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Abstract

In cell encapsulation, cells are embedded within a hydrogel matrix or liquid core
capsule, which is designed to isolate donor cells from a patient’s immune system.
This immunoisolation allows for long term transplant function of therapeutic
secreting cells for potential treatment of many hormonal and enzyme deficiency
disorders. The work in this thesis focuses on the use and study of reactive
polymers for their application in cell application. Incorporation of covalent
crosslinking into cell encapsulation by reactive polymers addresses issues of
long-term stability seen in conventional alginate — poly(L-lysine) — alginate (APA)

capsules, by introducing crosslinks with prolonged stability in vivo

Chapter 2 focuses on the use of partially hydrolyzed poly(methyl vinyl ether-alt-
maleic anhydride) to form covalently crosslinked shells with surface bound
poly(L-lysine) coated onto INS-1E encapsulated alginate beads. The capsules
formed were found to maintain in vitro stability for 6 weeks and that the coating
procedure did not impede INS-1E cellular function, with the encapsulated cells
maintaining cell viability and retaining their ability to form cellular clusters in low
attachment environments. Additionally, a new fluorescent microscopy-based
method was developed to quantify the percentage of protruding cells from the

capsules for the first time.

In chapter 3, new Diels Alder reactive polycation copolymers, poly(N,N-dimethyl

amino ethyl acrylate-co-Furfuryl acrylamide), was designed an synthesized. The

iv



reactivity ratios measured for the copolymerization were found to be r1 = 1.83 for
N,N-dimethyl amino acrylate and r> = 0.23. These new polycations can be in cell
encapsulation to form new covalently crosslinked networks with dieneophile

crosslinkers.
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Chapter 1 - Introduction

1.1 Cell Encapsulation

Currently, the treatment methods of many hormonal and enzyme
deficiency disorders are limited to frequent administrations of therapeutic
peptides or hormones as in the case of insulin for Type 1 diabetes. To address
the need of continuous drug delivery for chronic treatments, new polymeric drug
delivery methods have been developed. Ideally, these systems would be able to
achieve targeted local drug delivery with tailored long-term continuous delivery of
therapeutic agents.'™ Another approach is to use cell-based therapies. These
new treatments utilize therapeutic secreting cells to provide controlled release of
targeted therapeutic agents. The benefit of using therapeutic cells is that they
can provide sustained as well as bio-feedback controlled release, and avoid the
potential sudden burst release of high drug doses upon administration, erosion or

breakage of polymeric drug delivery systems.>6

Over the past few decades cell encapsulation has been extensively
researched for cell-based therapies. In cell encapsulation, cells are immobilized
within a semipermeable material that acts as barrier to hide donor cells from a
patient’'s immune system, creating physical separation of donor cells from
immune cells as well as excluding cytotoxic larger immunological molecules such
as antibodies and cytokines.” The concept of cell encapsulation was first

demonstrated in 1933 by Bisceglie when it was shown that encapsulated mouse



tumor cells implanted in a pig remained viable and avoided immune rejection.®
The concept of cell encapsulation as source of artificial organs was later

introduced by Chang in 1964.°

The potential viability of cell encapsulation as a new treatment method
was demonstrated in 1980 by Sun and Lim.*° In this seminal paper, encapsulated
xenogenic pancreatic islets were shown to maintain blood glucose levels for
several weeks in diabetic rat models, with unencapsulated islets returning to
pretreatment levels only after a few days. Cell encapsulation research has since
been expanded to a variety of other diseases including hemophilia,*!
dwarfisms,'? central nervous system insufficiencies,'2 and liver and kidney

failure.14.15

1.2 Macro Encapsulation

Research towards designing cell encapsulation devices has been focused
on two approaches: macro- and micro-encapsulation systems. Macro
encapsulation devices are either extravascular or intravascular in nature, and
have been designed in a variety of structures such as hollow fibers,6:17
macrocapsules,®1° pouches,?° and sheets.?! Extravascular devices rely on
diffusive transport for nutrient and oxygen supply to the encapsulated cells and
are typically implanted into low risk surgical sites, either subcutaneously or in the
peritoneal cavity. Due to their reliance on diffusive transport extravascular

microencapsulation devices often face issues of hypoxia and necrosis for cells



located towards the center of the device, which limits cell densities and
introduces significant dead volume. Some macrocapsule devices incorporate
oxygen supply systems to help maintain beta cells. Beta-O2 is an implanted
device developed consisting of cells encapsulated in an alginate gel around a
gas cavity that has an access port to an external oxygen supply and has shown

in small animal studies to maintain islet function over 90 days.

To overcome these challenges new devices have been designed that
promote angiogenesis to vascularize the transplant site. TheraCyte is a planar
pouch that has a double membrane structure developed by Baxter Healthcare.
The membranes are made of polytetrafluoroethylene (PTFE) with differing
thicknesses and pore sizes. The outer membrane has a thickness 15 ym and a
pore size of 5 ym and promotes angiogenesis, the inner membrane is 30 ym
thick with a pore size of 0.4 um for immune isolation.?%?223 |t was found that the 5
pum pores of the outer membrane were found to have an 80-100 fold increase in
vascularization in to smaller pored membranes, and this increased
vascularization is maintained when the two membranes are combined, leading to
a highly vascularized device that maintains immunoisolation.?° Implanted rat
islets in the TheraCyte device were found to remain functional for 4 weeks in
immunocompromised mice and neonatal porcine islets transplanted into non-
obese diabetic mice showed reversal of diabetes for 16 weeks.?425 In non-

human primate (NHP) models allogenic NHP islets remained viable for up to 12



months.?® This work is continued by ViaCyte, with early clinical trials showing

mixed results due to fibrosis.

1.3 Microencapsulation

Microencapsulation is similar to extravascular macro encapsulation
devices in that it depends on diffusive transport of oxygen and nutrients for
cellular function. In contrast to macro encapsulation, the smaller size of
microcapsules results in a higher surface area to volume ratio that improves
mass transport of oxygen and nutrients, reducing hypoxia and necrosis observed
in macro encapsulation.?’ Microcapsules are typically spherical hydrogel beads
or liquid core capsules with a semipermeable outer membrane, with diameters
between 100 and 1500 um.

Over the past few decades, microencapsulation has shown promising
results in pre-clinical trials. Lim and Sun showed blood glucose regulation for up
to 3 weeks in diabetic rat models with pancreatic islets encapsulated in alginate —
poly-L-lysine — alginate (APA) beads.1° In a non-human primate study, 7 out of 9
diabetic monkeys treated with porcine islets encapsulated in APA beads showed
insulin independence for 120 to 804 days.?® A human trial conducted in 1994
showed insulin independence for 9 months in a 30 year old insulin-dependent
diabetic patient when transplanted with cadaveric human islets encapsulated in
alginate, while maintaining a low daily dose immunosuppression regime of
cyclosporin and azathiophene.?® In 2006, the first non-immuno-suppressed

human trial was carried out. Two type 1 diabetic patients received human islets



encapsulated in calcium alginate — poly-L-ornithine — alginate beads, into the
peritoneal cavity. While the patients did not achieve insulin independence; there
was a decrease in required daily exogenous insulin, reduction in mean blood
glucose levels, and elimination of weekly severe hypoglycemia events.* In
another study in 2016, eight non-immunosuppressed type 1 diabetic patients
received encapsulated neonatal porcine islets into the peritoneal cavity. There
was an observed significant reduction in hypoglycemia events for > 600 days, but
there was minimal reduction in required exogenous insulin.®! In similar studies,

