4°.

10



09 mm Tmm 1.5 mm 1.9 mm
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Figure 1.3 Increasing alginate sphere size results in reduced cellular deposition and
fibrosis formation on the spheres. a, Dégld phase contrast images obtained from
retrieved spheres reveal a significant decrease in level of cellular overgrowth with
increasen sphere size. Scale bar, 2 mm. bstZcked confocal images of retrieved
spheres immunofluorescence stained with DAPI (highlighting cellular nuclei),
phalloidin (highlighting Fa ¢ t i n JSMA(highlighiing myofibroblast cells). Scale

bar, 300um.*
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Figure 1.4. Combinatorially modified hydrogels with reduced subcaotene
inflammation and fibrosis. a&cheme for the synthesis of 774 alginate analbgs.
Massonos tr i-daysulocataneo(sMistplogyoBthe top ten alginate analog
microcapsules and the ultrapure control alginate microcapsules (SLG20, VIS =
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 (ffh.
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Figure 15. hESCsd e r i wvcelld enfapsulated with modified alginate sustain
normoglycemia in STAreated immuneompetent C57BL/6J mice, Blood glucose
levels in STZtreated C57BL/6 mice implanted with hES€® r i vceld b
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 &dopget
with a cohort of STAreated noAamplanted mice that were subjected to an intravenous
glucose tolerance test (IVGTT) 174 d after implantation. ¢, Humpegfide levels in

the blood of the STAreated C57BL/6 mice implanted with hES@srivedb-cells used

ina)®
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1.3Macroencapsulation systems

Macroencapsulation systems are generally much larger devices compared to
microcapsules. They typically haveplnar or cylindrical geometry, and a relatively
smaller surfacéo-volume ratio. In macroencapsulation systems, cells are physically
isolated from directly interacting with the host tissues by the membrane of the
encapsulation devickssThese devices rely on the host
mechanisms for the control of pH, metabolic waste removal, electrolytes, and niftrients
Macroencapsulation systems canchéegorized into two general categories based on
their association with the host vasdule: intravascular devices and extravascular
devices.

Intravascular devices are connected or anastomosed diretttbetisting host
vasculature (Figure 8). The idetsin 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 levels: 48 Although the intravascular devices have shown some degree of
success in various animal mod&s there are some drawbacks (for instance,
thrombosis, defects of the device, or potential infections) for wigkcagions in large
numbers of diabetic patiedts

Thefirst reportedextravascular n@oencapsulatiodevices were developed by
Algire and ceworkersin the 19508 1651 Although most of the animal trials using
these devices were compromised by insufficient oxygen and nutrient diffusion into the
device, these early works emphasitteglimportance of the membrane biocompatibility,
host cell membrane overgrowth, delaysimmune rejection of encapsulated tissues and

prevention of allograft rejectidh %2 Later, in the early 1990s, Baxter healthcare
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developed a planer cell encapsulation device, which cedsi$tencapsulatedsiets
immobilized in flat membrandastened to maka sealed chamb&P*. The membrane
was designed to encourage host vascularization to resolve the critical issue of
oxygenation. Similadesigrs of the planer devices tiabeen investigated by different
research and pharmaceutigabups?. ViaCyte is curratly usingasimilar device called
EncaptraFigure1.7), which has a single membrane that is immunoisolating to protect
the transplanted cells from direct interactwith immune cells, while allowing oxygen
and nutrients to diffuse. ViaCyte is carrying out a phase I/1l clinical trial for the delivery
of hESGderived pancreatic progenitéts Another approach associated with
vascularization is the Sernova Cell Potichwhich ains to prevascularize a
subcutaneous site before the administration of the islets into the®pdBemova is
doing a phase I/1I clinical trial otheimplantation of allogeneic islets

It is well known that inadequate oxygen delivelyeto a lack of immediate
angiogenesis after implantation is the key factor Imgithe functionality of celbased
devices™°. Insufficient oxygen levels lead to cell ggposis, particularly for high
met abol i c ccelll®8 Evenutmigh veasculafization 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 Vg Recently,
Stablerand ceworkers developed a novexygengenerating biomat&l in the form of
polydimethylsiloxane (PDMSgncapsulated solid calcium peroxide, PDKISO>’. It
is reported that a single PDM&Q disk could enhance survival of rat pancreatic islets
under hypoxic culture conditisifFigure 1.8)". Since 2005, Bet®, has been exploring

methods to provide exogenous oxygen to the encapsulated (Kigise 1.9). The
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device is implantedsubcutaneously, with access ports used for daily filling with
oxygerf. These BetdD; studies have been successful in rodents and in large atfimals

