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ABSTRACT 

Cell encapsulation aims to introduce immune-isolated living cells into patients to treat 

endocrine disorders. The conventional microcapsule structure is the alginate/PLLlalginate 

capsule (APA), which can provide a fairly biocompatible, semi-permeable shell for cells, 

but with insufficient chemical-mechanical stability. Clinical applications of APA capsules 

are still far off due to PLL protein absorption, alginate cytotoxicity and weakening the 

interpenetrated porous structure through the sodium! calcium ion exchange. 

In this study, a reactive polyanion (poly (methacrylic acid-co-2[methacryloyloxy] ethyl 

acetoacetate), 70:30, A 70) was prepared by free radical polymerization in ethanol. A 70 

was combined with sodium alginate solution, and gelled in calcium chloride to provide 

crosslinked shell around PLL-coated CaAlg capsules, and to reinforce the CaAlg core by 

forming covalent bonds with PLL that diffused to the capsule interior. 

This system benefits from a rapid non-toxic crosslinking reaction at physiological 

conditions. The mechanism and rate of covalent bond formation and cleavage were 

studied with the help of model reactions and UV/Vis and IH-NMR. We also studied the 

ability of polyanion, A 70, to reinforce the CaAlg core by forming covalent bonds with in

diffused PLL. The PLL diffusion depth, the mobility of A 70 inside the CaAlg gel, the 

encapsulation process and microcapsule structure were studied in detail. Network 

degradation was also studied using gel dissolution for the capsules stored at 37°C, and 

correlated with studies of chemical hydrolysis of the network forming polyanion. 

Overall, this thesis introduces a simple, fast and accurate method to study the 

polyelectrolyte ability to form enamine bonds, and the stability of resulting crosslink 

bond in aqueous solution via small molecule models with an acceptable match to real 

microcapsules. According to these results the synthetic polyanion, A 70, showed 

significant potential for applications that require protection of cells for the time needed to 

develop their own extracellular matrix, and as such can certainly find valuable uses in the 

field of cell encapsulation. 
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Chapter 1: Introduction to Cell Encapsulation 

1.1 Aim of the Thesis 

To study the chemical properties of a reactive polyanion formed by 

copolymerization of 70 mole% methacrylic acid with 30 mole percent 

methacryloylethylacetoacetate, and used to reinforce calcium alginate capsules in cell 

encapsulation applications. Such capsules are potentially useful to treat Parkinson, 

Alzheimer, diabetes, hemophilia and other metabolic disorders . This thesis focuses on the 

polyanion reactivity and ability to form covalent cross links with poly-L-lysines, the 

stability of these covalent crosslinks, and its application on forming core-crosslinked 

capsules. 

1.2 Cell Encapsulation 

The inability of the body to produce essential enzymes or hormones is the cause 

of many diseases . Cell therapy aims to introduce living cells into patients to treat 

metabolic disorders such as Parkinson, Alzheimers, diabetes, liver failure, hemophilia etc. 

Cell therapy often focuses on the implantation of autologous or allogeneic cells into the 

patient. However, the immune response from the patient to the allogeneic cells, as well as 

low availability of donor tissue, severely limits the cell therapy application. 1, 2 To prevent 

the immune response and develop functional cell therapies , physical immunoisolation of 

cells was proposed to protect autologous cells from the immune system within devices 

fabricated from biocompatible materials , without immunosuppressant drugs. 3 The 

encapsulation concept for the immunoprotection of transplanted cells was introduced for 

the first time in 1960s by T.M.S Chang as a Ph.D. thesis in McGill University.2 The cell 

encapsulation method produces a selectively permeable membrane containing cells that 

allow in-diffusion of essential molecules such as nutrients, oxygen, and growth factors for 

1 
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cell metabolism, as well as out-diffusion of waste products and therapeutic proteins 

(Figure 1.1). Moreover, cells and larger molecules of the immune system are kept out, 

avoiding the need for cytotoxic immunosuppressant drugs . 4, 5 

.\ 

• 
• 

• " 
• nutrients "\ antibody 

6> waste 

Figure 1.1 Concept of cell immunoisolation in microcapsules. 

Encapsulation of cells allows for extended, continuous delivery of drug expressed by 

these cells, and may enable biofeedback to regulate drug delivery, such as in diabetes. 

Moreover, it is possible to transplant xenogeneic cells and express any desired protein in 

vivo without any modification of the host's genome.6 

To achieve these aims different cell encapsulation devices have been designed. 

1.3 Encapsulation Techniques 

Different macro and micro scale device types have been proposed to encapsulate 

cells. For all devices, an optimal balance has to be maintained among parameters such as 

mass transfer, biocompatibility, and cell proliferation space to provide suitable condition 

for drug production and release. The macroencapsulation devices such as intravascular 

2 
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tubular implants, hollow fibers, and flat disk-shaped implants allowed the implantation of 

large amount of cells with acceptable host immune responses. 2 Macrocapsules have the 

advantage of easy implantation and retrievability.7 However, the low surface/volume ratio 

cannot provide essential mass transfer properties,8 and decreases the cell functionality and 

viability. For example, several meters of hollow fibers are required to implant sufficient 

pancreatic tissue and control the blood glucose level in the treatment of diabetes.9 

In contrast, microcapsules (0.3-1.5 mm diameter range lO
) showed significant 

advantages for cell transplantation. Several studies showed that mass transfer is optimized 

by the extremely high surface vs . volume ratio which is critical for cell viability, fast 

secretory response to external signal and rapid equilibrium of permanent molecules.2
, II In 

fact, small size capsules have higher surface to volume ratio increases good transport of 

essential nutrients and higher stability. 12, 13Low diffusion rate of essential materials can 

lead to cell death, decrease the drug producing rate, and release antigens in the 

environment inducing immune response. 14Although microcapsules are not connected to 

the unhealthy organ as an artificial device, they support entrapped cell metabolism, 

growth, and differentiation. 10 

Depending on the choice of microcapsule material and on whether the membrane 

was pre-fabricated or is formed around the viable cells, different parameters should be 

considered for the design of a microencapsulation device. The mass transport propelties 

of the microcapsule are critical since the microcapsules should be semi-permeable to 

permit entry of nutrients and exit of waste material, and immuno-isolate cells by 

excluding other cells as well as antibodies and certain cytokines.S
' 6 The metabolic 

requirements of various cell types are different, hence, the microcapsule permeability 

depends on the choice of cells, and the molecular mass cut-off (MWCO) will be 

application dependent. For well controlled transport properties, it is obligatory to make 

small microcapsules with uniform wall thickness. The small size microcapsules (100-

500/-lm) not only provide a large surface/volume ratio which improves mass transport 

properties, but also allow their implantation in close contact to the blood stream and 

3 
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poss ibly formation of a vascular network sUlTounding the microcapsule. The vascular 

network provides essential supply of nutrition and oxygen for the entrapped cells, 

enhancing the long-term functionality of the microcapsule (Figure 1.2).6 Besides 

permeability, the availability of extracellular matrix (ECM) to encapsulate cells, 

especially for anchorage dependent cells is another important consideration. IS. 16 

Figure 1.2 The formation of vascular network surrounding a microcapsule network.6 

Moreover, implanted microcapsules must resist physical and biochemical stress 

to prevent breakage of the capsule and immune rejection of the encapsulated cells. The 

ideal capsule shell and core degradation rate depends on· the kind of cells and the 

application. Some cells may benefit from remodeling or degradation of their immediate 

extracellular matrix, while in many cases permanent shells may be desirable. The other 

important character for fabricating suitable microcapsule is the biocompatibility of the 

initial capsule material and by-products towards both cells and host, that is not be toxic to 

either and not elicit an immune response from the host. 

According to these essential properties different microcapsule structure (section 

1.2), polymeric structure (section 1.3), and preparation methods (section 1.4) were 

proposed to form microcapsules. 

4 
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1.4 Microcapsule Structure 

Microcapsules are classified in three categories: matrix-core/shell microcapsules 

where cells are embedded in hydrogel matrix, liquid-core/shell microcapsules where cells 

are suspended in a liquid core and conformal microcapsules which individual cells or cell 

clusters are coated directly (Figure 1.3).15 

a b c 

Cell ~ 
Cell 

Coating 

Figure 1.3 Microcapsule Structure: a) Matrix-core/shell microcapsules; b) Liquid
core/shell microcapsules; c) confonnal microcapsules. 12 

Matrix-core/shell microcapsules are the most popular structure for cell 

encapsulation of anchorage dependent cells. In this method cells are embedded III a 

hydrogel, i.e. a network of hydrophilic polymer, which can be designed with different 

covalent and/or non-covalent crosslinking methods compatible with cell viability. 17, 18 

Embedding cells in hydrogels has several advantages as cells are retained in an 

aqueous environment in contact with soft biocompatible materials which protect them 

from the stress of encapsulation. Also the hydrogel can be a reversible structure which 

disintegrates in response to changes in temperature, pH, and salt concentration. 12 

1.5 Methods of Hydrogel Bead Formation 

Cell encapsulation in hydrogel requires microcapsules formed by cell 

compatible, economical and reproducible method such as emulsification, extrusion and 
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co-extrusion. The microcapsule generation methods are limited by physical factors such 

as high viscos ity of the bead making solution, size and size distribution, and the 

mechanical strength of the resulting microcapsule. 19The important challenge is producing 

uniform small size capsules (l00-500 /lm) with a smooth surface to optimize mass 

transfer. In this part some common cell encapsulation methods will be described. 

1.5.1 Emulsion Method 

In this technique the aqueous solution is mixed and dispersed in an immiscible 

orgamc phase such as a vegetable oil , and often facilitated by surfactants. After the 

equilibrium dispersion is reached, gels are formed by cooling or by adding a gelling agent 

into the emulsion. After hardening the hydrogel , capsules are separated and washed in 

water or saline as appropriate (Figure 1.4). 

Hydrophilic co llo id in water Interfacial phase (oi l) 

c ::; 
......", 

Q0 \G9 
® .'. ® .. ~ 

....::. ~ .. ~ -
Emulsification 

Surfactant 

o 
Forming coated droplets Capsule formation 

Figure 1.4 Schematic scheme of emulsion method. 
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Although this method has some advantages for industrial purpose and can be 

easily scaled-up, but the large diameter, wide size distribution, and insolubility of some 

gelling agents such as calcium chloride ion for alginate gel formation20. 21 besides the 

shear stress to cells that leads to heterogeneous cell distribution within the capsule 

currently still limits the applications of emulsion method. 

1.5.2 Extrusion Method 

In this technique, the crosslinkable polymer solution containing cells is extruded 

through a small tube or needle. The droplet falls into a hardening bath and the polymer is 

crosslinked by an appropriate reagent such as divalent cation, polyelectrolyte, cooling, 

and etc (Figure 1.5). 

The simplest extrusion system consists of a dripping mode with pressure as the 

driving force. Its applications are limited to low viscosity solution and production of large 

bead sizes (0.5-3 mm). Smaller capsules can be obtained by smaller dripping needles, 

lower polymer concentration, viscosity, or lower flow rate, but still high viscosity 

polymers are prefened to give stronger and less permeable capsules ,z2 

1 I "",u" 

/, 

I Hydrogel 

Ce l l 

1 • 1----1\ Gas flow 

c 

r·.'l i< !" Ol il p ~ l e «>lltdill ~ (€'Ib I-I ....... ---~ ----j Cro ss l i nke r solut io n 

Figure 1.5 Schematic scheme of extrusion method. 
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To decrease the capsule size an extrusion technique aided by coaxial gas flow is 

often utilized. In this method, the compressed gas flows around the tip of the extrusion 

nozzle shears the droplets, and controlling their size. While this method has a fairly low 

rate of capsule formation, but it is suitable for high viscosity polymers, 22, 23 and small 

size capsules around 150llm can be obtained by micro-airflow nozzle.24 

1.5.3 Co-extrusion Method 

In this technique a double-nozzle is used to co-extrude an aqueous polymer 

solution with cells via the internal nozzle, and the shell-forming solution via the external 

nozzle. Therefore, the resulted capsules are already coated by a shell or membrane. This 

technique could be interesting to make capsules immediately coated with a shell of 

different polymers, but it is mostly used to produce liquid-core capsules. I I 

However extrusion method is a very common method, but it has some 

deficiencies. The capsule size range is limited by nozzle diameter as well as viscosity of 

the solution and air flow, thus it is difficult to form beads with diameters of much less 

than 500llm. Also, this technique is not suitable for industrial scale-up due to 

requirements of a large number of nozzles operating simultaneously. I I Other methods for 

bead formation are also being explored, including electrostatic droplet generation. In this 

technique a high-voltage electrostatic pulse was applied for producing small alginate 

beads «300 Ilm) . 25-27 

1.6 Matrix-core/shell Microcapsule Material 

The microcapsule material should cover several essential parameters to form a 

suitable device for cell encapsulation includes: biocompatibility, sterilizability, lack of 

toxic material or temperature need for synthes is or crosslinking, long term biostability, 

suitable degradation time if desired, and ease of processing into beads. The microcapsule 

materials also directl y affect the mass transport properties and morphology. For this 

purpose, different biomaterials with different gel formation mechanisms were explored. 
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1.6.1 Thermal Hydrogel 

One of the common natural materials for cell encapsulation is agarose, a 

temperature-dependent hydrogel, with fast gelation in aqueous solution leading to strong 

porous capsules even at low polymer concentration (O.2%).28It is a polymer of alternating 

units of ~-D-galactopyranose and 3, 6-anhydro-a-D-galactopyranose (Figure 1.6). 

Figure 1.6 Chemical structure of agarose. 

These capsules are usually produced by a one-step extrusion method29 or by a 

water-oil emulsion technique.30
-
32 The properties of the resulting agarose capsule depend 

on MW, MW distribution, content of charged groups and monomer distribution.3 1
. 33 

Previous studies revealed that the cell viability in agarose capsules decreased at agarose 

concentrations below 7.5 %, in studies of transplantation of xenograft islets. 34
. Mixing 

agarose with other polymers such as polystyrene sulfonic acid. 35
, 36 or polyvinyl 

sulphate3
? increases xenograft survival time. 