significant insulin dose reduction or insulin independence were rare.32-34

1.4 Microencapsulation Immune Reponses

Despite significant research progress and promising animal and
immunosuppressed human studies, there has been limited success in clinical
trials with non-immunosuppressed humans, which suggest that immuno-isolation
remains a key issue. The immune response to microcapsules can be categorized
into three sequential steps: acute inflammation, chronic inflammation and lastly
granulation tissue development.3234-37 The acute inflammatory response is
characterized by protein and immunoglobin adsorption upon transplantation and
appearance of granulocytic neutrophils carrying chemokines at the site. After this
step, the chronic inflammatory response starts with the appearance of monocytes

and lymphocytes, which leads to the appearance of macrophages and fibroblasts



and granulation tissue development. The macrophages adhere to the surface of
the capsules and secrete proteins that modulate fibrosis by stimulating
fibroblasts, resulting in fibrotic capsule formation around the microcapsules,
which reduces nutrient access to encapsulated cells and eventual loss of viable

cells.38-40

Protein adsorption is one of the key steps that leads to the foreign body
response towards implanted biomaterials. The type, amount and conformations
of the proteins adsorbed onto the surface all have an effect on the response as
these dictate the adhesion of monocytes and macrophages to the materials
surface.**2 A significant factor in the degree of amount and denaturation of
adsorbed proteins is surface hydration. Hydrophilic surfaces have been found to
have low degrees of protein denaturation and adsorption in comparison to
hydrophobic surfaces.*-*" The majority of microencapsulation systems are made
of hydrogels, mainly alginate.® Hydrogels are water swollen crosslinked polymer
networks made of hydrophilic polymers.#8-50 Despite the high degree
hydrophilicity, plasma protein adsorption is still present and remains a key barrier

to successful long-term function of implanted microencapsules.50-52

1.5 Alginate



Alginate is an anionic polysaccharide biopolymer extracted from algae
consisting of (1-4)-linked B-D-mannuronate (M) and a-L-guluronate (G) residues

with a varying block copolymer sequence of M, G, and GM blocks.

Figure 1.1: Chemical structure of alginate.>*

The ratios and sequence of the G, M, and GM blocks is found to vary with the
source of the alginate and this variation effects the mechanical prosperities of the
resulting hydrogels formed. Alginate is capable of forming hydrogels by
coordination of guluronic acid units to multivalent cations, such as Ca?*, and
dimerizing polymer chains leading to hydrogel network formation referred to as

the egg-box model.55-58

Alginate has been the most used material for microencapsulation due to
its low cytotoxicity and mild gelation conditions. It is capable of quickly forming
hydrogels under physiological pH, osmolarity and temperature, allowing for
simple encapsulation of cells by dropping a solution of alginate containing a
suspension of cells into a collection bath containing an aqueous solution of

crosslinking ions. Alginate can be crosslinked by a variety of multivalent cations



such as Ca?*, Ba?*, Cu?*, Ce®, and Fe3*,5%-62 with Ca?* and Ba?* being used for
cell encapsulation due to cytotoxicity of other cations. Gelation by Ba?* forms
more mechanically strong alginate gels due to it's higher binding affinity to

alginate compared to Ca?*.6364

A significant drawback for using alginate as a material for cell
encapsulation is that there is significant batch to batch variability in the G:M ratio
effecting biocompatibility and mechanical properties of the resulting gel. Higher G
content alginates form stronger and stiffer gels compared to lower G content
alginates.®® As well, the G:M ratio affects the physiochemical changes in vivo in
the properties of implanted capsules. In 2012, Paul de Vos et al showed that
alginate-PLL capsules with different degrees of G content can have significant
differences in inflammatory response. High G content and intermediate G content
alginate-PLL capsules with near identical physiochemical properties were
implanted into rats. It was found that the high G content capsules produce a
larger inflammatory response, this was attributed to more PLL detachment in vivo
resulting in a higher positive charge density surface, increasing protein

binding.3566

Alginate has also been found to contain many biological impurities such as
endotoxins, proteins, and polyphenols that contribute to inflammation, fibrotic
overgrowth and cell necrosis. Extensive purification methods have been
developed, but there are still residual contaminants.®’-%° Endotoxins are highly

immunogenic impurities containing pathogen-associated molecular patterns



(PAMPs). PAMPs are molecular motifs that are recognised by toll-like receptors
(TLR) found in the cells of innate immune system.”® As a result of these issues,
new synthetic polymers that can be synthesized without batch-to-batch variability
and biological contaminants have potential to be the next generation of materials

used in cell encapsulation.

1.6 Alginate bead production

While the materials used for cell encapsulation are important for immuno-
isolation, the size and morphology of the resulting beads are also of significant
importance for the successes of cell encapsulation. The size of the beads has a
large effect on the availability of nutrients to the encapsulated cells, as with
smaller sizes there is improved diffusive nutrient exchange due to the increase in
the surface area to volume ratio. It has also recently been reported that the size
of the beads can have an effect on the degree of immune response. Early work
has showed that smaller capsules have improved biocompatibility compared to
larger ones. This was attributed to improved oxygenation resulting in less cellular
death.” In later work comparing empty capsules of 0.350mm and 1.250mm
diameter it was found that the smaller capsules still showed better
biocompatibility.” In contrast to this, recent work by Anderson et al showed the
opposite trend. When a series of increasing size Ba*? alginate beads from
0.3mm to 1.9mm were implanted into C57BL/6 mice. It was found with an
increase in size there was a decrease in fibrotic overgrowth on the explanted

beads. This trend was still observed when the total surface area of implanted



beads was normalized as well as when comparing the effect of size with different

spherical materials such as, stainless steel, glass, and polystyrene.”

Despite conflicting results on what is considered the “best” performing
bead size, the data demonstrate the importance of being able to produce
spherical beads at targeted sizes with low dispersity. Conventional methods for
bead production in cell microencapsulation have been based on the droplet
extrusion of a sodium alginate solution containing a suspension of cells into a
crosslinking gelling bath. One of the early methods for controlling droplet size is a

coaxial air flow to shear off droplets.

Air inlet
[ S

—

Figure 1.2: Coaxial airflow bead generator.”
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Beads produced by this method are generally in the range of 0.500mm to 1.0mm
in diameter.”>-"8 Attempts to reach < 0.500mm diameters often result in bead
imperfections such striations and craters as well as droplet fragmentation due to
higher air flow rates.”®® To achieve smaller sizes of > 0.150mm encapsulators
that use an electrostatic potential between the droplet and gelling bath have been
developed. The applied voltage, commonly in the range of 1 to 10 kV, reduces
droplet size as voltage the increases up to a critical voltage where a taylor cone
forms at the nozzle tip, ejecting droplets.?1-83 Beads made by this method are
generally more narrow disperse, spherical and have fewer imperfections then

those formed by air-shearing.’?

11



Figure 1.3: Electrostatic bead generator.”*

Droplet-based microfluidics have been used for forming capsules at <
0.100mm range. There are two general approaches for forming alginate gels with
microfluidics, either an external or internal gelling ion source. In the external
approach, alginate droplets are formed in a microchannel. These droplets are
then met with an external stream of aqueous solution containing crosslinking
ions.8485 The internal approach uses a water-in-oil emulsion in which aqueous
droplets of sodium alginate containing CaCO3s nanoparticles are formed in an
acidified oil sheath phase. The acidified oil phase forms in situ calcium ions that
crosslink the droplet.86 The benefit of being able to form monodisperse aqueous
droplets in a water-in-oil emulsion also allows the use of slower kinetic

12



crosslinking to form hydrogels. Such as Thiol-Michael addition of acrylated PEG
polymers.8” Major limitations with microfluidics for cell encapsulation is that the
microfluidic devices can be prone to clogging, the high injection pressures of
vicious polymeric solutions in microchannels can lead to debonding, and the rate

of capsule production is lower than droplet extrusion based methods.88

A significant problem found in all these bead production methods is the

presence of a percentage of the beads having cells protruding from the surface.