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 ansepred islet

morphology without immunosuppresstén
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Figure 1.6. Schematic illustration of an intravascular device. Islets are enclosed in a
chambersurrounding a selectively permeable membrane. The device is implanted as a

shunt in the vascular systeth.
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Figure 1.7. Schematic of the ViaCyte device.
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Figure 1.8. PDMSCa( prevents hypoxinduced cell death for pancreatic rat islefs.
Schematic of oxygegenerating biomaterials, fabricated using PDEI&E». b,
Photograph of PDM&aQ disk (10mm diameter; dmm height).c, Representative
confocal zstacked culture at 0.05 mM oxygen without (control) or with a PBDASY

disk. (Scale bars, 100 pnt}
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1.4 Mass transport kinetics and transplantation site

The goal of islets transplantation is to reconstitute tmgsiplogical glucose
homeostasis autonomousl y d{eells. Althoagh manans pl ar
hormones and neurotransmittetan induce insulin release, glucose is the main
physiological insulin secretagodiel t has been sho-wefisthehat I n
release of insulin is oscillatory with relatively stable pulses of variabfgitde®™ %

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 anghysio-chemical facto¥: 8 It is reasonable to
speculate thatlarger surfacao-volume ratio is highly desired in any cell encapsulation
system.In this regard, microencapsulation magturally be superior to most of the
macroencapsulation devieeHowever, the mass transport property is also affected by
many other complications such as the size of the capsules/devices, the composition of
the encapsulation materialke fibroticovergrowth, 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
infusiorf®,

Besides insulin diffsion, inadequate oxygen delivery due to a lack of immediate
angiogenesis after implantation is another very important factor which greatly limits the
functionality ofcell encapsulation devicegs®. Insufficient oxygen levalwill cause cell
apoptosis, especially f-cells whichwgihredycemsultnab ol i ¢
production under low oxygen les! 1 In a cell encapsulation system, oxygen diffuses

from the surrounding blood vessels to the device, across the immunobarrier meembran
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and then diffuse into the encapsulated ¢efleme studies have shown that the diffusion
distance of the oxygen within the encapsulation materials has tmhedito within a
few hundred microrfé. Given the fact thain order to cure a human T1D patient,
~500,000 IEQsnay be needéd theloadingcapacity of theell encapsulation device
remains a great challenge.

The transplantation site for encapsulation device is a controversial and highly
critical issue to be considerédhe site chosen will not only affect the mass transport
kinetics mentioned above, but also determine the surgical complicationaffent
patientsd acceptance of the treatment.
infused into the liver through the portal v&irin this case, the mass transport, including
the diffusion of nutrients, oxygen and insulin, matches the physiological routes In
case of microencapsulatiothe intraperitoneal space is the most popular feite
transplantation, due to the ease of access via laparoscopy and less restriction of the
volume to be transplantéBigure 1.10) Moreover, there are much more body fluids in
the intraperitoneal space compared to other transplantation sites. It is @sbatrtbe
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 peritonedly cshow a tendencyo
clump in upright nonhuman primates and man due to grévitkn alternative
transplantation site for microcapsules is a surlyicadeated omental pouth When
transplanted into the omental pouch, the encapsulated cells are closeekis{ing

extensive vasculature artds 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. Howewder 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@rowth
There are a few studies show beneficial effects of neovascularization pretreatment using
basic fibroblat growth factors (FGF) in islet transplantation, and demonstrated reversal
of hyperglycemia up to 3 months in rod€ft$®> Encapsulation devisadeveloped by
Theracyte and Sernoveave anembrane or cathetérat can promote vascularization.