The agarose/collagen blend is the most common mixture which improves the cell 

viability in capsules by sunounding the cells with a small amount of a physiological 

relevant matrix.38
. 39 Also, thermally-gelable synthetic polymers such as poly (N-isopropyl 

acrylamide) (PNIPAAm) and its copolymers with PEG, PNIPAAm-PEG-PNIPAAm, 

showed valuable gel formation at physiological temperature. The resulting capsules 

revealed suitable mechanical stability, high cell viability and no toxicity under 

physiological conditions.4o 
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1.6.2 Ionotropic Hydrogel 

The inner structure of matrix-core capsules is often an ionotropic gel, typically 

formed from polyelectrolytes (PE) crosslinked spontaneously with divalent cations or, 

less commonly, anions. The gel structure depends on polyelectrolyte properties such as 

molecular weight (MW), density, architecture, nature of the charge and also on the 

crosslinking ions. Alginate is the most common ionotropic cell embedding material which 

is a negatively-charged, linear polysaccharide (PS) copolymer of 1, 4-linked P-D
mannuronic acid (M) and a-L-guluronic acid (0) which extracted from brown seaweed 

for the first time in 1881 by E.C. Stanford. The monomer units arranged in mannuronic 

and guluronic blocks (MM, 00), or alternating sequences (MO block) (Figure 1.7). 

Alginate forms a three dimensional interconnected network at room temperature or any 

other temperature up to lOODC in the presence of divalent cations such as calcium,41 

barium42 and strontium43 which does not melt when heated. 

Figure 1.7 Chemical structure of sodium alginate. 

In this mechanism, alginate mainly crosslinks and forms gel structure by the 

exchange of sodium ions from the guluronic acids with the divalent cations, mostly 

calcium ions, and then the crosslinked groups arrange to form the so-called egg-box 

structure (Figure 1.8).44.45 
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Figure 1.8 "Schematic representation of the "egg-box" model of alginate gel. (a, b) 

Binding zones between polymeric alginate molecules; (c) an elementary cell of the 

binding zone. The dotted line indicates hydrogen bonds between the oxygen atoms of the 

pyranosic cycles and the metallic ion; the dashed line indicates ionic bonds between 

carboxyl groups and the metallic ion (adapted from McHugh et al; 1987)".46 

In this structure, the divalent ion is ionically substituted at the carboxylic site. A 

second alginate strand can also connect at the calcium ion, forming a link in which the 

divalent ion attaches two alginate strands together. "The analogy is that the strength and 

selectivity of cooperative binding is determined by the comfort with which 'eggs' of the 

particular size may pack in the 'box', and with which the layers of the box pack with each 

other around the eggs" (Grant et al., 1973). This model can form a three-dimensional 

network as the polymeric structure. Also polymer chain aggregates bind the calcium ions 

more firmly which is called "cooperative binding". In fact, the configuration of guluronic 

acid chains provides a distance between carboxyl and hydroxyl groups which allows an 

effective interaction with calcium. 

According to alginate chemical structure and gel formation mechanism, different 

parameters affect the alginate capsule: 

A. Effect of Alginate Structure on Alginate Gel Formation 
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In the alginate hydrogels, the G/M ratio can affect several properties such as gel 

strength, gel permeability, and biocompatibility.47-49 The alternate sequence (MG block) 

is more flexible and provides for a less viscous solution whereas the guluronic blocks 

(GG) are stiffer and more viscous in solution, but form more stable gels and rounder 

particles. These resulting beads showed higher mechanical stability and are more resistant 

to swelling caused by osmotic pressure. Therefore, in cell encapsulation alginate with a 

high content of guluronic acid blocks is more desirable. Also this kind of alginate 

provides highly transparent beads which are suitable for encapsulating photosynthesizing 

cells. In contrast, for applications where recovery of the cells is essential, alginate with a 

lower content of guluronic blocks which forms softer and more flexible gels is required to 

d · . h 1 '1 47 50 lssoclate t e ge more eaSl y. ' 

It is further possible to optimize the osmotic swelling, permeability and gel 

strength by changing the alginate MW.51 However, the application of high MW alginate 

is limited due to high viscosity producing more irregular surfaces and bigger capsules. 

B. Effect of divalent ion on Alginate Gel Formation 

Alginate has shown decreasing binding affinities for different divalent ions: Pb 

> Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn> Mn. Traditionally calcium is widely used to 

crosslink alginate, but calcium-alginate beads are sensitive toward chelating agents such 

as phosphate and citrate. Calcium ions also are easily replaced over time by nongelling 

agents such as sodium in saline solution. The resulting osmotic swelling of the beads in 

physiological solution leading to dissociation of ionic bridges, bigger pores, shorter 

degradation time and lower mechanical stability. To increase the stability of the beads, 

barium alginate beads were used by many groups which form stronger beads due to 

higher alginate affinity to divalent ion. This kind of beads also showed more 

heterogeneous alginate gel distribution that does not change through washing and coating 

steps. In fact inhomogeneity is the result of a rapid irreversible gelling mechanism by a 

strong site binding of barium ions to alginate chains, and it is a more favourite 

. 1 d 1 b'l' 42 52-54 mlcrocapsu e structure ue to ow permea 1 lty. ' 
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1.7 Alginate Capsule Structure 

1.7.1 Alginate Capsule Coated by Polyelectrolyte Complex Gel 

The most frequently employed method to improve mechanical strength, and 

extend the alginate gel degradation time is by forming a polyelectrolyte complex (PEC) 

gel around calcium alginate capsules. This complexation is driven by the interaction 

between two oppositely charged water soluble polymers, polyanion and polycation, to 

form a complex coacervate as a separate phase. This complex contains less water and 

more polymer than the initial solutions, and can be insoluble in water or other common 

solvents. The PEC nature and the possible chemical reactions and physical interactions 

depend on such variables as degree of dissociation of the polyelectrolytes, the nature and 

position of ionic groups on polymeric chains, polyelectrolyte concentration, molecular 

weight and flexibility of polymeric chains, mixing ratio, mixing order, the duration of 

interaction as well as temperature, pH, and ionic strength of the solution phase. 55. 56 

In this approach, the alginate capsule containing cells are coated with a solution 

of polycation to form a polyelectrolyte complex on the capsule surface. This process has 

some resemblance to the layer-by-Iayer assembly introduced by Decher and co-workers 

in 1992 to prepare controlled structure thin films for biological applications .57 Decher's 

method is based on alternating immersion of substrate into dilute solutions of oppositely 

charged polyelectrolytes to produce multilayers on the surface (Figure 1.9). Since a single 

bilayer of polyelectrolyte bound to a smooth hard surface can be as thin as 1 nm or less, 

the LBL technique allows excellent control of film thickness on hard smooth substrates. 
58-60 
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2 3 

Figure 1.9. "(A) Schematic of the film deposition process using slides and beakers. Steps 

1 and 3 represent the adsorption of a polyanion and polycation, respectively, and steps 2 

and 4 are washing steps. The four steps are the basic buildup sequence for the simplest 

film architecture, (AlB) n. (B) Simplified molecular picture of the first two adsorption 

steps, depicting film deposition starting with a positively charged substrate. The polyion 

conformation and layer interpenetration are an idealization of the surface charge reversal 

with each adsorption step. ,,59 

Coating of calcium alginate hydrogels by the LbL process has important 

differences form Dechers approach, as hydrogels are highly porous and hence lead to 

PEC layers with substantial thicknesses of many micrometers. According to LBL method, 

the coated alginate capsules contain layers held together by the electrostatic interaction 

between oppositely charged polymers. The polyelectrolyte structure and MW control the 

polyelectrolyte complex gelling properties as well as capsule density, permeability and 

mechanical stability. An important factor in this technique is the isolation of cells from 

toxic polycations to maintain their viability, ability to grow and divide inside the capsule. 

The most commonly used polycation for cell encapsulation is poly (L- Lysine) (PLL) as 

originally described by Lim and Sum in 1980 to form alginate/PLLlalginate capsules 

(AP A) for treatment of diabetes (Figure l.1O).61 
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* 

Figure 1.10 Chemical structure of Poly (L-Lysine). 

In this structure, PLL interacts with negative charges on and near the surface of 

alginate capsules (Figure 1.11). 

a b c 

Figure 1.11 Multilayer polyelectrolyte coating on alginate microcapsule: a) Alginate 
microcapsule; b) PLL (polycation) deposition; c) Alginate deposition (polyanion).' , 

PLL binding and diffusion not only depend on PLL MW, but also on the 

guluronic content of alginate and on the type and concentration of the divalent ion. In 

fact, stronger interaction between alginate and divalent ion decrease the chance of PLL to 

interact with alginate and diffuse into the inner layers of alginate to form complex gel. 

Also PLL is very susceptible to protein absorption and consequently cell overgrowth. So 

it is usually considered mandatory to cover the PLL layer with another layer of alginate. 

Previous studies showed that the high-G capsules coated by PLL result in stronger 

inflammatory response than intermediate-G capsules due to inappropriately PLL binding 
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to the high-G alginate core. In fact, in high-G capsules lower numbers of binding sites are 

available for PLL, and the capsules are less permeable. Thus, PLL will bind less strongly 

h I · 62-64 to tea gmate. 

While some prevIOus studies reported successful long-term implantation of 

microencapsulated allografts in APA capsules for spontaneous diabetic dogs65 and 

humans,66 clinical application are still far off due to alginate cytotoxicity and PLL protein 

absorption, amongst other problems. PLL has been reported to be toxic towards different 

cell lines by activating complement and macrophages producing interleukin-l (IL-l) and 

inducing fibrosis. 67-7o Studying the surface chemical composition of APA capsules 

revealed that calcium alginate core is covered by a single layer membrane wherein 

alginate and PLL are interacting to form PEe complex. In fact, PLL is uniformly 

distributed among the capsule surface, and a distinct outer layer alginate does not exist.7o 

Also, PEe complex gel gradually weakens overtime, exposmg more accessible PLL 

chains to the host.5o On the other hand, alginate has been shown to degrade during 

purification7' and when exposed to biological environments,72. 73 hence the polyelectrolyte 

complex gel has showed much shorter lifetime in the presence of cells 74 and exposes toxic 

polycation layer to immune system. As well, alginate biocompatibility depends on the 

source and processing as it contains variable amounts of impurities such as endotoxin, 

protein and polyphenols which can be reduced but not completely removed during 

purification.70, 75, 76 

To increase the biocompatibility of APA capsules, PEG-grafted poly (L-Lysine) 

was studied77 which decreases the protein absorption and consequently omits the extra 

alginate layer. However, the weakening of PEe complex due to the added PEG chains 

still limits their application. To overcome this inability and form more stable/stronger 

beads other methods were introduced to form covalently crosslinked bonds on outer the 

layer and/or inside the alginate capsules as described in the next sections. 
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1.7.2 Covalently Crosslinked Alginate Capsule 

Several studies showed that forming covalent bonds in alginate capsules makes 

them more resistant to mechanical and chemical challenges. In this approach different 

chemical and photochemical crosslinking reactions were applied under physiological 

conditions, while considering chemical properties of materials such as cytotoxicity of 

crosslinking reagents, photochemical or thermal initiators, catalysts, byproducts, and 

residual reactive groups. 

According to these parameters, different polymeric systems are suggested to 

make crosslinked capsules under physiological conditions. One approach is forming 

functionalized alginate by the chemical introduction of reactive groups such as thiol, 78-801 

methacrylate and acrylate81 -84 on the alginate backbone. The functionalized alginate 

capsules are crosslinked by exposure to a second polymer, catalyst or light; however, 

applications are limited by the interfering functional group on the alginate gel. In fact, the 

lack of selectivity during chemical modification that generally occurs on both guluronic 

acid (G) and mannuronic acid (M) prevents forming alginate gel instantaneously In 

divalent ion bath that hence affects its application for cell encapsulation.83, 84 

The other approach to prevent APA toxicity and produce stronger crosslinked 

alginate capsule is forming covalent bonds by in-diffusion of polymeric or monomeric 

species followed by crosslinking or polymerization. Several groups attempt to improve 

the strength of alginate based gels using Michael addition between thiol and acrylate end 

chains of pluronics polymers,85 photodimerization of modified poly(allylamine),86 or by 

the reaction between amine and ester, aldehyde/ketone, isocyanatelisothiocyanate, and 

thioester. 87,88 Recently, we developed synthetic polyanions containing acetoacetate 

group, poly (methacrylic acid, sodium salt-co-2-[methacryloyloxy] ethyl acetoacetate) 

(70:30 mol%, A 70), to form a tough crosslinked shell around PLL-coated alginate beads, 

and to reinforce the alginate core by forming covalent bonds with interior PLL and other 

polyamines.89-91 This approach is based on electrostatic attraction and preconcentration of 
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the reactive polyelectrolytes with subsequent covalent cross linking in the absence of light, 

catalyst or initiator. 

The purpose of this thesis is to study the possible chemical reactions of 

acetoacetate group and the stability of the formed covalent bonds, using real and model 

conditions. In particular, I plan to employ small molecule models and study the effect of 

electrostatic attraction on the reaction rate, and the covalent bond stability at different 

temperature and solvent. 

The reaction between acetoacetate and amine will be studied by the reaction 

between methyl acetoacetate (MAcAc) and 3-methoxypropylamine (MOPA) as small 

molecule models, polyanion (A 70) and MOPA as polymer-small molecule model, and 

between polyanion (A 70) and low molecular weight PLL, as polymer-polymer models. 

The ability of the cross linking system to form core-crosslinked capsules will also 

be further studied, and study the long-term stability of crosslinked networks formed. 

Several groups reported extruding the cell containing alginate solution with concentric 

airflow into the gelling bath as a successful method to entrap cells in the capsule. In this 

approach, calcium alginate beads can be coated with PLL and polyanion (A 70) via the 

LBL method to strengthen the surrounding gel with electrostatic attraction and covalent 

bonds. In order to improve the mechanical stability and degradation time of the alginate 

core, a mixture of alginate/reactive polyanion can be used to form primary calcium 

alginate capsules, followed by cross linking of the distributed polyanion by in-diffusing 

PLL during the coating step. According to this method, core-crosslinked capsules can be 

formed depending on PLL molecular weight, polyanion mobility in alginate core, 

reactivity of functional groups and stability of covalent bonds under physiological 

conditions. 