Figure 1.4: Islet of Langerhans protruding from microcapsule.”?

This protrusion is problematic because it can lead to an immune response as
well as capsule rupture.8%% Double encapsulations and core-shell
encapsulations in which a second additive outer layer of alginate gel is added to

the capsule have been developed and have shown to inhibit capsule rupture due

13



to growing protruding cells.®%9t These additive layers introduce a significant
amount of dead volume that may limit nutrient diffusion. Some single-cell
encapsulations with microfluidics have been found to center cells prior to

gelation, preventing protrusion.%%93

1.7 Reinforcement of alginate

Calcium alginate gels are both too permeable for immuno-isolation and
suffer from poor long-term stability in vivo. This poor stability is due to ion
exchange of monovalent cations for crosslinking multivalent cations that
degrades the gel network. To both increase long-term stability and reduce
permeability, polycations are often used as coatings. Polycations can be used to
complex with the polyanionic alginate by diffusing into the alginate gel and
forming a polyelectrolyte complex (PEC).%* This complexation can be often
limited to near the capsule surface, producing a long-term membrane that

improves stability and decreases porosity of the capsules.®®

Despite ease of use and improved capsule performance there are
significant issues associated with the use of polycations. Polycations are
generally both cytotoxic and immunogenic. They are capable of disrupting
cellular membranes by binding to the anionic phospholipid part of cellular
membranes.®97 Additionally, the cationic charge patches can be pro-
inflammatory and can bind serum proteins, leading to a foreign body
response.®9 As well, PECs themselves can be hydrophobic which also causes

significant cellular attachment and protein adsorption.1
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The polycations typically used in microencapsulation have been based on
poly amino acids, with poly-L-lysine (PLL) or poly-L-ornithine (PLO) being the
most frequently used.1° Many new synthetic polycations have been looked at as
ways to reduce the adverse effects associated with polycations. Both block and
graft copolymers of PLL with poly(ethylene glycol) (PEG) have been shown to
have improved biocompatibility and less protein fouling than conventional PLL
coatings, but also suffer poorer complexation due steric hinderance from the
PEG chains.192193 Additionally, the appearance of anti-PEG antibodies has the
potential for deleterious effects when using this materials for immunoisiolation.1%*
Synthetic copolymers of cationic monomers with either neutral, anionic or
zwitterionic comonomers have been shown to maintain efficient complexation
with alginate while having a reduced cationic charge density.1051%6 As well,
“charge-shifting” polycations containing reactive cationic groups that can be

converted to anionic groups have also been studied.%’

While polycations used in alginate coatings are complexed and thus have
reduced exposed cationic charges, the complexes formed on surface of the
capsules are heterogeneous and result in patches of exposed cationic charges at
the surface. To address this, secondary coatings with polyanions, commonly
sodium alginate, have been used to complex with these exposed cationic
charges.® A problem with this approach is the in vivo loss of the secondary
polyanionic coating, that re-exposes these charges.® As a result, significant

research has been done on developing new synthetic polyanions to replace the

15



final polyanion coating that are capable of covalently crosslinking with the
polycation coating.1°®-12 Gardner et al. showed in a C57/bl7 mouse study that
capsules coated with reactive polyanions poly(methacrylic acid-co-2-vinyl-4.4-
dimethylazlactone) (PMV) or partial hydrolyzed poly(methyl vinyl ether-alt-maleic
anhydride) (PMM50) had significantly less fibrotic overgrowth on explanted
capsules after 6 weeks in vivo compared to APA capsules, with PMM50 capsules

showing only 2.5% fibrotic overgrowth.13

Other approaches that avoid using polycations to improve capsule stability
and reduce permeability are using alternative gelling ions, such as Ba?* in place
of Ca?*, or forming interpenetrating gel networks (IPNs). IPNs are secondary
crosslinked gel networks within a hydrogel. IPNs based on synthetic hydrogels
crosslinked within calcium alginate beads have been explored as a method of
tuning the physiochemical properties of calcium alginate beads while also
providing encapsulated cells a long term permanent hydrogel matrix.114-117
Mesenchymal stem cells encapsulated in alginate microspheres with a PEG IPN
crosslinked by vinyl sulfone chemistry were successful in reducing liver fibrosis in
immunocompetent mice, demonstrating improved immuno-isolation function as

well as maintenance of cellular function.118

1.8 Thesis Focus

The focus of this thesis is the exploration of reactive polymers and new
method development for cell encapsulation. In chapter 2, INS-1E cells, an

immortalized rat beta cell line, were encapsulated in capsules with covalently

16



crosslinked shells using PMM50 chemistry. The effect of the encapsulation and
coating process on cellular function was measured. The results showed that the
encapsulated cells remained viable over 14 days, and that the INS1e cells
maintain their ability to form cellular clusters in low attachment environments.
Additionally, a fluorescence-based image processing technique was developed
to measure and quantitate the degree of cellular protrusion for the first time.
Chapter 3 presents the preliminary design and synthesis of new Diels-Alder
crosslinkable charge-shifting polycations based on the copolymerization of a

furan functional acrylamide monomer with N,N-(dimethylamino) ethyl acrylate.
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2.1 Abstract

This work describes viability and distribution of INS-1E beta cells in
shell-crosslinked alginate capsules, focussing on cells located near the
capsule surface. Capsules were formed by air-shearing alginate
suspensions of INS-1E cells into a gelling bath, and coating with poly-L-
lysine (PLL) and 50% hydrolyzed poly(methylvinylether-alt-maleic
anhydride) to form crosslinked networks reinforcing the capsule surfaces.
The percentage of cells at the capsule surface were determined using 2D
and 3D confocal colocalization mapping. Encapsulated INS-1E cells
showed high cell viability and progressive cell clustering out to six weeks.
About 30% of cells were initially colocated with the 20 micrometer thick
alginate-PLL-PMMA50 shell, with 7% of cells protruded at the capsule
surfaces, both reflecting random cell distributions. Protruding cells may
cause cell-based immune responses, weaken capsules, and potentially

result in cell escape from the capsules. The data shown indicate that
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reinforcing capsules with crosslinked shells may assist in preventing cell

exposure and escape.

2.2 Introduction

Chronic endocrine disorders such as diabetes are increasing at a
staggering pace, with insulin-dependent forms of diabetes affecting about 1 % of
the adult population.® The current standard of care guidelines issued by the
American Diabetes Association for insulin-dependent diabetes involves multiple
daily injections of insulin or continuous insulin infusion®? but neither of these can
completely avoid long term pathologies due to poor blood sugar regulation. In
contrast, cell-based insulin replacement therapies aim to use transplanted cells
to release insulin as needed, using biofeedback to maintain blood glucose levels.
Transplantation of donor-derived pancreatic islets according to the Edmonton
Protocol®# has shown insulin independence in about 50% of recipients for at

least five years but requires lifelong immuno-suppression.

Lim and Sun® demonstrated that pancreatic islets encapsulated in calcium
alginate hydrogel capsules could cure diabetes in allogenic rat models for at least
several weeks. Encapsulating cells should offer physical immune-protection from
the host's immune system, without need for ongoing immune suppression.® Even
autologous insulin producing cells would benefit from this approach as type 1
diabetes (T1D) is an auto-immune disorder that can attack any cells producing
insulin.”
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To date, such capsules often still develop fibrotic overgrowth, that is only
partially resolved by coating the capsules with heparin® or PEG derivatives.®
These immune responses are attributed i.a. to polycation coatings??, residual
biological impurities present in alginate!, and immune markers inherent in

alginate.?