In the Sernova system, a catheter was implanted subcutaneously to induce
vascularization, upon removal, a prevascularized subcutaneous site was(€iigated
1.11) Mouse syngeneic islets wetmnsplanted into this prevascularized site and

normoglycemia was maintained for >100 days.
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1.5Significance 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 aaéready in clinical trials, there are still many challenges
remaining. For instance, there is an unmet neearfeffectiveway to improve the mass
transport property of the encapsulation materials, a secured encapsulation device that
can ensure no cgbenetration, and a system that is capable of delivering sufficient cell
mass while still allowing convenient retrieval or replacement. Indiseertation, | will
introduce three individual but correlatgoiojecs in which | studied the cell
encapsulatiorfrom three different aspect§&irstly, | developed a novel fabrication
method to prepare nespherical particles by cdmming vortex ring formation process
andgelation/precipitation reactions. Especially, by combining the vortex ring freezing
method withthe electrospray process, | was able to produce toroidal hydrogel particles
at large scale. These toroidal hydrogel particles, compared to conversjeaical
particles used in cell encapsulation, have several advantages such as shorter diffusion
distance within, better deformability and larger surface/volume ratio. Secondly, |
developed a robust hydrogaehsed, nanofibegnabled encapsulation device (NEED).
This cell encapsulation device retained the properties of both the hydrogel (e.g. the
biocompatbility) and the nanofibers (e.g. the mechanical robustness). The facile mass
transfer was confirmed by encapsulation and culture of diffetgrgs of cells.
Additional compartmentalization of the devices enabled paracrine cellltoe in
single implandéble devices. Lastly, | engineered a retrievable and scalable teviesl

as TRAFFIC threadreinforcedalginatefiberfor islets esapsulation). 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 tHrel@dhonstrated

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 miceusing human islets for 4 months. | further showed the scalability and

retrievability in dogs.
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CHAPTER 2: DEVELOPING MICROENCAPSULATION SYSTEM WITH

SHAPED PARTICLES

2.1Introduction

Hydrogetbased microcapsules, due to their large surfaceolioame ratio, is
considered advantageous from a mass transport perspective. This microencapsulation
system has been studiéat many years and hundreds of publications with multiple
successes hing been produced in various animal modtlIBibrotic overgrowth is one
of the most significant challenges limiting the further clinical application of theolgd
microcapsule®. Standard alginate microcapsules are-5000 microns in diamet&
However, recent studies have shown that increasing the sizetraperitoneally
implanted alginate capsules from ~500 um to ~1.5 mm reduced fitfragigortunately,
for the large, spheral particles, mass transfer becoragsroblem (e.g., the cells in the
center of the spheres can experieatack of nutrients and oxygen).

Herein, | proposed an alternative way to increase the overall size of the capsules
and increase the surface tdwuoe 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,
diameterd, about an axis. The center of the small circle is displac&dy d/2 from
the axis. By this construction, the torus is the Cartesian product of two circles of radium
d andD (Figure 2.1). The solid whose surface is the torus is called a toroid. Advantages
of toroidal over spherical geometry derived from surface arealtone 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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sizeD. Furthermore, for the same volume, the toroid lveatgr surface area provided
d/D < 2/3 (i.e. 4d > 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
microencapsulatiof.

A vortex ring is a torus shaped, fluidic region where the fluid spins around an
imaginary axis lineand vortex rings exist almost ubiquitously in nature and have
stimulatd numerous studies for decat@4 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 intiguing, nonspherical shapes appear, including those resembling
teardrops, jellyfishes, caps and donuts.

However, vortex rings rapidly evolve and are often sheet®, making it
almost impossible to harvest and utilize them as materials. | hypothesized that if a proper
Afrreezévent o exi sts, Pt owi | be possible
stable hydrogel or solid microparticles of a defined shBipe@ughafine-tuned gelation
or precipitation process, | showed that | could freeze vortex rings using vaatersats
such as nanoclay, alginate, chitosan and nanosilica. | termed these uniform and
sometimes unprecedented shaped partiddasexring-derivedparticles (VRP).

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

denonstrated the several applications of these domatoVRP including bio-
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encapsulation,-® cell culture, and cell free protein production. In addition, | showed
the successful fabrication of more complicated Janus aneshetedonutmicroVRP

by engineering the electrospray nozzle. The denigctoVRP 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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