As the formation and properties of core-crosslinked capsules depend on several 

parameters, we aim to be able to balance these variations to achieve a covalently 

crosslinked core surrounded by semipermeable crosslinked shell with improved 

mechanical and biochemical resistance that would allow for long-term cell encapsulation. 

18 



M.Sc. Thesis - Sara Mohajeri McMaster - Chemistry 

1.8 Research Objectives 

The objects of this thesis are: 

1. To study the hydrolysis rate of acetoacetate as the functional group of A 70, and its 

possible chemical reactions via model reactions. 

2. To study the use of polyelectrolytes in the formation of core-crosslinked alginate 

capsules, including the effect of molecular weight and concentration of 

polyelectrolytes, on the location of these polyelectrolytes within the capsules. 

3. To study the initial and long term stability of covalent bonds under physiological 

conditions via the molecular model and capsules. 

4. To study the effect of alginate type on polyelectrolyte diffusion and mobility. 

19 



M.Sc. Thesis - Sara Mohajeri McMaster - Chemistry 

Chapter 2: Model Studies of Enamine Formation from Acetoacetates 

and Amines 

2.1 Abstract 

A random copolymer (poly (methacrylic acid-co-2-[methacryloyloxy] ethyl 

acetoacetate), 70:30, A 70) was prepared by free radical polymerization in ethanol. Its 

hydrolysis in water at 20De and 40 0 e was measured, and found to reach 42 and 83% after 

32 days , respectively. As well, the rate and equilibrium position of formation of en amine 

between A 70 and PLL was studied with the help of molecule models (small molecule 

model, polymer-small molecule model, and polymer-polymer model) in organic and 

aqueous environment, and followed by UV/Vis and IH-NMR. Our study in organic 

environment (DMSO) showed the enamine bond level is enhanced by increasing the 

concentration of reagents and acid catalysis. The reaction in aqueous environment showed 

low enamine formation for small molecule models which is shifted to higher equilibrium 

position for polymer-polymer model significantly. However, the covalent bonds slowly 

but permanently cleaved at physiological pH due to continuous hydrolysis of A 70 at 

elevated temperature. 

20 



M.Sc. Thesis - Sara Mohajeri McMaster - Chemistry 

2.2 Introduction 

The most frequently employed method to improve mechanical strength and 

lifetime of alginate-based microcapsules is to form a polycationlalginate polyelectrolyte 

complex (PEC) around or within the primary calcium alginate capsules. Currently, the 

most commonly used polycation for this purpose is poly(L-Lysine) (PLL), using a 

procedure originally described by Lim and Sum in 1980 to form alginate/PLLlalginate 

capsules (APA) encapsulating islets of Langerhans.61 In this structure, PLL interacts with 

negative charges on and near the surface of alginate capsules. 

While some previous studies reported successful long-term implantation of 

microencapsulated allografts in APA capsules for spontaneously diabetic dogs, and 

humans,65. 66 clinical applications are still far off due to immune responses attributed to 

factors such as alginate cytotoxicity and binding of proteins by PLL, amongst other 

problems. Previous studies showed that the PEC complex formed at the capsule surface 

gradually weakens over time, exposing more accessible PLL chains to the host.50 As well, 

alginate has been shown to degrade during purification71 and when exposed to biological 

environments,n. 73 hence the PLL-alginate polyelectrolyte complex gel has shown much 

shorter lifetime in the presence of cells, which again may lead to capsule degradation and 

expose the toxic polycation to the host immune system.74 Alginate biocompatibility also 

depends on its source and processing, as it contains variable amounts of impurities such 

as endotoxins, proteins and polyphenols, which can be reduced but not completely 

removed during purification.75-n A method that might address some of these challenges is 

coating the PLL layer with less toxic synthetic polyanions containing reactive groups able 

to form a covalently bonded network around or within the capsule. In fact, the 

combination of covalent and electrostatic network formation should extend the 

degradation time of the coating layer, and the use of synthetic polymers free of biological 

impurities could help reduce the innate immune response. 

Recently, our group developed synthetic polyanions containing acetoacetate, 

poly(methacrylic acid-co-2-[methacryloyloxy] ethyl acetoacetate) (70:30 mol %, A 70) 
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(Scheme 2.1), designed to form a tough crosslinked shell around polyamine-coated 

alginate beads, and to reinforce the alginate core by forming covalent bonds with PLL 

that diffused to the capsule interior.89.91 This approach is based on electrostatic attraction 

and preconcentration of the reactive polyelectrolytes with subsequent spontaneous 

covalent crosslinking without need for light, catalysts or initiators. 

o 

* * 

~ 
o 

o 

70:30 P(MAA-co-MOEAA) A70 PLL 

Scheme 2.1 Structures of the synthetic polyanion, A 70, and of poly-(L-Lysine), PLL. 

There is some evidence based on small molecule systems that en amine formation 

between amine and acetoacetate in aqueous media is reversible, especially in acidic and 

basic solutions (Scheme 2.2.A).92.96 Also, the acetoacetate ester has been reported to 

hydrolyze in other MOEAA-containing systems, which here would form hydroxyethyl 

methacrylate (HEMA) units and a ~-keto acid and result in loss of the reactive group of 

A 70 (Scheme 2.2.B). However, transforming the acetoacetate groups of MOEAA-
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containing polymers into enamines has been reported to reduce the rate of hydrolysis of 

the ester group (Scheme 2.2.C). 

R 

I 

R 

I 
NH 

R~O~ 
II OH 

o 0 

+HO)l)l 
R~O,- ............... 

II ............- "OH + HO~ 
o o 

HEMA B-keto acid 
HEMA 

Scheme 2.2 A. Reversible enamine formation from acetoacetate and amine, B. Hydrolysis 

of acetoacetoxy ethoxy ester, C. Hydrolysis of ester group after enamine formation to 

release an a 3-amino-2-butenoic acid (or 3-aminocrotonic acid) fragment. 

Our previous studies on coating calcium alginate capsules with self-cross linking 

polyelectrolytes showed sequential deposition of A 70 and PLL on calcium alginate 

capsules lead to a shell consisting of a covalently crosslinked polyelectrolyte complex.91 

These results led us to propose that the polydentate nature of the A 70-PLL interactions 

helps maintain a higher level of enamine crosslinks than expected for small molecule 

analogs under comparable conditions . In other words, the high local concentration of 

reactive groups and their inability to diffuse apart when freed by the reversible reaction 

because of the electrostatic interactions, creates a mechanism to form a higher percentage 

of crosslink bonds, stabilizing the crosslinked network. 
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The present chapter describes two aspects of A 70 chemistry that are relevant for 

such network formation. The first aspect involves the hydrolysis of the acetoacetate ester 

group of A 70 upon copolymerization and dissolution in aqueous base, as well as during 

solution storage at 20° and 40°C, using 'H-NMR. These studies allowed us to identify 

methods to dissolve this polymer in aqueous media with the least amount of hydrolysis, 

and further revealed the lifetime of the reactive polyanion in aqueous environments. The 

second aspect involves the rate and equilibrium position of the enamine formation 

between acetoacetate and amines, studied with the help of several small molecule, 

oligomeric and polymeric model systems. These include methyl acetoacetate (MAcAc) 

and 3-methoxypropylamine (MaPA) as small molecule models, polyanion (A70) and 

MaPA as a polymer-small molecule model, and polyanion (A70) and low molecular 

weight PLL, as a polymer-polymer model. These studies were canied out using UV /Vis 

spectroscopy and 'H-NMR to determine the degrees of enamine formation under a variety 

of conditions in aqueous and organic environments. 

2.3 Experimental 

2.3.1 Materials 

Methacrylic acid (MAA, 99%), 2-[methacryloyloxy] ethyl acetoacetate 

(MOEAA, 95 %), poly-L-lysine hydrobromide (PLL, 1-5 kDa), 3-methoxypropylamine 

(MaPA), and methyl acetoacetate (MAcAc) were purchased from Sigma-Aldrich Co. 

2,i-Azobis(isobutyronitrile) (AIBN, 99.95 %) from Dupont (Mississauga, ON) used as 

received. Diethyl ether, dimethyl sulfoxide (DMSO) and methanol (MeOH) were 

obtained from Caledon Laboratories Ltd. (Caledon, ON). Ethanol from Commercial 

Alcohols (Brampton, ON) was used as received. Hydrochloric acid solution was prepared 

from concentrates (FisherScientific) by diluting to 0.1 or 1 M with distilled water. 

Sodium hydroxide (NaOH) and sodium bicarbonate (NaHC03) were obtained from EMD 

Chemical Inc. 
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2.3.2 Synthesis of p (MAA-co-MOEAA) [70:30; A70] 

Poly (methacrylic acid-co-2-[methacryloyloxy] ethyl acetoacetate) copolymer 

was prepared by free radical copolymerization. MAA (4.84 g, 56.2 mmol), MOEAA 

(5.16 g, 24.1 mmol) (mole ratio of MAA to MOEAA: 7/3) with AIBN (132 mg, 0.8 

mmol, 1 mol% relative to total monomer) were dissolved in ethanol (100 mL) and reacted 

for 24 h at 60°C. The polymer was isolated by precipitation in ethyl ether (2L) and then 

dried to a constant weight in a vacuum oven at 50°C. Yield: 8.543 g (85.43 %). 

2.3.3 Characterization of Polyanion (A 70) 

The composition of the p(MAA-co-MOEAA) was determined by 'H nuclear 

magnetic resonance ('H-NMR) spectroscopy using a Bruker A V 200 spectrometer for the 

polymer solution in DMSO-d6. 

The molecular weight and molecular weight distribution (POI) of A 70 were 

estimated by gel permeation chromatography (GPC) with a system consisting of a Water 

515 HPLC pump, Water 717 plus Autosampler, three columns (Waters Ultrahydrogel-

120, -250, -500; 30 cm x 7.8 mm; 61lm particles) and a Water 2414 refractive index 

detector. The columns were adjusted at 35°C and nan'ow-dispersed PEG standards 

(Waters, Mississauga, ON) were utilized to calibrate the system. A 1 % aqueous A 70 

solution at pH 7 was injected using a 20 microliter loop, and was eluted at a flow rate of 

0.8 mUmin with an aqueous mobile phase that contained 300mM NaN03, 50mM 

phosphate and 20ppm NaN3 at pH 7. 

2.3.4 Study of A 70 hydrolysis 

The acid-form A 70 (10 mg) obtained from the copolymerization was neutralized 

by adding a stoichiometric amount of 1 M NaOH (50 ilL) relative to the methacrylic acid 

units, stilTing until dissolution occUlTed, and then diluting to the desired polymer 

concentration, 1 %, by addition of 940 ilL D20. Also, another aqueous A 70 solution was 

prepared by mixing the acid-form A 70 (10 mg) with DMSO (30 mg) as plasticizer 
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(OMSO/A70: 311 w/w) for 20 mm at room temperature, and then diluting and 

neutralizing the resulting mixture with stoichiometric amount of 0.05 M NaHC03 in 0 20. 

The pH of both aqueous A70 solutions was adjusted to 7, and the resulting 

solutions were transfelTed to NMR tubes. The hydrolysis rate was determined at different 

temperatures by monitoring the 'H-NMR spectra over time using a Bruker A V 200 

spectrometer. 

2.3.5 Study of enamine bond formation via the small molecule model 

Methyl acetoacetate (MAcAc) solutions at 0.020, 0.040,0.080,0.16, and 0.64 M 

in DMSO, were mixed with equimolar amounts of a 10 w/w% solution of 3-methoxy 

propyl amine (MOPA) in OMSO, at room temperature. For example, 16.2 ilL (17.8 mg, 

0.02mmol) of a 10 w/w% solution of MOPA in DMSO was added to 1.0 mL of a 0.020M 

solution of MAcAc in OMSO (equimolar AcAc/amine). Aliquots were taken at various 

times and diluted 1375-fold in MeOH to stop the reaction, and the amount of en amine 

was determined by UV/Vis spectroscopy. 

The effect of acetic acid on the reaction rate in OMSO was determined. MAcAc 

solutions (0.020 M, 1.0 mL) in DMSO containing 0.51, 1.2 or 2.8 mg of acetic acid (mole 

ratio of MAcAc to acetic acid: 7/3, 111 and 3/7) were mixed with equimolar of a 10 

w/w% of MOP A at room temperature and enamine formation was studied as explained 

above. 

Enamine formation in aqueous environments was studied by following the 

equilibrium reaction between equimolar MAcAc and MOPA (0.02M) in distilled water at 

room temperature. Typically, 25.5 ilL of an aqueous 7 w/w% solution of MOPA was 

added to 1 mL of a 0.02M aqueous solution of a MAcAc at room temperature. The pH of 

both reagent solutions was adjusted to physiological pH; the resulting reaction solution 

was at physiological pH as well. Aliquots of the reaction solution were diluted 1000-fold 

in distilled water and enamine content was measured by UV IVis spectroscopy. 
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2.3.6 Study of enamine bond formation via the polymer-small 

molecule model 

To study the enamine bond formation between A 70 and MOP A in orgamc 

environment a 1 % solution of acid-form A 70 (0.02M acetoacetate) was prepared in 

DMSO, and reacted with equimolar MOPA. Typically, 20 ilL (21.5mg 0.024 mmol) of a 

10 w/w% solution of MOPA in DMSO was added to 1mL of a 1.0 w/w% solution of A70 

(0.024 mmol acetoacetate) in DMSO at room temperature. The extent of enamine 

formation over time was determined by UV/Vis analysis, following dilution of the 

reaction solution in methanol. 

The enamine bond formation In aqueous environment was determined by 

following the reaction between 1.0 w/w% A70 (neutral-form) and 7 w/w% MOPA in 

distilled water at the same concentration as in DMSO ([AcAc] = 0.02M) at physiological 

pH. Samples of the resulting aqueous reaction solution were removed at various times and 

then further diluted WOO-fold with distilled water prior to analysis by UV/Vis 

spectrophotometry. 

2.3.7 Study of enamine bond hydrolysis in aqueous environment 

The hydrolysis rate of enamine bonds were studied by diluting aliquots of an 

enamine solution in DMSO with various amounts of water. After various times in the 

aqueous solution, aliquots were removed, quenched by 1375-fold dilution in methanol 

and then analyzed by UV -Vis spectroscopy for enamine content. The initial enamine 

solutions were prepared by the reaction of acetoacetate and amine compounds in DMSO 

for 12 h at which point enamine formation was complete. 