Several approaches have been developed to mitigate surface-triggered
immune responses to cell-containing capsules. Re-engineering alginate as well
as adding anti-fouling crosslinked shells seem particularly promising in that
regard.'314 Our lab showed previously that 50% hydrolyzed
poly(methylvinylether-alt-maleic anhydride), PMM50, can be deposited on poly-L-
lysine-coated alginate capsules to form a crosslinked PLL-PMM50 polyampholyte
network within the outer 20 micrometer of calcium alginate capsules. These
capsules protected C2C12 cells during peritoneal implantation in immuno-
competent C57BL/6 mice for six weeks; mice implanted with PMM50 coated
capsules had significantly lower levels of serum inflammatory markers and

reduced capsular fibrosis, compared to alginate - PLL - alginate (APA) controls.®®

A key remaining concern in cell encapsulation is the common observation
of a small fraction of cells ending up near the surface of the capsule, or even
protruding from it. Such cells can attract an immediate contact-mediated immune
response from the host that could be responsible for some of the residual

immune response observed in the previous work.*>Worse, protruding cells could
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potentially escape to form teratomas.'®1’ Dusseault et al. previously showed that
crosslinked shells can contain aggressively expanding cancer cells within the
capsules', but this does not address concerns about cells protruding from the
actual, crosslinked shell in the first place. For single cell capsules produced by
water/oil microfluidic processes, microfluidic centering with delayed gelation or by
agitation with orbital shaking during gelation have been shown to allow single
cells to be positioned and immobilized in central positions within ca 20
micrometer gel beads.81° Water-in-oil emulsion processes using higher alginate
concentrations® have shown fewer cells near the capsule surface.?>?! For
conventional, 200 - 500 micrometer alginate capsules formed by air or
electrostatic shearing into an aqueous calcium chloride gelling bath, several
groups have addressed cell protrusion by adding an outer gel layer to cell-
containing core capsules, though this comes at the cost of an order of magnitude
increase in dead volume, which negatively impacts fill factor and diffusional
rates.?>~2* New methods to measure and ultimately mitigate cell protrusion from

such large alginate-type capsules will have to be developed.

The current paper describes the encapsulation of pancreatic INS-1E cells
in calcium alginate capsules that were then coated with crosslinked PLL-PMM50
polymer shells using a method described previously.'® It describes viability and
behaviour of this insulinoma cell line within these shell-crosslinked, antifouling
capsules. In addition, it describes fluorescence microscopy methods developed
to quantify the fraction of encapsulated cells located at or near the capsule
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surface, as illustrated in Scheme 1. These techniques should prove useful in
assessing this key issue in current capsule technologies and may be used as
guantitative tools in future work aimed at mitigating the problem of protruding

cells.

2.3 Experimental

2.3.1 Materials

Poly(methylvinylether-alt-maleic anhydride) (MW 80kDa, Sigma Aldrich)
was heated under vacuum for 96 hrs at 110°C to ensure any hydrolyzed
anhydride units are dehydrated back to the anhydride form. Poly-L-lysine HBr (15
- 30 kDa) was obtained from Polysciences. UP-MVG sodium alginate BP-1603-
09 was obtained from FMC Biosciences. Deuterated acetonitrile 99.96% D was
obtained from Cambridge Isotope Laboratories. Fluorescent LIVE/DEAD assay
kits based on Calcein AM/Ethidium homodimer and 20mM Hoechst 3342 was
obtained from Thermo Fisher Scientific. Deuterium dioxide 99.9 % D, Rhodamine
isothiocyanate (RITC), Trypan blue stain 0.4%, Phosphate buffered saline,
Trypsin EDTA 0.25%, HEPES sodium salt, RPMI-1640, HEPES 1M, 100mM
Sodium Pyruvate, 55mM -mercaptoethanol, 200mM Glutamine, fetal bovine
serum, Gibco, heat-inactivated at 56°C for 30 min prior to use, Dextran-FITC
2000 kDa were purchased from (Sigma Aldrich, Oakville, ON). All reagents and

chemicals were used as received. Calcium Chloride dihydrate and Sodium
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Chloride were purchased from (Caledon Laboratories Ltd, ON), Sodium
Hydroxide was purchased from Labchem INC, (Tri)sodium citrate dihydrate was
purchased from EMD chemicals. All reagents and chemicals were used as

received.

2.3.2 Synthesis of 50% hydrolyzed poly(methylvinylether-alt-maleic
anhydride), PMMso

PMMso was prepared by a method adapted from one previously described
by our group.*®> Commercial poly(methylvinylether-alt-maleic anhydride), PMM, in
anhydride form was heated under vacuum at 110°C for 96 hours in order to
convert any trace of succinic acid groups back to the anhydride form.
Subsequently, 50.3 mg of this PMM was dissolved in 450uL of deuterated
acetonitrile in an 8 mL screw cap glass vial. 50uL of deuterated water was
added to form a 9:1 acetonitrile:water ratio, and the vial heated at 55°C for 18
hrs. 1H-NMR spectra were acquired on a Bruker Avance 600 NMR spectrometer,
and the progress of anhydride hydrolysis tracked by following the appearance of
the succinic acid signals at 3.0 ppm, and the appearance and down field
movement of the sharp peak representing total mobile protons. Hydrolysis was

stopped completely after 18 hrs by cooling the reaction mixture to 4°C.

2.3.3 Cell Maintenance

INS-1E cells, a rat insulinoma cell line, were generously provided by Dr.
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Claes Wollheim (University of Geneva, Switzerland). Cells between passages
60-90 were cultured at 37°C in a humidified atmosphere of 95% O2 and 5%
CO2. Cells were grown in T75 tissue-culture treated flasks (Corning, 353003,
Corning, NY, USA) in RPMI-1640 media supplemented with 1mM sodium
pyruvate, 50uM B-mercaptoethanol, 1mM glutamine, 25 mM HEPES and 10%

heat-inactivated fetal bovine serum.

2.3.4 Formation of Calcium Alginate Capsules

INS-1E cell containing capsules were prepared by combining equal
volumes (typically 2 mL) of INS-1E cells resuspended at a concentration of 4
million cells/mL in 0.22um sterile filtered pH 7.4 HEPES-buffered saline solution,
and of 0.22um sterile filtered, 2% w/v UP-MVG Na-alginate in pH 7.4 HEPES
buffered saline, in a sterile 50 mL Falcon tube. The tube was then manually
agitated in the biosafety hood, with occasional immersion in an ice bath, for six
minutes to form a homogeneous suspension of cells (2 million cells/mL) in 1%
w/v Na-alginate. This suspension was taken up into a 10 mL BD plastic syringe
fitted with a 169 bevelled tip needle, to minimize cell damage. The 16g needle
was then replaced by a 279 blunt tipped needle, the syringe attached to a
Harvard Apparatus Pump 11 Elite syringe pump fitted with an air-shearing
adaptor and the suspension extruded at 8mL/hr liquid flow rate, with HEPA
filtered concentric air flow at 2.5L/min, into 50 mL of 1.1% w/v CaCl2 0.45% w/v

NaCl gelling bath in a 100 mL beaker with a 4.6cm inner diameter kept in an
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external ice bath. The distance between needle tip and surface of gelling bath
was 3.8cm. The capsules were allowed to gel for approximately an additional 5
minutes after completion of the extrusion. The same procedure was followed for
cell-free model capsules, except that the 2% w/v MVG Na-alginate solution was

diluted with an equal volume of pH 7.4 HEPES-buffered saline.