2.3.8 Study of enamine bond formation via the polymer-polymer 

model 

The enamine bond formation via the polymer-polymer model was studied by the 

reaction between neutral-form A 70 and PLL 1-5 kDa. For this purpose, 0.373 mL of an 

aqueous solution of 1.5 w/w% PLL (l-5k) was added to 1 mL of an aqueous solution of 
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1.25% w/w% A70 at physiological pH at room temperature (equimolar AcAc/amine, 

[AcAc]=0.0195M). The reaction solution was diluted 1000-fold in distilled water, and the 

enamine peak was monitored by UV/Vis spectrophotometer over 24 hours. The enamine 

bond stability at higher temperature was studied by subsequently heating the reaction 

solution at 37°C, followed by UV/Vis monitoring. 

2.3.9 Spectrophotometric parameters of the enamine group 

Using UV /Vis spectroscopy to determine the enamine content requires knowing 

the extinction coefficient of the enamine species involved. To measure the extinction 

coefficient of enamines formed from acetoacetate and amine, the reaction between 

MAcAc and MOPA, and also between A70 and MOPA, were studied by UV/Vis 

spectroscopy and IH-NMR. Typically, 20 flL (21.5mg 0.024 mmol) of a 10 w/w% 

solution of MOPA in DMSO was added to ImL of a 1.0 w/w% solution of A70 (0.024 

mmol acetoacetate) in DMSO at room temperature, and reacted overnight at room 

temperature. The enamine bond peak was measured by UV/Vis at -290 nm following 

dilution in methanol.92 Also, the conversion of a similar sample prepared in DMSO-d6 

was measured by IH-NMR, and the extinction coefficient of enamine bond is measured 

by comparing the result of IH-NMR with UV/Vis spectrum. 

The methanol dilution method of Nishihata et al (ref 95) was used to quench 

enamme formation/cleavage reactions for kinetic studies. The effect of methanol on 

enamme bond formation was studied for the reaction between A 70 and MOP A by 

diluting the reaction solution a 1375-fold with methanol after 30 second reaction in 

DMSO and then checking the diluted solution by UV/Vis spectrometry immediately after 

dilution and after Ih. The UV absorption of pure DMSO, 1000-fold and IO,OOO-fold 

diluted DMSO in MeOH was measured at room temperature, as well. 

The ability of methanol to atTest enamine hydrolysis in mixed organic/aqueous 

reactions was studied by diluting a reaction sample containing 90% water with methanol 
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after 30 second and 60 second hydrolysis, and the enamine concentration measured 

immediately and 30 min after dilution with methanol. 

2.4 Result and Discussion 

2.4.1 Characterization of p(MAA-co-MOEAA) [70:30; A 70] 

This work investigated the use of polyanions bearing reactive groups to react 

with PLL with formation of network supported by both ionic and covalent crosslinks. For 

this purpose a random copolymer of methacrylic acid (MAA) and 2-[methacryloyloxy] 

ethyl acetoacetate (MOEAA) at a mole ratio of MAA to MOEAA: 7/3 was prepared by 

AIBN initiated free radical polymerization in ethanol, and isolated by precipitation in 

diethyl ether. The chemical composition of the polyanion was determined from the IH_ 

NMR spectrum measured in DMSO-d6. A comparison of the areas under the peaks at 4.1 

and 4.3 ppm (CH2CH2 of MOEAA, "f' and "g" peaks) with the peak at 12.4 ppm (COOH 

of MAA) showed the polymer contains 70% MAA and 26% MOEAA; hence the 

polyanion was named A70 (Figure 2.1). 

Also comparing the area under the peak at 4.8 ppm (OH of hydroxyethyl 

methacrylate, HEMA) with "f' and "g" peaks of MOEAA showed a trace of HEM A as a 

third component of the copolymer. HEMA has two other peaks at 3.5 and 3.9 ppm which 

overlap partially with "f' and "g" peaks of MOEAA (Figure 2.1).97 The HEMA was 

likely formed by partial hydrolysis of MOEAA before, during or after polymerization. 

A70 was found to have a molecular weight (Mn) of 36 kDa and PDI of 2.8, by gel 

permeation chromatography (GPC). 
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Figure 2.1 'H-NMR spectrum at 200 MHz of an A70 solution in DMSO-d6. Residual 

DMSO-d6 peak is at 2.5 ppm. 

2.4.2 Study of A 70 hydrolysis 

Literature review noted that acetoacetate ester group of MOEAA-cotaining 

polymers can hydrolyze in aqueous media, especially at elevated temperature, to form 

hydroxyethyl methacrylate (HEM A) units and a ~-keto acid, which would result in the 

loss of the reactive groups if it were to occur for A 70.92
-
94 

One challenge in using A 70 is that the acid-form of A 70 is insoluble in aqueous 

solutions required for reacting with PLL in the process of coating hydrogels. It was thus 

necessary to neutralize MAA groups to the point where the polymer was water soluble 

but under conditions where all or most of the acetoacetate ester groups survive 

dissolution. For this purpose, several different dissolution methods were examined. In the 
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first, a stoichiometric amount of 1M NaOH was added to the solid A 70 (acid form) under 

stilTing, and the resulting solution of A 70-sodium form was then diluted with distilled 

water to the desired concentration. This procedure can expose the A 70 to locally high 

concentrations of aqueous base. Figure 2.2 shows the 'H-NMR spectrum of a 3% A70 

solution prepared in this fashion in deuterium oxide. A comparison of the areas under the 

f and g peaks at 4.3 and 4.5 ppm (CH2CH2 of MOEAA) with the peaks at 3.9 and 4.1 ppm 

of HEMA showed that this dissolution method resulted in an A 70 solution where 36% of 

the acetoacetate groups were hydrolyzed. The degree of hydrolysis does not increase 

much upon storage of this solution at 4°C indicating that much of the hydrolysis happens 

during the first minutes when the reaction mixture has a temporary excess of NaOH, 

together with undissolved A 70. 

f, g 

I , 

o -1 ppm 

Figure 2.2 'H-NMR spectrum of A70 in D20 prepared by addition of 1 eq of NaOH and 

D20 to solid A 70 (acid form). 

According to these results it is necessary to develop a method to minimize the 

initial hydrol ys is during dissolution of A 70. This was done by searching for a water

miscible solvent that can dissolve the acid-form copolymer and allows it to be rapidl y 

dispersed into aqueous base. The solvent should have low cytotoxicity as it will be 
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present in the aqueous solutions used for coating cell-containing alginate capsules . Also, 

availability in a deuterated version that would simplify 'H-NMR analyses would be 

convenient. Finally, the base used was changed to dilute sodium bicarbonate solution, 

which has a much lower pH than the corresponding NaOH used previously. 

Dimethyl sulfoxide (DMSO) was chosen for its good solvency properties and 

good cell compatibility.98.,oo The acid-form of A 70 was mixed with OMSO as plasticizer 

(weight ratio of OMSO to A 70: 3/1) for 20 min at room temperature, and then diluted 

with stoichiometric amount of 0.05 M NaHC03 in 0 20 to give directly the desired final 

concentration. Under these conditions, the A 70/DMSO mixture dissolved very fast «5 

min), and the pH observed after dissolution was 7 .1. 

The 'H-NMR spectrum of the resulting A 70 solution showed less initial 

hydrolysis (16%) OCCUlTed during dissolution (Figure 2.3). Similar results were observed 

when the dissolution was performed with 1 eq of NaOH rather than NaHC03. In all 

subsequent work, aqueous solutions of A 70 were prepared by predissolving in DMSO. 

I f, g 

\ ~ 
Iv ~'"--'-_-,.... ................ _J 

•.••••••• - • •••• , •••• • .••• ¥ •••• _ ••••• "f' ""'V_ ·--·-l~ . -. --r--------r' ~~.,.- .--·~--r-· .. · ., ¥' r" .......... ···· .... ···T··-········· ...... ·,· . r ·•·· .. •··· .. ·-··--··T····· .. · .. ···_·· .. •·• .. r· ··· '-_······· · ·"'--1 

5.5 5. 0 4 . 5 4. 0 3 . 5 1 . 5 1.0 0 . 5 0.0 p p m 

Figure 2.3 'H-NMR spectrum of A70 in 0 20 prepared by plasticizing in DMSO and 

dissolving in 1 eq of 0.05M NaHC03. 
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The resulting solution was divided into two aliquots and stored for 32 days at 

both room temperature and 40°C, and the percent hydrolysis measured over this time 

(Fig. 2.4). Hydrolys is of the acetoaetate ester reached 41% after 32 days at room 

temperature, and 83% after 32 days at 40°C. This hydrolysis should affect the longevity 

of enamine-crosslinked networks, since enamine formation is reversible in aqueous 

environments. The combination of enamine reversibi lity to acetoacetate and acetoacetate 

ester hydrolysis thus provides a mechanism to reduce the acetoacetate concentration and 

thus decrease the possibility of reforming covalent crosslinks . 
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Figure 2.4 A 70 hydrolysis at room temperature (R.T. = 20°C) and 40°C for 3% A 70 

solutions at an initial pH of -7.5. 

2.4.3 Study of enamine bond formation and stability by UV!Vis 

Literature review showed that the enamine formation between acetoacetate and 

am me proceeds at room temperature.93 However, enamine formation is reversible 

depending on temperature, pH and reactant concentration. Thus it is necessary to study 
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the formation of enamine bonds between acetoacetate ester of A 70 and amine, and study 

the stability of the resulting covalent bond in aqueous solution. It is difficult to study 

these reactions directly on the PLLI A 70 system, due to the insoluble nature of the 

crosslinked network formed. Therefore, three different model systems were developed: 1) 

small molecule model, 2) polymer-small molecule model and 3) polymer-polymer model 

(involving low MW PLL). These model systems are more easily characterized by 

spectroscopic techniques and allow the effects of polymer structure and electrostatic 

interaction on enamine bond formation and stability in organic and aqueous environment 

to be examined. 

The small molecules which are used in this study should resemble both PLL and 

A 70 in terms of reactive group and solubility. Therefore, a primary amine, 3-

methoxypropylamine (MaPA), and methyl acetoacetate (MAcAc) were chosen as mono

functional molecules with suitable solubility in either organic or aqueous environment. 

These molecules are free of any other functional group that could affect the enamine bond 

formation, and also cannot form any electrostatic network in aqueous or organic 

environments. To study the en amine formation in organic environment DMSO was 

chosen as the organic solvent because it is useful for NMR analysis and it is a good 

solvent for A 70 allowing comparison between the small-molecule and polymer results. 

However, the UV/Vis spectrum of neat DMSO showed a broad peak extending to about 

300nm which overlaps with the enamine absorption at -290nm. Fortunately, the DMSO 

absorption following thousand-fold dilution with methanol (Figure.2.S) shifted to lower 

wavelength and does not overlap with en amine peak at - 290nm. Thus, DMSO did not 

interfere with the measllrement of enamine concentrations in this work, which were 

determined after 137S-fold dilutions in methanol in most cases. 
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Figure 2.5 Absorption spectrum of DMSO in methanol. 

To measure the extinction coefficient of the enamme group for the model 

systems, reactions between equimolar amounts of acetoacetate and amine compounds in 

DMSO were allowed to proceed to high conversion (typically about 100%) as determined 

by 'H-NMR, and then an aliquot was diluted in methanol and analyzed by UV/Vis 

spectroscopy. For example, the 'H- NMR spectrum of following reaction of A 70 and 

MOPA in DMSO (24 mmol of each of the acetoacetate and amine groups) for 18h at 

room temperature is shown in Figure 2.6. The peaks due to the acetoacetate groups of 

A 70 and the sharp peaks of the small-molecule amine have disappeared and been 

replaced with peaks due to the enamine. Enamines are typically formed as a mixture of 

cis and trans isomers which is evident in Figure 2.6 in the pairs of peaks labelled K, L 

and M. The enamine product consists of 60% cis (L at 8.5 ppm) and 40% trans (L at 6.7 

ppm) which matches with the data Sanchez and Aldave report that described the cis 

structure as the most common product due to the hydrogen bonding between the oxygen 

of the carbonyl group and the hydrogen of the amine.'o, In their work, the percentage of 

trans product depended on solvent and varied from 5% in CDCl3 to 42% in DMSO. The 
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conversion in DMSO-d6 overnight at room temperature was measured by 'H-NMR to be 

about 100%, by comparing the integrations of the amide protons "L" and the methyl 

protons "d". Presence of two separate peaks for methylene protons "M" and methyl 

protons "K" confirms the presence of cis and trans enamine products as well. 
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Figure 2.6 'H-NMR spectrum of the product of the overnight reaction between 

stoichiometric amounts of A 70 and MaPA in DMSO-d6. 

An aliquot of the reaction mixture was diluted 1375-fold with methanol and 

analyzed by UV/Vis (Figure 2.7). The measured UV/Vis absorption of 0.373 at 285 nm 

thus cones ponds to an extinction coefficient of the enamine bond of 19,300 M-'cm-'. The 

extinction coefficient of the enamine formed by the reaction between MAcAc and MaPA 

in DMSO was measured in the same fashion, and showed a similar value (21,400 M-'cm

, ). 
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Figure 2.7 UV/Vis spectrum of the product of the overnight reaction between A 70 and 

MaPA in DMSO after 1375-fold dilution with methanol. 

Dilution with a large excess of methanol was suggested by Nishihata et al. in 

1984 as a means of quenching enamine bond formation and hydrolysis during analogous 

aqueous experiments.95 The effect of methanol on enamine bond formation was hence 

studied for our system by diluting the reaction solution 1375-fold with methanol after 30 

second reaction in DMSO. UV/Vis analysis of the resulting solution showed 21.8% 

enamine bond. One hour after dilution with methanol, the enamine level was shown to be 

22%, supporting Nishihata' s suggestion that enamines are reasonably stable in methanol. 

Another aliquot of the reaction solution was diluted with methanol after 30 minutes 

reaction time in DMSO, showing 72% enamine formation . 

The ability of methanol to also atTest enamine hydrolysis in mixed 

organic/aqueous reactions was confirmed by diluting an enamine sample (A 70 + MaPA, 

DMSO, 80% conversion) with water so that it contained 90% water and then diluting it 

further with methanol after 30 second hydrolysis. UV/Vis analysis of this methanol

quenched sample, taken within 1 minute of dilution with methanol, showed 53.8% 

enamine, which dropped to 50.8% after another 30min in methanol. In contrast, dilution 

with methanol after 60 seconds hydrolysis showed 20.6% enamine bond, confirming that 

diluting in excess methanol indeed freezes the enamine content. 
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2.4.4 Study the enamine bond formation and stability via small molecule 

model, MAcAc-MOPA 

The rate of enamine bond formation between MAcAc and MOPA in DMSO as a 

function of reagent concentrations was measured at room temperature over time by 

UV /Vis as described in part 2.2.5. Aliquots were removed from the DMSO reaction and 

diluted 1375-fold with methanol prior to UV/Vis measurements. Figure 2.8 shows that 

enamine formation is slow and likely incomplete at low reagent concentration, while it is 

essentially complete at 95 % for 0.64M after 2 hrs. 

;0' 100 'r 
~ 

80 J 
I 

<> 

60 + 

<> 

o 40 

<> 

o 

80 120 

Time (mill) 

24h 

.0.021\'1 

fi3 0.04rvl 

1!.0.08M 

o 0.161\:1 

o O.64rvi 

Figure 2.8 Enamine formation from MAcAc and MOPA in DMSO at room temperature 

(20De), as function of reagent concentrations. 

One interesting observation was that the reaction of A 70 with MOPA appeared 

to be much more rapid, as described in the following section, perhaps due to the presence 

of 70 mol% methacrylic acid groups in the A 70 structure. The effect of acid on the 

reactivity of acetoacetate was studied by dissolving acetic acid in 0.02 M MAcAc 
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solution in DMSO. In particular the mole ratio of MAcAc to acetic acid was chosen 317 to 

imitate the ratio present in A 70, and the resulting solution was mixed with equimolar 

MaPA at room temperature. Also, solutions with mole ratios of MAcAc to acetic acid 111 

and 7/3 were prepared to study the effect of acid concentration on the desired reaction. 

The acid-containing mixture (mole ratio of MAcAc/acetic acid: 317) showed 

more rapid enamine formation with 53% formed after 2h reaction in comparison to only 

2.5% without acetic acid (Figure 2.9) . The reaction mixtures of lower acid content 

demonstrated a similar trend with slower velocities. Acetic acid has two opposite roles, it 

protonates methyl acetoacetate as well as MapA. However, amine protonation decreases 

the reactivity of amine but the conjugate acid of the carbonyl group is a better electrophile 

than the neutral carbonyl group itself, and can accelerate the enamine bond formation 

rate. According to our results the catalyst role of acetic acid is much more effective than 

the inhibitor role in organic solvent and increases the enamine bond formation rate 

especiall y at lower mole ratio of MAcAc to acetic acid (Figure 2.10). 

'0' 100 
~ 
<.) 

-t! 
<.) 

-t! SO 

:~ 
0 60 
'0 v 

:-/~ 

~ 

P=l 
'0' -to 
~ 
~ 

§ 
~ 

:!O v .= 0 :3 
~ §3e ~ 0 

0 

0 

t:" 
0 

...... • + 
-to 

o 

t:" 

o 

o 

o 

so l:!O 

Time (min) 

24h 

• Withollt(lcetic (lciel 

o IVIAcAc/(lcetic (lciel=7! 3 

t:" l\IAcAc!acetic (lcid= lil 

o MAcAc/(lcetic aciel=3/7 

Figure 2.9 Enamine formation for the reaction at room temperature (200 e) between 

MAcAc and MaPA (20 mM each) in DMSO in the presence of acetic acid. 
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Figure 2.10 Mechanism of acid catalyzed reaction between MAcAc and MOP A. 

The enamine sample formed in the presence of acetic acid (MAcAc/acetic acid: 

317) was diluted with HEPES buffer at pH 7.8 (HEPES buffer: DMSO = 90: 10 vol ratio) 

and then analyzed by UV /Vis spectroscopy for the occurrence of hydrolysis. Hydrolysis 

was rapid with about half the enamine consumed in a first 2h. When only 10% water was 

present, hydrolysis was much slower with little change in enamine content detected after 

24h (Figure 2.11). Thus, it appears that the enamine is unstable and is hydrolyzed in 

solutions with significant water content. 
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Figure 2.11 Enamine hydrolysis rate for the reaction between MAcAc and MOPA in 

DMSO at room temperature (20°C). 

To further probe the stability of the enamine in aqueous solution, the reaction 

between MAcAc and MOPA ([AcAc] = [MOPA] = 0.02M) in distilled water at pH-7 

was attempted. UVfVis analysis showed no detectable enamine bond formation even after 

24h at room temperature. 

2.4.5 Study the enamine bond formation and stability via polymer-small 

molecule model, A70-MOPA 

Enamine formation from A70 (acid form) and MOPA (equimolar AcAc famine, 

[AcAc] = 0.02M) in DMSO approached 100% after 1h with an estimated half-life time of 

formation of 2 minutes (Figure 2.12). Comparing the A 70-MOPA reaction in DMSO with 

the analogous small molecule model reaction showed faster reaction for A 70 than 

MAcAc in organic environment. This is largely attributed to the acid catalysis provided 

by the methacrylic acid units in A 70 (acid form). However, the A 70-MOPA mixture 
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showed higher en amine bond formation after 2h reaction (92.8% vs . 53%) than the small 

molecule model containing acetic acid at the same concentration as the MAA units. 

According to these results we suggest that the higher enamine level in polymer-small 

molecule model is the effect of higher local concentration of acetoacetate and methacrylic 

acid in polymer structure (A 70) in comparison to their concentration in the small 

molecule model. 
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Figure 2.12 Enamine formation rate for the reaction between A70 and MOPA in DMSO 

at room temperature (20 0 e). 

Hydrolysis of the polymer-smaIl-molecule enamine (A 70-MOPA) in solutions 

containing different amounts of HEPES buffer at pH 7.8 was examined and the results are 

shown in Figure 2.13. Enamine levels descend quicker as the water content is increased to 

the extent that 60% of all the enamine bonds are cleaved after 2h hydrolysis in 90% 

aqueous environment, conditions considered close to the pure aqueous conditions 

encountered by the hydrogels. According to these results , enamine bond forms rapidly in 
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DMSO, with a half-life time of formation of 2min, and decomposes quickly and 

permanently in aqueous conditions. 
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Figure 2.13 Hydrolysis of the enamine formed by reaction of A70 and MOPA in DMSO 

as a function of the water content at room temperature (20De). 

UV IVis analysis of the reaction between A 70 and MOP A in distilled water at the 

same concentrations as in DMSO ([AcAc] = 0.02M) at pH-7 showed low level enamine 

bond formation, reaching 0.8% after 30 seconds and plateauing at 1.1% after 2 h of 

reaction. In fact, enamine bond is not stable in aqueous environment and might cleave. 

2.4.6 Study the enamine bond formation and stability via polymer

polymer model, A 70-PLL 

UV/Vis analysis of the reaction between A70 and PLL 1-5 kDa (equimolar 

AcAc/amine, [AcAc] = 0.02M) at physiological pH in distilled water as the more similar 

model to the real condition (microcapsule) showed higher enamine level (-12%) in 

43 



M.Sc. Thesis - Sara Mohajeri McMaster - Chemistry 

comparison to the small molecule and polymer-small molecule models (Figure 2.14). In 

this system, two explanations can be considered based on the polyelectrolyte 

complexation for the enhanced enamine bond formation compared to the systems where 

one or both reactants are small-molecules: one involves the high local concentration of 

reactants and the other is the creation of hydrophobic microenvironments. Previous 

studies showed that hydrophobic environment improves the rate of enamine bond 

formation. 102 In our system, polymer-polymer model, the electrostatic network formed 

between low MW PLL (polycation) and A 70 (polyanion) provides a hydrophobic 

microenvironment that contains more polymer and less water than the initial reaction 

solution as well as a high local concentration of the reactants. Our results of the small 

molecule model and polymer-small molecule model showed enamine bond forms quickly 

in hydrophobic environment (DMSO), and the reaction rate depends on reactant 

concentration and acid catalyst. Thus we suggest that the hydrophobic microenvironment 

and higher concentration of reactants for the PLL-A 70 system helps maintain higher 

levels of enamine bonds than expected for small molecule model and polymer-small 

molecule model analogs under comparable condition . 
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Figure 2.14 Enamine formation rate for the reaction between A 70 and PLL in aqueous 

environment. 
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UV/Vis analysis of the polymer-polymer model while storing at 37°C showed 

that the enamine bond level decreases over time, 2.9% after 20 days (Figure 2.15). 

Regarding the hydrolysis rate of enamine bond in small molecule model and polymer

small molecule model, enamine bond is reversible and has short life time in aqueous 

environment. In polymer-polymer model the hydrolyzed enamine bond can reform in the 

hydrophobic microenvironment in the presence of acetoacetate group. However, the 

continuous hydrolysis of acetoacetate at elevated temperature (37°C) provides less 

acetoacetate groups to form enamine bond, thus enamine content of the network 

decreases slowly but permanently. 

'0' 
20 -, 

I 

~ ! 
v I 

-<f, I v ! 
~ 16 1 

:] 
J 0 12 

" v 
~h 

'" 
~ 
'0' 8 e ! 
~ I 
0 i 

.0 I 
v 

~ ~ .§ I 
I 
I 

~ I 

~ I 
0 ~!-

initi<ll 1 d<lY :; d<lYs 10 d<lYs 20 dClYS 

Figure 2.15 Hydrolysis of the enamine formed by reaction of A 70 and PLL in aqueous 

environment at 37°C. 

2.5 Conclusion 

This report describes an improved method for dissolving A 70 that largely avoids 

temporary excursions to high pH, and thus limits the initial hydrolysis. However, 
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hydrolysis continues over time at neutral pH, leading to near complete hydrolysis after 32 

days at 40°C. 

The enamine bond formation was studied in organic and aqueous environment 

via different molecular models. This study showed low level enamine bond for the small 

molecule and polymer-small molecule model in aqueous environment. The enamine bond 

level improves in polymer-polymer model in aqueous environment due to higher local 

concentration of reagents and the hydrophobic environment formed by the electrostatic 

interaction between PLL and A 70. However the covalent bonds slowly but permanently 

cleave at physiological pH. This means that the combination of enamine reversibility and 

acetoacetate hydrolysis creates a mechanism for slowly but permanently removing 

covalent crosslinks even from an initially quite strong A 70-PLL network. In turn, this 

implies that these networks, in contrast to those formed using more permanent amide

based crosslinks, should be considered to be temporary networks with a significant 

potential for applications that require protection of cells just for the time needed to 

develop their own extracellular matrix, and as such can certainly find valuable uses in the 

field of cell encapsulation. 
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Chapter 3: Core Crosslinked Alginate Microcapsule 

3.1 Abstract 

Self-crosslinkable polyelectrolytes were used to prepare core-crosslinked CaAlg 

capsules. In this study the polyanion poly(methacrylic acid-co-2-[methacryloyloxy] ethyl 

acetoacetate) (70:30 mole ratio, A 70), as well as its fluorescently labeled analog (A 70f), 

are added to alginate solution, and dropped into a calcium chloride gelling bath. The 

resulting calcium alginate capsules displayed a homogenous distribution of A 70f 

throughout the core. Exposure of these capsules to different molecular weights of 

rhodamine-labelled PLL resulted in deep penetration of low MW PLLr (4-15 kDa), while 

higher MW PLLr (15-30 kDa) was mainly captured in the shell as revealed by CLSM. In 

the later case, A 70f was seen to diffuse to the surface of the capsules. Challenging the 

capsules with 70mM sodium citrate and O.lM sodium hydroxide showed absence of 

covalent cross linking in the bead core. This lack of core-crosslinking is attributed to A 70 

migration to the shell, possibly preventing higher MW PLL diffusion to the core, thus 

resulting in shell-crosslinked capsules. These crosslinked shells, while stable for extended 

periods of time at room temperature, were found to degrade under physiological 

conditions within weeks, in agreement with model experiments. These networks may thus 

be suitable for temporary protection of encapsulated cells for the time needed to develop 

their own extracellular matrix . 
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3.2 Introduction 

The inability or loss of the ability of the body to produce essential enzymes or 

hormones is the cause of many diseases such as Parkinsons, Alzheimers, diabetes, liver 

failure, hemophilia etc. Cell microencapsulation is a known concept of transferring cells 

to treat such pathological conditions. Cell encapsulation involves forming a selectively 

permeable membrane containing therapeutic cells, that allows in-diffusion of nutrients, 

oxygen, and growth factors for cell metabolism, as well as out-diffusion of waste 

products and therapeutic proteins. Moreover, cells and larger molecules of the immune 

system are kept out, avoiding the need for cytotoxic immunosuppressant drugs . 4, 5 

Different parameters such as biocompatibility, permeability, and chemical-mechanical 

stability should be considered when designing a microcapsule structure. One of the most 

frequently employed microcapsules is the alginate/PLLlalginate capsule (APA). Alginate, 

the most common ionotropic cell embedding material, is a negatively-charged, linear 

polysaccharide (PS). Specifically, it is a copolymer of 1, 4-linked P-D- mannuronic acid 

(M) and a-L-guluronic acid (G). The G-rich region of alginate forms a three dimensional 

interconnected network at room temperature or any other temperature up to lOODC in the 

presence of divalent cations such as calcium.38
-
4o In alginate hydrogels the MIG ratio,47-5o 

alginate MW,51 and type of divalent ion42, 52-54 can affect properties such as gel 

permeability, gel strength and biocompatibility. APA capsules are formed by 

polyelectrolyte complexation between alginate (polyanion), and PLL (polycation) around 

a calcium alginate gel core. In this approach the calcium alginate capsules are first coated 

with PLL solution followed by exposure to sodium alginate in a layer-by-Iayer process 

(LBL), designed to increase the hydrogel stability and optimize its permeability.61 In this 

structure, PLL interacts with negative charges on and near the surface of alginate 

capsules II . While some previous studies reported successful long-term implantation of 

microencapsulated allografts in APA capsules for spontaneously diabetic dogs and 

humans, 65, 66 clinical applications are still far off due to PLL protein absorption.67-7o 

Studying the surface chemical composition of APA capsules revealed that calcium 

alginate core is covered by a single layer membrane wherein alginate and PLL are 
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interacting to form PEC complex. In fact, PLL is uniformly distributed among the capsule 

surface, and a distinct outer layer of alginate does not exist.7o This PEC complex weakens 

over time, exposing more immunogenic PLL chains to the host.50, 74 As well, alginate, 

depending on the source and processing, contains variable amounts of impurities such as 

endotoxins, proteins and polyphenols that can be reduced but not completely removed 

d · 'f" 72 73 75-77 unng pun lcahon. ' , 

Several synthetic polymers have been investigated as potential replacements of 

alginate and/or PLL with the goal of producing capsules with improved biocompatibility 

and increased chemical/mechanical stability. In this area some synthetic polymers such as 

poly(hydroxyethyl methacrylate-co-methyl methacrylate), 103 and the product of Michael 

addition between thiol and acrylate end-functionalized pluronics polymers86 have been 

used to form capsules entirely composed of synthetic polymers, with the second example 

involving a covalently crosslinked network. Also, reactive polyelectrolytes such as u

phenoxycinnamylidcne-acetylated poly(allylamine),87 have been used to form a photo

crosslinked shell around a calcium alginate core. 