2.3.5 Formation of PLL / PMMso Crosslinked Shell

The resulting cell-containing Ca-alginate capsules were transferred into a
50 mL Falcon tube and allowed to settle by gravity. The supernatant was
removed and 0.3 mL aliquots of the resulting 3 mL of sedimented capsules were
each resuspended in 1.5mL Eppendorff tubes in 1 mL fresh gelling bath. The
tubes were inverted three time, the capsules allowed to settle by gravity, the
supernatant was removed, and the capsules were then coated by adding 1 mL of
0.22um sterile filtered 0.1% w/v PLL and agitating continuously by manual
inversion for 6 minutes. The PLL-coated capsules were then washed twice with 1
mL 0.22um sterile filtered saline, involving three manual inversions and
sedimentation. The capsules were resuspended in 0.5 mL of 0.22um sterile
filtered pH 7.8 35mM HEPES-buffered saline. Separately, 0.1 mL of PMMso in
90:10 deuterated acetonitrile:deuterated water was added to 2.4mL of pH 7.4
35mM HEPES-buffered saline in an 8 mL glass vial, and the mixture vortexed for
15 seconds. Immediately after, 500uL of this solution was filtered through a

0.22um filter directly into the Ca-alginate capsules suspension, followed by
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mixing using manual inversion for 6 minutes. The PMMso coated Ca-alginate
capsules were then allowed to sediment, washed once each with saline and with
cell culture media in 3:10 volume and resuspended in RPMI cell culture media,
and transferred into an interior well of a 24 well plate. Saline was placed into
each of the surrounding wells in order to minimize evaporation for the bead
suspensions. The plates were then transferred to a 37C 5% CO2 mammalian cell

culture incubator and the media was changed every two days.

2.3.6 Measuring Cell Viability using LIVE/DEAD Fluorescence Assay

Cell viabilities were determined using fluorescent live/dead staining of
cells with Calcein-AM and ethidium homodimer, and imaging with a Nikon A1R
confocal microscope. For the staining procedure, an aliquot of cell-containing
capsules was formed by depositing 1 to 2 droplets using a sterile transfer pipette
into each well of a 96 well CellVis glass bottom plate. The cells were stained with
50uL of 10um Calcein AM in pH 7.4 35mM HEPES-buffered saline and with 50uL
of 3um Ethidium Homodimer in pH 7.4 35mM HEPES-buffered saline. The cells
were incubated with the staining solutions for 30 minutes at room temperature
and then full 3D z-stacks of capsules were acquired. The ratio of live to dead
cells was determined by averaging the number of live and dead stained cells

from three capsules.
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2.3.7 Testing Resistance of Crosslinked Shells to Citrate and NaOH

To test for the covalent crosslinking of the PLL-PMMso shell, a drop of
capsule suspension was placed on a microscope slide mounted on an inverted
microscope. The supernatant was blotted away and immediately replaced with
1M Na-Citrate to chelate Ca?* ions and dissolve the Ca-alginate matrix.
Subsequently, the supernatant was replaced with 0.1M NaOH and the capsules
were lightly agitated. The treated capsules were then imaged on a Nikon Inverted

microscope to assess for presence of a covalently crosslinked shell.

2.3.8 Synthesis of Rhodamine-labelled Poly-L-Lysine, PLLr

PLLr was prepared as described previously.?® Briefly, poly-L-lysine HBr
(100 mg, 15-30 kDa) was dissolved in 10 mL of pH 9 0.2M NaHCOs buffer.
Rhodamine Isothiocyanate (RITC, 5 mg) was dissolved in 1.92mL of DMF to
make a 2.6mg/ml stock solution. 0.5mL of this RITC stock solution was added
dropwise to the PLL solution under vigorous stirring and the mixture was allowed
to react covered from light for 1hr at room temperature. The solution was then
adjusted to pH 7 by addition of 1M HCI and placed in dialysis tubing (3.5 KDa
cutoff) and exchanged against distilled water for three days with daily exchanges

of water. The final solutions were freeze dried.
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2.3.9 Confocal Fluorescence Colocalization of INS-1E Cells and
Rhodamine-labelled (PLLr) Shells

Cell-containing A-PLL-PMso capsules prepared as above but using
rhodamine-labelled PLL (PLLr) to define the outer shells, were added to wells in
a 96-well CellVis glass bottom plate to form a capsule monolayer. The cells were
stained for 30 minutes with 50uL of 10uM Calcein AM solution. Z-stacks
comprising 100 sections were obtained of multiple capsules. The average PLLr
shell thickness and capsule diameter were measured manually as an average of

100 capsules with Nikon NIS Elements Advanced Research software.

Fractions of cells partially and fully colocalized within the PLLr shell were
determined using ImageJ.fiji*® and Nikon NIS Software. The PLLr and Calcein
AM channels of the acquired z-stacks were thresholded separately in Nikon NIS
to form binary images. For thresholding of the PLLr shell, a thresholding range
was chosen that gave complete overlap of the binary mask with the PLLr
fluorescent signal throughout the z-series. The thresholding range for the
fluorescently stained cells was chosen such that there was complete overlap of
the binary mask with the cells at their widest point in the z-stack. These binary
images were then segmented into objects in ImageJ.fiji using 3D Simple
Segmentation?’ to produce the corresponding 3D binary image stacks of shell
and PLLr cells, respectively. Object to object distances between cell and PLLr
shells were measured automatically using the ImageJ plugin Distance Analysis
(DiAna).?8 Fractions of cells protruding beyond the PLLr-labelled shells were
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determined by manually counting the number of protruding as well as internal

cells in each Z-section, in Nikon NIS.

2.3.10 Confocal Fluorescence Colocalization of INS-1E Cells with Dextran-f
containing continuous media

AP-PMMsp capsules formed using unlabelled PLL were placed as a
sparse layer in several wells of a 96 well plate to allow for imaging of individual
capsules per field of view in several wells of a 96 well plate. The cells in each
well were stained with 100ul of 20um Calcein-AM prepared in a 0.1% w/v 2 MDa
dextran-f solution in pH 7.4 HEPES buffered saline for 30min. Confocal z-stacks
of 100 sections were obtained for multiple capsules and channels. Prior to
guantification of cellular protrusion, the axial scale was rescaled by a scaling
factor calculated by the ratio of the equatorial diameter with the axial diameter
defined by the top and bottom of the Z-stack. Before rescaling the original data
show the capsule as ellipsoid. This is a common artifact in confocal imaging of
thick samples and is due to the differences in refractive indices between air
objective lens and the water refractive index, resulting in axial shrinking of the 3D
rendered image.?® This geometrical distortion will not affect the quantification of
protruding or non-protruding cells but may affect the accuracy of distance to
distance measurements in 3D. Axial shrinkage can be corrected by imaging with
a water immersion objective lens to match the refractive index of the sample or

by rescaling the Z-axis by applying a scaling factor. Protruding cells were
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guantified by producing binary images of the cells and of the one-pixel wide outer
edge of the capsule. The binary 3D image of the outer capsule edge was
produced by first thresholding the low intensity pixels corresponding to the size
exclusion of the 2MDa dextran-f at the capsule surface in the FITC channel. A
thresholding range was chosen that gave overlap of the binary mask with the
region of size exclusion of 2mDa dextran-f. After thresholding, edge detection
and convex hull filtering were applied. A second thresholding of the FITC channel
at higher intensities allowed identification of the Calcein-AM stained live cells
without interference from the dextran-f. The resulting binary images were then
automatically segmented into objects and then measured for the object-to-object

distances between cells and capsule outer edge, as described above.

2.3.11 Statistical Analysis

Cell viabilities and cellular protrusion measured by colocalization with
dextran-f are expressed as the mean = SD of a triplicate of three cell
encapsulation experiments. A single factor ANOVA was used assuming all
means were equal. A P-value of < 0.05 was used to determine statistically

significant differences between means

2.4 Results

53



2.4.1 Capsule Formation and Properties

Air-shearing cell suspensions in sodium alginate solutions into a calcium
chloride gelling bath is a common approach to forming spherical cell-containing
calcium alginate capsules of 200 - 1000 micrometer diameter.*° Canaple showed
that smaller capsules result in better performance of encapsulated cells, as their
larger surface area to volume ratio improves oxygen and nutrient mass
transport,3* while Anderson and Langer showed better cell viability for 1500
micrometer than for 500 micron capsules.®? Decreasing the bead diameter can
certainly increase both the risk of cellular protrusion, at least for whole Islets3?,

and the risk of bead collapse during coating with PLL.34

For the current study we prepared capsules of about 500 micrometer
diameters, arguably the most common size. We used a vertical syringe holder
machined from a block of graphite-loaded Delrin (Appendix Figure 2.1), designed
to accommodate a syringe equipped with needle gauges above 20 with a coaxial
air flow. A series of experiments were carried out to examine the effects of
annular airspeed on both bead size and on bead quality as assessed by the
percentage of non-spherical capsules. Appendix figure 2.4 shows that the
average diameter and size distribution of the Ca-alginate capsules decreased,
while the proportion of capsules with non-spherical shapes increased, with
increasing annular air speed. Non-spherical capsules typically had tails that may

increase immune responses. For all subsequent experiments, an air speed of
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about 8 m/s was chosen to form ca 500 micrometer capsules with very few non-
spherical capsules. Liquid flow rate had little effect on capsule diameter or quality

(results not shown), and was kept constant at 8mL/hr.

Ca-Alginate capsules were coated with PLL (15 - 30 kDa) to limit
permeability and to introduce the primary amines needed for covalent
crosslinking. The resulting alginate/PLL shell complex was then crosslinked by
exposure to PMMso solutions, which reduces cationic charge density and
generates additional succinate anions as described previously.® The
corresponding chemistry is shown in supporting information Appendix Scheme

2.1

Formation of crosslinked shells was confirmed by treating the resulting
INS-1E -containing Alg-PLL-PMMso capsules with 1M Na-Citrate to chelate Ca?*
ions and liquify the alginate matrix, followed by treatment with 0.1M NaOH to
deprotonate the PLL layer.*® Figure 2.1A shows brightfield transmittance images
of as-formed Alg-PLL-PMMso capsules. Citrate treatment removes the interior
calcium alginate gel and leads to partial collapse of the resulting crosslinked but

hollow PLL/PMMso shells (Fig. 2.1B).
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Figure 2.1: Transmitted light images of tests for covalent crosslinking in Alg-PLL-
PMMso capsules containing INS-1E cells. A) As-formed capsules in saline; B)
Capsules after treatment with 1M Na-citrate to extract calcium; C) Capsules after
additional treatment with 0.1M NaOH to disrupt polyelectrolyte complex shells.
Scalebar 250um.

The presence of intact shells in Figure 2.1C following subsequent NaOH
treatment, confirms presence of covalent crosslinking between PLL and PMMso.
Their net anionic charge leads to re-expansion. The actual shell thickness as
determined by confocal fluorescence microscopy using rhodamine-labelled PLL
(below) is about 20 micrometer and is dictated by the depth of in-diffusion of the
poly-L-lysine.

2.4.2 INS-IE Cell Viability

INS-1E cells are an adherent, glucose responsive-insulin secreting rat
insulinoma cell line commonly used in diabetes research to examine beta cell
function.3>36 The INS-1E cells were encapsulated at 2x108 cells/mL in shell-
crosslinked Alg-PLL-PMMso capsules, and cell viabilities assessed over fourteen

days with LIVE/DEAD fluorescent staining
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Figure 2.2: Cell viability: Day 0 INS-1E cells in covalently crosslinked Alg-PLL-
PMMso capsules with LIVE/DEAD staining: A) equatorial FITC and TRITC
confocal sections plus transmitted channel; B) corresponding top-down alpha
blending 3D projection of two-channel confocal stack.

Figure 2.2A shows a representative Day 0 three-channel image formed by
merging confocal equatorial sections in the FITC and TRITC channel with the
transmitted light channel. Fig. 2.2B shows a 3D presentation of a full stack
covering the same area of interest, without the transmitted light channel.
Appendix Table 2.1 shows near-constant INS-1E cell viabilities of about 80% in
capsules over three days post-encapsulation, comparable with viabilities seen in

other hydrogel encapsulated INS-1E cells.37-38
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Figure 2.3: Progressive clustering of INS-1E cells in covalently crosslinked Alg-
PLL-PMMso capsules at days 0, 1, 3,7 and 14, shown using top-down alpha
blending 3D two-channel confocal stacks, and cells stained with Calcein-AM and
Ethidium Homodimer

By day 7 and especially by day 14, the INS-1E cells formed cellular
spheroids (Fig. 2.3), a known feature of INS-1E cells cultured in a low attachment
environment.3® To verify, day 14 INS-1E capsules were stained with Hoechst
3342 (Appendix Figure 2.2). The Hoechst stained clusters revealed multiple
nuclei within a cellular cluster. While these multi-cellular spheroids were fully life-
stained with Calcein AM, it was not possible to reliably extract actual cell
numbers. Qualitative comparison of Calcein AM and Ethidium homodimer

channels on Day 7 and 14 do however clearly show that the encapsulated INS-
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1E cells maintained good viabilities.

The decrease in the number and increase in size of cell clusters seen from
Day 7 to Day 14 suggests that the INS-1E cells migrate towards each other to
form cellular clusters. These experiments also demonstrate that the Alg-PLL-
PMMso capsule technology is compatible with INS-1E cells. Future experiments
will be designed to compare glucose-triggered insulin release from free and

encapsulated cells.

Prior to this however, we thought it was critical to explore the radial
distribution of cells within the capsules. Two questions motivated this study: the
possible interference of the PLL with cells located near the capsule surface, and
a desire to quantify the cells protruding from capsule surfaces. Cellular protrusion
is a key problem in encapsulation as it enables contact immune recognition for
the patient’s immune system, increases capsule surface roughness which is
correlated with increased immune response, may compromise capsule
mechanical integrity, and increases chances of cell escape from the capsules.
Currently, with most cell encapsulation systems, as stated by Paul de Vos,

“protrusion of cells is more the rule than an exception”.?

2.3.3 Radial Position Distribution of INS1E cells by Fluorescence
Colocalization

To simultaneously visualize the primary PLL/alginate shell and the
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encapsulated INS-1E cells, Alg-PLL-PMMso capsules were prepared with
fluorescently labeled PLLr and the cells were stained with Calcein AM. Calcein
AM enters live cells where it becomes hydrolyzed by intracellular esterases to

form a cytosol-resident fluorescent anion.

Figure 2.4: 2D and 3D imaging of INS-1E cells located near the surfaces of
covalently crosslinked Alg-PLLr-PMMso capsules. A: Two-channel confocal
equatorial section of Calcein AM stained INS-1E cells; B: corresponding 3D
rendered image; C, D: comparison of two-channel (FITC and TRITC) and single-
channel (TRITC) 3D rendered images, respectively, revealing cell-sized areas
with lower PLLr concentration in D that correspond with cell positions shown in

C.