Another approach to strengthening the capsules is to form a crosslinked network 

inside the alginate core. Several studies produced functionalized alginate by the chemical 

introduction of reactive groups such as thiol,79-81 methacrylate and acrylate82-85 on the 

alginate backbone. The functionalized alginate capsules are crosslinked by exposure to a 

second polymer, catalyst or light; however, applications are limited by the interference of 

the functional group in alginate gelation. In fact, the lack of selectivity during chemical 

modification that generally occurs on both guluronic acid (G) and mannuronic acid (M) 

interferes with the instantaneous alginate gelation in the gelling bath, and hence affects its 

application for cell encapsulation.84, 85 To form a crosslinked network inside the alginate 

capsule without negative effect on gel formation properties, a possible approach can be 

the development of interpenetrating polymer systems (lPN) or semi-interpenetrating 

polymer systems (semi-IPN). The resulting composite hydrogel forms a new structure 

with completely different properties in comparison to the initial materials. Such studies 

were done on composites of alginate with methacrylated derivatives of dextran, 104 
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chitosan,105 cationic methacrylate monomer,106 silica,107 and acrylate-N-vinylpYlTolidone 

108 to improve mechanical properties and biocompatibility of alginate capsules, with the 

least undesired effect on alginate gel properties. 

Recently, we developed synthetic polyanions containing acetoacetate group, 

poly(methacrylic acid -co-2-[methacryloyloxy] ethyl acetoacetate) (70:30 mol%, A70), to 

form a tough crosslinked shell around PLL-coated calcium alginate capsules (CaAlg), and 

to reinforce the CaAlg core by forming covalent bonds with PLL and other polyamines. 

89-9 1 This approach is based on electrostatic attraction and preconcentration of the reactive 

polyelectrolytes with subsequent covalent crosslinking in the absence of light, catalyst or 

initiator (Scheme 3.1). 

o 

* 
* 

p(MAA-co-MOEAA) [70:30; A70] poly (L-Lysine) , PLL 

Scheme 3.1 Polyelectrolytes used in this study to reinforce CaAlg capsule. 

In this study core-crosslinked CaAlg capsule were formed by mlxmg the 

polyanion (A 70) with alginate solution, and CaAlg capsules containing A 70 were formed 

in gelling bath. These capsules were then exposed to PLL designed to diffuse into the 
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CaAlg/ A 70 capsules and form covalent bonds with the A 70. This was followed by a final 

A 70 coating to crosslink and neutralize surface-complexed PLL. Forming such 

covalently cross linked CaAlg cores depends on the distribution and mobility of A 70 in 

alginate gel, PLL diffusion, polyelectrolyte MW and enamine bond formation rate. 

Therefore, two scenarios were studied depending on the relative ability of reactive 

polyelectrolytes to diffuse through the alginate capsule matrix (Scheme 3.2): 

1. Larger PLL chains (higher PLL MW) should be restricted to the capsule surface, 

and covalently crosslink with A 70 chains to form a shell. If the A 70 in the CaAlg 

core is mobile it may diffuse to the capsule surface to react with the PLL bound 

there. The thickness of the resulting shell should reflect the relative diffusion rate 

of polyelectrolytes. 

2. Smaller PLL chains (lower PLL MW) should penetrate into the CaAlg capsule 

and form PEC complexes and covalent bonds in the bead interior. However, these 

PLL chains should still be long enough to effectively crosslink the A 70 into an 

extended network. 

.. HlghM\V PLL 

Cross-linked shell 

!~~ r (! . 
L·)w lv[IJI PLL .. 

1
1. Htgh M\V PLL 
2 L ow lvfW I'LL 

Cr,)ss -Iinke d shell + core 

Cross-lmked core 

Scheme 3.2 Capsule morphology depending on MW of PLL when embedding the 

reactive polyanion within the CaAlg capsule.91 
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In both scenarios the diffusion ability of polyelectrolytes depends on alginate gel 

pore size, polyelectrolyte MW, and the polyelectrolyte interaction with alginate and 

calcium ion. In previous research in our group, J. Mazumder had made core-crosslinked 

CaAlg capsules by mixing A 70 of molecular weight of 42kDa with low G content 

alginate formulation (Kelton LVCR, MIG: 1.5 (40% G)89). This study showed that high 

MW PLL (15-30 kDa) was restricted to the outer surface where a crosslinked shell forms . 

On the other hand, low MW PLL (1-4 kDa) showed homogenous distribution within the 

capsules, but was too short to effectively crosslink the A 70 chains. Medium MW PLL (4-

15 kDa) represented a promising compromise between ease of in-diffusion and ability to 

crosslink. The capsules formed by PLL 4-15 kDa retained their core-crosslinked 

appearance even after manual cutting and treatment with citrate, 2M NaCl and O.lM 

NaOH, demonstrating that sufficient PLL has diffused into the core and crosslinked with 

A 70. These capsules also showed good cell viability for C2C I2 cells which indicates 

suitable permeability of nutrients into the capsules. Fluorescently labelled dextrans were 

used to determine that these capsules had molecular weight cut-off around 100-200kDa.91 

In this chapter, the interaction of polyelectrolytes with new alginate at higher G content 

and viscosity (Pronova UP MVG, G/M: 1.5 (2:60% G))109 as a more commonly used 

alginate in pharmaceutical application, PLL diffusion, A 70 mobility, and the chemical 

stability of crosslinked bond under physiological condition were studied. In this study 

CLSM, UV -Vis analysis and optical microscopy were applied to characterize 

polyelectrolyte absorption and distribution. Also CaAlg composite capsules were exposed 

to 70mM citrate and O.lM NaOH to study the enamine bond formation and its stability at 

physiological condition. 

3.3 Experimental 

3.3.1 Materials 

Sodium alginate (Pronova UP MVG) was purchased from NovaMatrix. 

Methacrylic acid (MAA, 99%), 2-[methacryloyloxy] ethyl acetoacetate (MOEAA, 95 %), 
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poly-L-Iysine hydrobromide (PLL, Mn 4-15 kDa, 15-30 kDa and 40-60 kDa), fluorescein 

isothiocyanate (FITC, 90%), and triethylamine were purchased from Sigma-Aldrich Co. 

N-(3-aminopropyl) methacrylamide hydrochloride (APM) from Baker, and 2, i
azobis(isobutyronitrile) (AIBN, 99.95%) from Dupont (Mississauga, ON) were used as 

received. Sodium chloride (reagent), anhydrous diethyl ether, N, N-dimethylformamide 

(DMF), and dimethyl sulfoxide (DMSO) were obtained from Caledon Laboratories Ltd 

(Caledon, ON). Calcium chloride from Fisher, and ethanol from Commercial Alcohols 

was used as received. Hydrochloric acid solutions were prepared from concentrates 

(Fisher Scientific) by diluting to 0.1 or 1 M with distilled water. Sodium hydroxide 

(NaOH) and sodium bicarbonate (NaHC03) were obtained from EMD Chemical Inc. 

3.3.2 Synthesis of p(MAA-co-MOEAA) [70:30; A70] 

Poly(methacrylic acid-co-2-[methacryloyloxy]ethylacetoacetate) copolymer was 

prepared by free radical polymerization. For this purpose, MAA (4.84 g, 56.2 mmol), 

MOEAA (5.16 g, 24.1 mmol) (mole ratio of MAA to MOEAA: 7/3) and AIBN (132 mg, 

0.8 mmol, 1 mol% relative to monomer) (mole ratio of monomers to initiator: 100/1) 

were dissolved in ethanol (100 mL) and reacted for 24 h at 60°C. The polymer was 

isolated by precipitation in ethyl ether (2L) and then dried to a constant weight in a 

vacuum oven at 50°C. Yield: 8.543 g (85.43 %), pKa=7 .1.89 

3.3.3 Synthesis of fluorescently labelled A 70, A 701 

A 70f was prepared with two different methods, labelling a pre-formed polymer 

or incorporation of a fluorophore during polymerization, as described below: 

1. Labeling A 70 by post-functionalization in aqueous solution, A 70faq: 

A 70 (1 g, 2.41 mmol) was dissolved in 100 mL of water. The pH was adjusted to 

9 by adding 0.1 M NaOH. FITC (93.8 mg, 0.241 mmol) dissolved in 2 mL of DMF was 

added to the polymer solution under stilTing. The mixture was stilTed for 24 h at room 

temperature. The FITC-Iabeled copolymer, A 70f, was dialysed against deionized water 

using cellulose membranes (12-14 kg/mol MW cutoff, Spectrum Laboratories) for at least 
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S days with daily water changes. The resulting polymer solution was freeze-dried. In this 

method, FITC was attached to the methylene group of acetoacetate in MOEAA. 

2. Labeling A 70 via copolymerization with a fluorescent . monomer, A 70forg 

(prepared and characterized by Dr. Nick Burke): 

In this approach, A70fwas prepared by copolymerization of MAA and MOEAA 

with a small amount of a fluorescent monomer, APMf, prepared by reaction of N-(3 -

aminopropyl) methacrylamide hydrochloride (APM) with FITC. The preparation of 

APMf and A70forg were done by Dr. Nick Burke and are described here briefly. APM 

(100mg, 0.S6mmol) and FITC (218.Smg, 0.S6mmol) were dissolved in DMF before 

adding triethylamine (62 mg, 0.61 mmol, 1.1 eq). The mixture was stirred for 3 days at 

room temperature. The FITC-labeled APM was precipitated in, and washed with, 

acidified water, and then vacuum dried at 20°C (yield: 86%). The FITC-labeled APM was 

copolymerized with MAA and MOEAA (feed ratio: 70/30/0 .S; MAAlMOEAAlFITC

APM) in the presence of 1 mol% AIBN in ethanol for 20h at 6S oC. The polymer was 

isolated by precipitation in ethyl ether and vacuum dried at SO-60°C. Yield: 89% and MW 

(Mn): 23kDa. 

AlOOf, a non-reactive analog of A 70forg, was prepared in a similar fashion by 

Jared Wiseman and Nick Burke by copolymerization of MAA with O.S mol% APMj. 

3.3.4 Synthesis of rhodamine-labelled poly (L-Lysine), PLLr 

PLL with MW of 4-1S kDa, and IS-30 kDa (100 mg, 0.478 mmol of lysine·HBr 

units) were dissolved in 10 mL of 0.2 M NaHC03 buffer solution at pH 9 in a 20 mL 

glass vial. Rhodamine B isothiocyanate (RITC) (1.28 mg, 0.0239 mmol) dissolved in O.S 

mL of DMF was added to the PLL solution and the mixture was stilTed for 1 h at 20 °C. 

The resulting solution was dial yzed for at leas t S days against deionized water using 

cellulose tubing (Spectrum Laboratories, 3.S kDa MW cutoff) with daily water changes. 

The dialyzed polymer solutions were freeze-dried, and the polymers were dried further to 

constant weight in a vacuum oven at SO °C. 
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3.3.5 Characterization of labelled polyanion, A 701 

Dilute solutions of A70f (0.02%, 1.48x10-3 mM repeat units) was prepared in 

HEPES buffer at pH 7.8 and studied by UV-Vis spectroscopy at 490-495 nm to determine 

the fluorescein concentration. The labelling degree and efficiency were determined by 

comparing the label concentration with the polymer repeat unit concentration. The 

fluorescent emission intensity of A 701 solutions was measured with a SPEX Fluorolog 3-

22 fluorometer. 

The loss of label from A 701 in aqueous environment was studied by GPC and 

UV -Vis spectroscopy. In this method, 1 % solutions of A 70f in GPC aqueous mobile 

phase (300mM NaN03, 50mM phosphate and 20ppm NaN3 at pH 7) was prepared and 

analyzed by GPc. The polymeric (>1500 g/mol) and low molecular weight «1000 

g/mol) fractions were collected separately; the amount of fluorescent material was 

measured by UV -Vis and compared with the initial amount of fluorescent material in the 

original 1 % solution. A 701 also was studied by 'H-NMR and fluorescence microscopy to 

determine the effect of the labelling process on A 70 hydrolysis and aggregation, 

respectively. 

3.3.6 Characterization of labelled poly cation, PLLr 

Dilute solutions of PLLr (0.01 %, 5xlO-4 mM) were prepared in HEPES buffer 

and studied by UV -Vis spectrophotometer at - 557nm to define the labelling material 

concentration (RITC). The labelling efficiency and labelling degree were measured the 

same as in part 3.2.5. 