Figure 2.4A shows the two-channel confocal fluorescence equatorial
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sections of multiple capsules, while Fig. 2.4B shows the corresponding 3D
rendered view. Both Fig. 2.4A and 2.4B reveal a certain fraction of (green) cells
overlapping with the (red) PLLr shell, and possibly protruding from the outer
capsule surface. Fig. 2.4C compares an enlarged area of the two-channel 3D
view in 2.4B, with the corresponding TRITC channel, revealing areas of lower
PLLr coverage (holes) of the capsules coinciding with the position of Calcein-AM-
stained cells. This indicates that protruding cells may interfere with mechanical
integrity of the crosslinked shell and further may lead to cell-based immune
responses and even cell escape from the capsules. The quantitative live staining
of the cells found in contact with the PLL-PMMso shell confirms that this shell is
not toxic to the INS-1E cells. Although dead staining was not used, it is expected
that non-viable cells would also show similar holes in the PLLr, which was indeed

seen only in very low percentages.

Below we describe fluorescence methods designed to quantitate both the
fraction of cells located within the PLLr-labelled shells, and the fraction of cells
physically protruding from the capsule surface, using colocalization. The average
PLLr/PMMso shell thickness was found to be 19.3um (sd 4.8um), and the

average cell diameter was 11.5um (sd 2.3um).

Figure 2.5 shows the images of Calcein-AM stained live cells and the

PLLr-labelled shells. Fig. 2.5A shows the as-measured equatorial two-channel
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section. Fig. 2.5B shows the corresponding composite thresholded image
showing cells and capsule shells. Fig. 2.5C shows the output of nearest neighbor
colocalization by binary operations on a 2D section that would show zero nearest
edge to edge in DiAna. This approach was then applied to complete z-stacks of
two channel images, in order to sample positional information for more cells

within each capsule.

250 pm

Figure 2.5: Protrusion mapping using cell-to-PLLr shell distances in INS-1E
containing crosslinked Alg-PLLr-PMMso capsules: A) As-obtained two-channel
confocal equatorial cross section; B) Binary map derived from thresholding image
A in both channels; C) Binary map with cells in contact with PLLr layer marked
blue.

The combined percentage of shell-resident plus protruding cells was
defined as the number of cells with a zero nearest-edge-to-edge distance to the
PLLr-loaded shell. This includes all cells that are found fully within this PLLr shell
as well as cells that are just in contact with the inner layer of this shell. For an
average PLL shell with a thickness of 19.3um and an average cell diameter of
11.5um, cells considered protruding into the PLLr layer or from the actual

capsule surface, are ones with their center located within 25.05um from the bead
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surface.

For Alg-PLL-PMMso capsules with an average bead diameter of 500um,
this 25.05um thick outer layer accounts for 27% of the total capsule volume. The
fraction of cells determined to reside in this shell region was 29.8%. This close
correspondence suggests a random distribution of cells throughout the volume of
the calcium alginate capsule formed. This in turn suggests that a 500um
diameter bead would have approximately 6.7% of total cells located with their
centers 5.75um or less from the bead surface, i.e., actually protruding from the

outermost capsule.

To assess this hypothesis, the percentage of physically protruding cells
was measured by an analogous automated 3D DiAna colocalization analysis
based on distance between Calcein AM stained cells in capsules, and Dex-f
labelled continuous phase surrounding the capsules (Figure 2.6). The size
exclusion of 2 MDa Dex-f in the supernatant from the capsules, generates
contrast between the interior of the capsules and the fluorescent supernatant that
can be used to create a segmented object representing the bead surface that is
one pixel wide. The amount of cellular protrusion measured using this method

was found to be ~7.5% which is in agreement with the manual counting.
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Figure 2.6: Protrusion mapping using cell-to-continuous media distances in INS-
1E containing crosslinked Alg-PLLr-PMMso capsules: A) Single-channel confocal
equatorial section showing LIVE-stained cells and continuous media containing 2
MDa Dex-f (Contrast increased) B) Binary two-channel map obtained from image
A by thresholding cells and defining a single pixel-thick layer of continuous media
at capsule surface (red circle); C) Alpha blending 3D projection of image B with
protruding cells (cells contacting continuous media) outlined in blue squares.
Scale bar 100um.

To confirm the Dex-f DiAna analysis, the fraction of physically protruding
Calcein-AM stained cells was also determined manually by analysis of all cells
within z-stacks of multiple capsules. This manual count of physically protruding
cells was found to be 7.5%, confirming the validity of the number obtained by
automated 3D DiAna analysis of 7.3%, with both corresponding to the number of
cells expected to be physically protruding from bead surface in case of random

placement (Error! Reference source not found.).
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Table 2.1: Percentage of cells in contact with PLLr layer, and physically
protruding from capsules (n = 3. Dex-f p> 0.05).

Cellsin Physically Interior
Method contact with Protruding cells

PLLr cells
Colocalization with PLLr 29.8%+2.3 n/a 70.2%+2.3
shell (DiAna)
Colocalization with Dex-f n/a 7.3%+2.0 92.7%+2.0
labelled media (DiAna)
Manual Count of physically n/a 7.5% 92.5%
protruding cells +1.1% +1.1%

These results confirm the need for careful assessment of the fraction of
cells physically protruding from calcium alginate type capsules. Automated
analyses based on confocal fluorescent colocalization data should help in future
studies of conditions and coatings that may mitigate physical cell protrusion from

such hydrogel capsules.

2.5 Conclusions

INS-1E cells encapsulated in calcium alginate beads coated with
covalently crosslinked shells were shown to retain high viabilities, and to form
multicellular clusters over six weeks post-encapsulation. Automated 2D and 3D
confocal fluorescence mapping showed the fraction of cells initially located in
contact with the crosslinked shells (30%), or located at the capsule surface (7%),
reflecting random initial placement of cells within the capsules. Nevertheless, the

covalently crosslinked capsules were shown to retain such cells out to at least six
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weeks in-vitro.
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Appendix Scheme 2.1: Crosslinking Chemistry for A-PLL-PMMso Capsules.

The maleic anhydride groups of the PMMsp undergo a nucleophilic ring
opening by the primary amines of the PLL coating, reducing the cationic charge
density by formation of amide bonds and creating a covalently crosslinking shell.
The unreacted maleic anhydride groups subsequently spontaneously hydrolyze

to form succinate anions.
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Appendix Figure 2.1: Day 14 INS-1E cell cluster stained with Hoechst 3342.
Scale bar 25um.

To confirm the formation of cellular clusters, Day 14 Alg-PLL-PMMso
capsules were stained with 50uL of 10um Hoechst 3342 for 20 minutes and
imaged on a Nikon Ti eclipse inverted microscope. Cell clusters show staining of

multiply nuclei confirming the formation of cell clusters.

Appendix Figure 2.2: Inverted brightfield image of Day 42 INS-1E cells (scalebar
500um)
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Appendix Figure 2.3: Average capsule diameter and percent non-spherical
capsules as function of coaxial air flow. Lines are second order polynomial
trendlines fitted to the data points to help guide the eye. Experiments were
carried out in triplicates, with 30 capsules measured for each sample.
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Appendix Table 2.1: Cell viabilities of INS-1E encapsulated cells at days O,
1, and 3. p-values > 0.05
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Chapter 3 — Diels Alder Reactive Charge-Shifting Polycations

Mitchell A. Johnson?, Samantha Ros?, Harald D.H. Stover?*

aDept. of Chemistry and Chemical Biology, McMaster University, Hamilton, ON,

Canada:

3.0 Introduction

The transplantation of cell secreting therapeutic agents is a
promising approach to treatment of many enzyme and hormonal deficiency
disorders as well as other disease such as Type 1 Diabetes! and Hemophilia?, as
well as Parkinson’s®. In this approach cells capable of secreting a therapeutic
enzyme or hormone are encapsulated within a semipermeable membrane that
provides a synthetic extra cellular matrix that allows for nutrient diffusion while

providing physical isolation of the cells from a patient’s immune system?.