3.3.7 Preparation of composite capsule, Ca (AlglA70) capsule 

The Ca (Algi A 70) capsules were prepared from a solution containing 1 or 1.5 

wt% sodium alginate and 0.5 wt % A70 or A70f The pH was adjusted to 7.5 with 0.1 M 

NaOH. The solutions were filtered with sterile filters (0.2 pm, Acrodisc Syringe Filter, 

Pall Corporation, U.S.A.). A syringe pump (Rassel Mechanical Inc. pump, model #A-99) 

was used to extrude this solution through a 27-gauge blunt needle (Popper & Sons, New 
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York) at a rate of 30.1 mLIh. A concentric airflow (3.75 Llmin) pass ing by the needle tip 

is used to induce droplet formation. The droplets were collected in 60 mL of a 1.1 wt % 

calcium chloride and 0.45 wt % sodium chloride cold gelling bath. 10 min after capsule 

formation was completed, the supernatant was removed, and the resulting concentrated 

Ca (Alg/A70) composite capsule suspension (about 3 mL) was immersed in 10mL of new 

gelling bath solution for 10 min in the ice bath with occasional swirling. The supernatant 

was removed and the dense suspension of capsules (3 mL) was then exposed to 10mL of 

the desired concentration of PLL solution (4-15kDa or 15-30kDa) (pH-7.5) for 6 min in 

the ice bath with occasional swirling, and then washed with pre-cooled gelling bath and 

pre-cooled saline for 2 min. To coat capsules with A 70, A 70 solution (0.1 %, pH-7.5) was 

added to the dense suspension of capsules (capsule/coating solution: 3110), and let sit for 

4 min with occasional swirling. 

Final coated capsules were washed by immersing m saline for 2 mm with 

occasional swirling, and stored at 4°C in saline for further use. 

3.3.8 Composite capsule characterization 

Capsules were examined with an Olympus BX-51 optical microscope fitted with 

a Q-Imaging Retiga EXi digital camera and ImagePro software. The average diameters of 

the capsules were determined by analyzing one batch of approximately 25-30 beads. 

Confocal images were taken with a ZEISS LSM 510 confocal laser scanning microscope 

(CLSM), fitted with air-cooled Argon and HeNe lasers (LASOS; LGK 7628-1) and 

running LSM 5 at detector gain 450 and 600 for A70f and PLLr, respectively. The Wild 

M40 optical microscope was used for phase contrast microscope images . The amount of 

polyelectrolyte absorption was studied by UV -Vis analysis of supernatant at different 

steps of forming capsules. 

3.3.9 Chemical study of crosslinked network inside the composite 

capsule 

Capsules were exposed to 70mM citrate for 30 minutes to extract calcium ions 

and leave only the polyelectrolyte complex network (electrostatic and covalent 
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interactions) to maintain the capsules. The resulting capsules were stored at 37°C in 

saline, and the diameter of microcapsules measured over time. The effect of storing at 

physiological temperature in aqueous solution on the degree of covalent (enamine) 

crosslinking was studied by exposing samples taken after different times of incubation to 

O.lM NaOH (pH-13). 

3.3.10 Study of A 70 mobility inside the CaAlg composite capsule 

The A70 movement in CaAlg (1.5 %)/ A70f (0.5%) composite capsules was 

studied by optical microscopy. In this method capsules were placed on a microscope 

slide, covered by a glass cover slip, and examined by the fluorescence microscopy at 

room temperature. The cover slip seals the top and bottom surfaces of the capsules, 

transforming them into rounded cylinders that permit observation of out-diffusion of the 

A 7Qf Images were taken every 30 sec and the fluorescence intensity from representative 

areas in the centre of the capsule was measured using the ImagePro software. IID The 

effect of exposure to polycation on A 70 mobility in composite capsule core was 

determined by injecting two drops of 0.5 % PLL 15-30kDa under the glass cover slip, and 

measuring the ratio of the fluorescence intensity at the capsules' centre to the continuous 

phase. As a control, these experiments were repeated with capsules containing AlOOf, an 

analog of A 70fthat is unable to form covalent bonds. 

The effect of microscopy light on fluorescence bleaching was also defined. For 

this purpose capsules were covered with a glass cover slip, and exposed to continuous and 

non-continuous microscopy light with images taken every 30 sec. For non-continuous 

light the shutter was open for 3 sec before each image. 

3.4 Result and Discussion 

The purpose of this study IS forming CaAlg composite capsules with a 

crosslinked interpenetrated network inside CaAlg core by the reaction between polyanion 

present in the core and the in-diffusing PLL. We had discussed in chapter 2 the chemistry 

of A 70 and enamine bond formation and cleavage. According to these results A 70 
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hydrolyzes over time at physiological condition (aqueous solution at 37°C, pH-7). 

Enamine bonds form spontaneously within the PEC complex formed by the electrostatic 

interaction between A 70 and PLL. However, the covalent bonds slowly but permanently 

cleave at physiological condition. This means that the combination of enamine 

reversibility and acetoacetate hydrolysis creates a mechanism for slowly but permanently 

removing covalent crosslinks even from an initially quite strong A 70-PLL network. 

In this chapter, we study the ability of this system to form a temporary 

covalently crosslinked interpenetrated network inside the CaAlg composite capsules. 

CaAlg composite capsules are formed by adding the polyanion, A 70, to the sodium 

alginate solution prior to gelling in calcium chloride. Subsequent exposure of the 

resulting CaAlg/ A 70 composite capsules to PLL solutions should lead to a crosslink 

network. The distribution of this crosslinked network within the capsules depends on 

molecular weight and mobility of polyelectrolytes in the alginate gel which is studied by 

CLSM. Hence, fluorescently labelled A 70, A 70f, and rhodamine B labelled PLL, PLLr, 

were produced and used to make composite capsule. The enamine bond formation and its 

stability in composite beads were studied by exposing CaAlg composite capsules to O.IM 

NaOH. 

3.4.1 Study of labelling procedure 

The fluorescently labelled A 70 was prepared through two different methods: a) 

labelling in aqueous solution and b) incorporation of a fluorescent monomer during 

polymerization in an organic environment. Labelling A 70 is intended to cause the FITC 

to be connected directly to the methylene of acetoacetate in the MOEAA unit; however, 

there are a number of competing processes may occur during labelling: 

1. FITC reacts with A70 (Fig. 3.1.B) 

2. FITC may hydrolyze to the less fluorescent 5-aminofluorescein especially in 

b · · (F' 3 1 A)III-113 aSlc enVIronment Igure . . 

3. 5-aminofluorescein may react with A70 (Fig. 3.1.C) 
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4. The acetoacetate groups may hydrolyze leading to a loss of reactive groups 

and/or fluorescent label 

5. 5-aminofluorescein attached via an enamine may be lost by hydrolysis 

HO H 

'''(~oU 
NAS 
I 

l YdrOIYS;S 

R 0 r :t0 

0 g ~OH+HO 
N S 

I 

A 

HO 

HO OH 

Figure 3.1 A) Hydrolysis of FITC to 5-aminofluorescein; B) Labelling of A70 by FITC 

and hydrolysis of labelled product; C) Labelling of A 70 by 5-aminofluorescein and 

delabelling by PLL and hydrolysis . 

While the UV -Vis analysis showed a degree of labelling of 0.22%, GPC results 

revealed that just 53% of the fluorescent label was sti ll attached to A 70faq, and 17% of the 

initial fluorescent material eluted in low molecular weight fractions. 'H-NMR spectra of 

A 70{{lq showed that after labelling in aqueous solution 44% of the acetoacetate groups 

were hydrolyzed (c.f., 12% before labelling), increasing to 64% after 3 months storage of 
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the solid sample in the fridge. It seems that A 70jaq undergoes considerable hydrolysis 

during and after labelling, which may lead to the loss of the fluorescent label. In addition, 

optical microscope images showed that A 70jaq solutions in the GPC aqueous mobile 

phase contained aggregated material (Figure 3.2). Therefore, some of the labelled 

material was lost by filtering the solution before injection into the GPC column. 

Figure 3.2 Optical microscopy image of A 70jaq aggregate in GPC aqueous mobile phase, 

lOX magnification. Scale bar is 100 flm. 

In contrast, the A 70jorg that was prepared by copolymerizing APMj with MAA 

and MOEAA showed 12% initial hydrolysis, the same level as is seen with unlabelled 

A 70 prepared by copolymerization. Nearly all of the fluorescent label (2:90%) was eluted 

with the polymeric fraction in GPC indicating that the label remained attached to the 

polymer. Also, comparing the emission spectra of the two different A 70j samples 

revealed higher fluorescence efficiency for A 70jorg at the same fluorescent concentration 

due to preventing FITC hydrolysis to 5-aminofluorescein by labelling in organic 

environment (Figure 3.3). 
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Figure 3.3 Emission spectra of FITC-Iabeled A 70. Absorption adjusted to 0.1 at 488nm 

(the wavelength of excitation for confocal microscopy) to measure the fluorescent 

emission intensity of solutions absorbing the same number of photons. 

According to these results A 70jorg was chosen to make ' composite capsules 

because the label was attached via a stable linkage, it had higher fluorescence efficiency 

and had not lost significant fractions of the reactive acetoacetate groups . Through the rest 

of the thesis A 70jorg was named A 701 

UV -Vis analysis of PLLr showed 0.77% and 0.42% degree of labelling for PLLr at 4-15k 

Da and 15-30kDa, respectively. 

3.4.2 Study of A70 distribution in Ca (Alg/A70 (0.5%)) composite 

capsule 

CaAlg composite capsules containing polyanion (A 70) were prepared by 

extruding the solution containing 1 % (or 1.5 %) sodium alginate and 0.5 % A70 or A70j 

into the CaCh gelling bath. The resulting composite capsules were exposed to different 

concentrations of PLL, washed with saline and CaCh gelling bath solution, and then 

coated with 0.1 % A 70 solution (Scheme 3.3). The final capsules had an average diameter 
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that ranged from 500 to 700 Ilm depending on the batch with a typical standard deviation 

of ± 25 /-lm. The capsules had a smooth surface after coating by A 70. 

A.lg 

~ A70 

A70 

.-\ 70 

Gell ing Bath •••• 

Scheme 3.3 Extrusion method to form core-crosslinked composite capsules. 

To determine the fraction of A 70 trapped in the CaAlg composite capsules, the 

supernatant solution used during formation of CaAlg gel and coating with PLL was 

analyzed by UV -Vis spectroscopy. This study showed that 66.5±1.7 % of the initial A 701 

was trapped in CaAlg gel at either alginate concentration (1 or 1.5%) after gelling, and no 

significant amounts of A 701 were lost during the subsequent PLL coating. Thus, A 701 is 

lost mostly into the gelling bath while the droplets shrink to about 60% of their original 

volume. I 14, li S 

CLSM images of the CaAlg (1 %)/ A 701 (0.5 %) composite capsule showed that 

A 701 is initially distributed homogenously within the CaAlg composite capsules. 

However, the capsules revealed a heterogeneous A 701 distribution after coating by PLL 
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4-15 kDa, indicating that A 701 had become more concentrated at or near the capsule 

surface (Figure 3.4). 
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Figure 3.4 Top: CLSM equatorial optical sections showing the distribution of A 701 in 

CaAlg (l %)/ A 70f (0.5 %) composite capsules at A) after gelling; B) after coating with 

PLL 4-15kDa. Bottom: Line profiles of images A and B. Scale bar is 500j.lm. 

The polyelectrolyte mobility in CaAlg gel depends on polyelectrolyte MW, 

interaction of polyelectrolyte with Ca ion and alginate, and the CaAlg pore size. Our 

previous study showed no microscopic phase separation for A 70 solution in the presence 

of Ca ion, 116 hence we expect that A 70 will retain some mobility even in CaAlg gel and 

its ability to diffuse through the CaAlg gel will be determined by the gel pore size and the 
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A 70 MW. In an attempt to reduce the A 70 mobility, the alginate concentration was 

increased from 1 to 1.5% in hopes of obtaining denser gels that might be better able to 

trap A 70. Once again A 70f is homogeneously distributed throughout the CaAlg beads 

(Fig. 3.5 A). Although, the A 70 mobility was diminished in CaAlg 0.5%)/ A 701 (0.5%) 

composite capsules but A 70 had again migrated to the shell after exposure to PLL 4-

15kDa (Fig. 3.4 B), and especially after exposure to PLL 15-30 kDa (Figure 3.5 C). 

25 
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2: 20 
- - [(CaAlg(1 .5%)/A70f (0.5%)]/ PLL4-15kDa (0.5%) 
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Figure 3.5 Top: CLSM equatorial optical sections showing the distribution of A 701 in 

CaAlg (1.5 %)/A70f (0.5 %) composite capsules at A) after gelling; B) after coating with 

PLL 4-15kDa; C) after coating with PLL 15-30kDa. Bottom: Line profiles of images A

C. Scale bar is 500llm. 
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According to these results a hypothesis is proposed that the A 70 becomes more 

mobile due to a change in the CaAlg gel structure or the interactions of A 70 with the gel 

upon exposure to the coating solution. These changes could take the form of CaiNa 

exchange that weakens the gel or the interaction of A 70 with the gel, orland the in

diffusion of PLL and its complexation with alginate may cause a change in gel structure. 

Once the A 70 begins to out-diffuse it will encounter higher PLL concentrations near the 

capsule surface where it will be captured. To test this hypothesis of A 70 mobility, CaAlg 

(1.5%)/A70j(0.5%) capsules were studied by optical microscopy while being exposed to 

various solutions (section 3.3.3). 

3.4.3 Study of A70 mobility inside the CaAlg composite capsule 

Below we studied the A70jmovement in CaAlg (1.5 %)/A70j(0.5 %) composite 

capsules by fluorescent microscopy. In this method capsules were placed on a microscope 

slide, covered with a glass cover slip, and examined by fluorescence microscopy at room 

temperature. The cover slip seals the top and bottom surfaces of the capsules, 

transforming them into rounded cylinders that permit observation of lateral out-diffusion 

of the labeled A 70j. Images were taken every 30 sec and the fluorescence intensity from a 

representative area in the centre of the bead was measured. I 10 

One concern in doing this type of experiment that involves extended exposure of 

the capsules to light is that photobleaching of the fluorescein chromophores may occur. 

To test for the occurrence and/or extent of photobleaching over the course of an 

experiment, capsules were exposed to either continuous or non-continuous irradiation 

with the exciting light. For non-continuous irradiation the shutter was opened for 3 sec 

before each image was collected such that the exposure to light was only 4-5 sec per 

image rather than 30 sec as experienced in the continuous irradiation. The resulting 

rounded cylinders showed no bleaching under non-continuous light while those that were 

exposed to continuous irradiation showed a nearly 50% decrease in fluorescence intensity 

(Figure 3.6, 3.7), thus all further experiments were run under non-continuous irradiation. 
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Figure 3.6 Fluorescence intensity in the centre of CaAlg (1.5 %)/A70j (0.5 %) composite 

beads under ( +): non-continuous microscopy light, ( 4: continuous microscopy light. 