The most commonly used cell encapsulation system is based on
alginate/poly-L-lysine/alginate (APA) beads’>2. APA beads are composed of an
polyanionic alginate core crosslinked by divalent cations such as calcium that is
then coated with a polycation such as poly-L-lysine to control capsule
permeability and improve stability and then is coated with an additional layer of
Na-Alginate to reduce surface cationic charge density of un-complexed cationic
patches!. While these capsules are shown to initially perform well in vivo, in vivo
exchange of calcium for sodium leads to capsule weakening over time that can

result in capsule rupture. Loss of the polyanionic overcoat can also expose
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patches of polycations at the surface that eventually lead to an immune response

that compromises the capsules' long-term function®11,

Long-term stability can be introduced by incorporating covalent
crosslinking into the capsules. Covalently crosslinked shells formed by the
reaction of polycations with polyanions bearing reactive groups, or synthetic
polycations with reduced cationic charge density crosslinked by small molecule
crosslinkers, have been shown to have improved mechanical robustness,
antifouling properties, and immuno-isolation function over conventional APA
capsules.’>18 A complementary approach to crosslinked shells involves
introducing covalent crosslinking into the bead to reinforce the cell-containing Ca-
alginate core. Interpenetrating gel networks based on synthetic hydrogels
crosslinked within calcium alginate beads have been explored as a method of
tuning the physiochemical properties of calcium alginate beads while also

providing encapsulated cells with a long term permanent hydrogel matrix%-22,

Here we explore new versions of Diels-Alder-crosslinkable gel-formers
based on diene-functional acrylic copolymers. The Diels-Alder reaction is a click
reaction that has been increasingly used in biomaterials due to its ability to react
under aqueous conditions without the need of potentially cytotoxic small
molecules.?*-26 These new copolymers consist of N,N-(dimethylamino) ethyl
acrylate (DMAEA) and Furfuryl acrylamide (FFAm). DMAEA is charge-shifting
cationic monomer capable of spontaneous hydrolysis into carboxylates under
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physiological conditions.'827:28 This charge-shifting behavior allows for
complexation with polyanions and in the case of cell encapsulation, it can be
complexed to the alginate capsule surface and crosslinked in place, with
subsequent hydrolysis reducing cationic charge density.'® These copolymers will
be used to form capsules with covalently crosslinked shells and cores. The
reactive polycation coated onto the surface can be crosslinked by addition of a
bifunctional maleimide crosslinker or a maleimide functional poly(methyl vinyl
ether-alt-maleic acid) polyanion.?32> Additionally, lower molecular weight
copolymers may be introduced into preformed Ca-alginate beads by inward
diffusion and crosslinked by crosslinkers as described above.?! In both cases, the
complexation of the reactive polycation is expected to preconcentrate the
reactive groups, accelerating the subsequent crosslinking reaction to produce

capsules with improved long-term stability and cytocompatibility.

3.1 Experimental

3.11 Materials

All materials were used as received unless stated otherwise. N,N-
(dimethylamino)ethyl acrylate (98%), Furfuryl amine (>99%), Acryoyl Chloride
(>97%) were purchased from Sigma-Alrdich. DMSO-d6 (99.9 %) was purchased

from Cambridge Isotoope Laboratories Inc. Dichloromethane was purchased
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from Caledon Laboratory Chemicals Azobis(isobutyronitrile) (AIBN) (>99 %) was

purchased from Dupont.

3.12 Synthesis of Furfurylacrylamide (FFAm)

NH; = TEA (1.1 equi -
. _>:o ( quiv) - 0
Cl
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Scheme 3.1: Synthesis of FFAm by amidation reaction of acryloyl chloride with
furfurylamine.

To a 100ml round-bottom flask containing 50ml of dry dichloromethane,
furfurylamine (1.00g, 10.29mmol) and triethylamine (TEA) (1.14g, 11.3mmol)
were added and the mixture was cooled for 30mins at 0°c in an ice water bath.
Subsequently, acryloyl chloride (1.025g, 11.3mmol) was added dropwise over 5
mins under stirring. The reaction mixture was allowed to warm to room
temperature and was then stirred overnight. The crude reaction mixture was
transferred to a separatory funnel and the organic layer washed with 5%w/v
sodium bicarbonate (3x, 100ml), then brine (1x,100ml), and dried over anhydrous

Naz2S0a4. The dried solution was concentrated in vacuo by rotatory evaporation to
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produce a yellow vicious liquid, which was then dried under a stream of N2 gas

overnight to yield FFAm as a pale yellow solid (0.87g, 59.5%).

3.13 Reactivity Ratios

A series of NMR scale copolymer solutions of N,N-(dimethylamino) ethyl
acrylate (DMAEA) and FFAmM were prepared at 10%w/v monomer loading in
0.83mL of DMSO D6 with 1 mol% of AIBN relative to total monomer loading with
initial feed ratios 90:10, 75:25, 50:50, 25:75 and 10:90. The copolymer solutions
were heated at 70°C for 5 to 60 min intervals to achieve monomer conversion
steps less than 5% as monitored by 'H NMR. After each heating step the
copolymerizations were quenched by placing them on ice. Following quenching
the 'H NMR of the copolymer solutions were measured on a 500 and 600 MHz
Bruker Avance spectrometer. Conversion steps were measured by the decrease
in vinyl signals of DMAEA and FFAm relative to the combined N,N-dimethyl
peaks of the monomer and polymer. Reactivity ratios were then determined by
fitting the measured instantaneous monomer and copolymer composition to the
Mayo-Lewis terminal model equation using the least-squares method with the

Solver tool in Microsoft Excel.
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3.2 Results

3.21 Reactivity Ratios
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Scheme 3.2: NMR scale copolymerization of DMAEA and FFAm

The reactivity ratios were measured to be r1 = 1.83 for DMAEA and r2 =
0.23 for FFAm. These ratios show that there is a significant preference for
incorporation of DMAEA over FFAm with DMAEA having a tendency to homo-
propagate and FFAm to cross-propagate. Which may be a result of the more
sterically bulky furan group of the FFAm monomer. The preferential incorporation
of DMAEA is also shown in copolymerization kinetics. As the amount of FFAm in
the initial monomer feed is increased, there is a decrease in the total amount of

monomer conversion over the same polymerization times as a result of FFAmM’s
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preference to cross-propagate.

DMAEA Copolymer Composition
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Figure 3.1: Instantaneous copolymer composition graph of DMAEA and FFAm r1

=1.828 and r; = 0.227
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Figure 3.2: DMAEA fraction remaining in the monomer pool as a function of
conversion over a series of different initial feeds of DMAEA and FFAm.

3.3 Future Work
Future experiments for this project would be to look at the controlled

radical copolymerization of these monomers to target molecular weights as

polycation size greatly effects its complexation diffusivity with Ca-alginate beads.

The hydrolysis kinetics of the DMAEA side chain of copolymers with varying
compositions would be measured as of PDMAEA hydrolysis plateaus and the
extent of hydrolysis is affected by copolymer composition. The ability of these
reactive copolymers to form covalently crosslinked shells and cores with Ca-
alginate using dienophile functional crosslinkers. Additionally, the effect on
permeability and stability of these capsule with the incorporated Diels-Alder
covalent crosslinking will be measured. Finally, model cell encapsulation

experiments should be performed to assess the degree of effect these
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copolymers have on encapsulated cells
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Appendix Figure 3.1: *H NMR of FFAm in CDCls recorded at 600MHz
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