Figure 3.7 Fluorescence mIcroscopy Images of CaAlg (1.5%)/A70j (0.5%) composite 

capsules A) before irradiation; B) after 15 min of non-continuous light, C) After 15min of 

continuous light, 5X, Scale bar is 200!lm. 

CaAlg (1.5 %)/A70j (0.5%) composite capsules were washed two times with 

saline, and then covered by glass cover slip while immersed in saline. Figure 3.8 shows a 

decrease in fluorescence intensity at the capsule centre, due to a combination of known 

bead swelling and out-diffusion. The remaining A 70f is still homogenously distributed 

within the beads (Figure 3.9 A, B). 
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To study the effect of PLL 15-30 kDa on A 701 distribution the composite 

capsules were washed two times with saline, and then exposed to PLL while covered with 

a cover slide. They were then observed while still exposed to this PLL solution. The rate 

of decrease of the fluorescence intensity at the capsule centre was very similar to that of 

the capsules that had been exposed to just saline (Figure 3.8), but the capsules showed a 

heterogeneous A 701 distribution (Figure 3.9 D). These findings show that PLL can trap 

A 70 near the shell, leading to a heterogeneous A 701 distribution. 
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Figure 3.8 Change in fluorescence intensity in the centre of CaAlg (l.5 %)/A701 (0.5 %) 

composite capsules with time in: ( ... ) saline, or (.) 0.5 % PLL (15-30 kDa) in saline. 
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II 

e-
Figure 3.9 Optical microscopy images of CaAlg (1.5 %)/A70f(0.5%) composite capsules 

under non-continuous light , A) 2 times washing with saline and immediately after 

covering; B) 25 min after A; C) 2 times washed twice with saline before 0.5% PLL 

solution was added, immediately after covering; D) 25 min after C, 5X, Scale bar is 

200/Jm. 

To distinguish the effect of ionic interaction on polyanion distribution from the 

covalent bonds, composite capsules were made with CaAlg (1.5 % )/AlOOf (0.5 %), FITC

labelled poly methacrylic acid solution. The resulting capsules showed heterogeneous 

AlOOf distribution after exposure to PLL 15-30 kDa (Figure 3.10). This shows that 

opposite diffusion and polyelectrolyte complexation is responsible for this trapping of 

A 100f and presumabl y A 70f near the shell. 
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Figure 3.10 Optical microscopy image of the CaAlg (1.5%)/A100j (0.5%) composite 

capsules after 2 times washing with saline and injecting 0.5% PLL 15-30 kDa, Scale bar 

is 200flm. 

3.4.4 Study of PLL distribution in Ca (AIg/A70 (0.5%» composite 

capsule 

To study the diffusion distance of PLL the (CaAlg (1 %)1 A70j (0.5%» 

composite capsules containing A 70 in the core were coated with different concentrations 

of RITC-Iabelled PLL (PLLr) solution of 4-15 kDa and 15-30 kDa MW, and studied by 

optical microscope, CLSM and UV -Vis spectroscopy. The diameter of the capsules 

depends on exposure time, 114 and PLL concentration. In our study increasing the PLL 

concentration at the same exposure time shrank the capsules by up to 10-15% of 

diameter. I 15-1 16 

The UVI Vis analysis of the supernatant after coating with PLLr showed that the 

amount of PLL bound to the capsules increased with PLL concentration for both PLL 

MWs. CLSM of capsules coated with PLLr 15-30 kDa revealed that the bound PLL is 

concentrated in the 15 to 34 micron outer shell (Figure 3.11). In contrast, PLL 4-15 kDa 

could diffuse further into the core and by increasing the concentration of PLL solution, 

more PLL was absorbed and the thickness of the PLL layer was increased (Figure 3.12). 
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Figure 3.11 Top: CLSM equatorial optical sections ofCaAlg (1 %)/A70 (0.S %)/PLLlA70 

(0.1 %) composite capsules made with PLLr of IS-30 kDa at A) 0.1 % PLL; B) 0.2S%; C) 

O.S% A 70. Bottom.: (Left) Line profiles, (right) PLL absorption based on 7S0mg PLL 

coating solution; of images A-C. Scale bars are SOO I!m. 
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Figure 3.12 Top: CLSM equatorial optical sections ofCaAlg (1 %)/A70 (0.5 %)/PLLlA70 

(0.1 %) composite capsules made with PLLr of 4-1 5 kDa at A) 0.07 % PLL; B) 0.165 %; 

C) 0.33 %. Bottom: (Left) Line profiles, (right) PLL absorption based on 750mg coating 

solution; of images A-C. Scale bars are 500/-lm. 

A parallel study to make shell crosslinked capsules without A 70 in core done by 

R. Kleinberger in our group showed PLL 15-30 kDa can diffuse completely into the core. 

This data (shell crosslinked capsules) confirms that a dense shell made between A70 in 

the core and in-diffusing PLL, limits further in-diffusion of the higher MW PLL. 
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3.4.5 Chemical study of crosslinked network inside the composite 

capsule 

For the CaAlg (1 %)/ A 70 (0.5%) composite capsules that trapped 66.5% of their 

original A 70 loading, using a more concentrated PLL coating solution leads to higher 

ratio of crosslinking groups (amine/acetoacetate). Thus we expect more enamine bonds 

are formed by increasing PLL concentration. 

Higher MW PLL (15-30kDa) is concentrated near the shell and does not diffuse 

into the core as much as lower MW PLL. This indicates that the effective 

amine/acetoacetate in the core is lower for PLL 15-30 kDa than for PLL 4-15 kDa. In this 

situation if PLL 4-15 kDa chains are long enough they can form an interpenetrating 

crosslinked network with A 70 in the CaAlg composite core. The possibility of forming 

enamine bonds and their stability at physiological temperature were studied by 

challenging capsules with a) 70mM citrate and b) O.lM NaOH. First composite capsules 

were exposed to 70mM citrate to extract Ca ions, and the resulting hollow capsules were 

stored at 37°C. The stability of enamine bonds in aqueous environment at elevated 

temperature was studied by exposing hollow capsules to O.lM NaOH (pH -13) over time 

and measuring their diameter. At pH-13 the electrostatic network between A 70 and PLL 

cleaves because of the low degree of charge of PLL.II7-118 Thus capsules are maintained 

just by covalent bond. 

This experiment showed that the amount of covalent bonds decreased over time 

due to continued hydrolysis of the enamine and ester groups, and the diameter of the 

composite capsules increased for both high and low MW PLL (Figure 3.13, 3.14). 

Capsules formed with low MW PLL dissolved in O.lM NaOH after 5-28 days storage at 

37°C in saline, depending on PLL concentration (Figure 3.13), while the beads formed 

with higher MW PLL all survived for at least 28 days (Figure 3.14). These results seemed 

to indicate that while low MW PLL can diffuse further into the core, it cannot crosslink as 

effectively as high MW PLL, and just a thin and weak crosslinked shell formed. It 
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appears that beads formed with higher MW PLL are stronger, though they may only form 

cross linked shells, and not the desired core-crosslinked capsules. 
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Figure 3.13 Chemical stability of CaAlg (1 %)/A 70 (0.S%)/PLL4-lS kDa/O. l % A70 

capsules at 37°C in saline. 
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Figure 3.14 Chemical stability of CaAlg (1 %)/A 70 (0.S %)/PLLlS-30 kDa/O.l % A 70 

capsules at 37°C in saline. 

73 



M.Sc. Thesis - Sara Mohajeri McMaster - Chemistry 

The model studies described in Chapter 2 showed that the enamine bond is 

reversible and has a short life time in aqueous environment, but the polydentate nature is 

expected to help keep the network in capsules. However the network does degrade due to 

the continuous A 70 hydrolysis. 

Exposing capsules made with higher Alg concentration [CaAlg (1.5 %)/ A 70 

(0.5 %)] to 70mM citrate and O.lM NaOH also revealed that no crosslinked network was 

formed in CaAlg core at even 1.5% alginate concentration (Figure 3.15). While this 

represents a new approach to form shell-crosslinked capsules, it still leaves open the 

question of how one could form core-crosslinked capsules. 

Figure 3.15 Optical microscopy image of [CaAlg (1.5 %)/A70f (0.5 %)] composite 

capsules coated with 0.5 % PLL 4-15kDa, after exposure to 70mM citrate and 0.1M 

NaOH, 5X, Scale Bar is 200)lm. 

The previous results reported by J. Mazumder showed homogenous distribution 

for A70 in the CaAlg core made using 1% Kelton LVCR (40% G), and interpenetrating 

cross-linked network for PLL 4-15kDa. These results are in contrast with our samples 

showing heterogeneous A 70 distribution in the capsules without efficient crosslinking in 

the core. Studies of the diffusion of various size proteins have shown higher diffusion 

coefficient for the CaAlg capsules formed by high-G content than the high-M content 

ones, indicating a more porous and open CaAlg network in the high-G gels. 11 9-1 21Thus 
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the resulting big pores and open structure are probably the reason why A 70 is too mobile 

in the capsules formed with high-G content alginate (Pronova UP MVG, 2:60% G). 

3.5 Conclusion 

In this study a new method was studied based on inclusion of A 70 in CaAlg core 

to reinforce the conventional AP A capsules by forming core-crosslinked core. The 

distribution of polyelectrolytes was studied by mapping fluorescently labelled analogs 

with CLSM. While A 70 showed initial homogenous distribution as capsules formed in 

gelling bath, it was distributed heterogeneously after coating with PLL. Study of A 70 

mobility in Alg gel confirmed that opposite diffusion of polyelectrolytes and 

polyelectrolyte complexation are responsible for trapping of A 70 near the shell. The 

depth of PLL penetration studied by varying PLL MW and concentration showed that 

PLL can diffuse further into the core at lower MW and higher concentration. However 

exposing the resulting capsules to 70mM citrate and 0.1M NaOH demonstrated no 

effective crosslink bonds formed in the CaAlg core. According to these results the 

mobility of A 70 in the porous alginate hydrogel is high and leads to formation of a dense 

shell which interferes with PLL diffusion at higher MW, limiting the possibility of 

forming covalent bonds in the core. 

Study of the stability of the enamine-crosslinked network at physiological 

condition (37°C, in saline at pH- 7) revealed slow but permanent enamine bond cleavage 

over time. These results are comparable with our previous study of en amine bond stability 

in model systems (Chapter 2). This positions A 70 as crosslinkable material to form a 

temporarily networks with a significant interest to protect encapsulated cells just for the 

time needed to develop their own extracellular matrix , and as such can certainly find 

valuable uses in the field of cell encapsulation. 
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Chapter 4: Conclusion and Future Work for Cell Encapsulation 

4.1 Conclusion 

The chemical structure of polyanion, its hydrolysis rate, enamine bond formation 

between acetoacetate and amine and the enmaine bond stability under physiological 

condition in different molecule models and capsules were studied as summarized below: 

1. The HEMA was likely formed by hydrolysis of MOEAA before, during or after 

polymerization and the HEMA content corresponds to a 12% degree of MOEAA 

hydrolysis. Study the hydrolysis rate of A 70 in aqueous solutions showed that 

A 70 loses its functional group (acetoacetate) during the dissolution process at 

basic condition. Fortunately, we could survive most of the acetoacetate groups 

using an improved method for dissolving A 70 that largely avoids temporary 

excursions to high pH, and thus limits the initial hydrolysis . However, hydrolysis 

continues over time at neutral pH, leading to near complete hydrolysis after 30 

days at 40°C. 

2. The enamine bond formation in organic and aqueous environment via different 

molecular models showed low level enamine bond for the small molecule and 

polymer-small molecule model in aqueous environment. The enamine bond level 

improves in polymer-polymer model in aqueous environment due to the 

hydrophobic environment formed by the electrostatic interaction between PLL 

and A 70, and higher concentration of reactants. However the covalent bonds 

slowly but permanently cleave at physiological pH and temperature. This means 

that the combination of enamine reversibility and acetoacetate hydrolysis creates a 

mechanism for slowly but permanently removing covalent crosslinks even from 

an initially quite strong A 70-PLL network. In turn, this implies that these 

networks , in contrast to those formed using more permanent amide-based 

crosslinks, should be considered to be temporary networks with a significant 
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potential for applications that require protection of cells just for the time needed to 

develop their own extracellular matrix, and as such can certainly find valuable 

uses in the field of cell encapsulation. 

3. We have re-investigated a new method based on inclusion of A 70 in CaAlg core 

to reinforce the conventional AP A capsules by forming core-crosslinked capsule. 

The distribution of polyelectrolytes studied by mapping fluorescently labelled 

analogs with CLSM showed an initial homogenous distribution for A 70 chains in 

the CaAlg core as capsules formed in gelling bath. A 70 was distributed 

heterogeneously after coating with PLL. Study of A 70 mobility in Alg gel 

revealed that opposite diffusion of polyelectrolytes and polyelectrolyte 

complexation are responsible for trapping of A 70 near the shell. The depth of 

PLL penetration studied by varying PLL MW and concentration showed that PLL 

can diffuse further into the core at lower MW and higher concentration. However 

exposing the resulting capsules to 70mM citrate and 0.1M NaOH demonstrated no 

effective crosslink bonds formed in the CaAlg core. According to these results the 

mobility of A 70 in the porous alginate hydrogel and producing a dense shell 

which limits the PLL diffusion at higher MW, limits the possibility of forming 

covalent bonds in the core. These results contradict J. Mazumder's previous 

results showed homogenous distribution for A 70 in the CaAlg core made using 

1 % Kelton LVCR (40% G), and interpenetrating cross-linked network for PLL 4-

15kDa. The main reason showed this difference is forming bigger pores and more 

open CaAlg structure by using high-G content alginate (Pronova UP MVG, 2:60% 

G) which leads to high A 70 mobility within CaAlge gel. 

4 . Study of the stability of the enamine-crosslinked network at physiological 

condition (37°C, in saline at pH-7) revealed slow but permanent enamine bond 

cleavage over time. These results are comparable with our previous study of 

enamine bond stability in model systems. This positions A 70 as crosslinkable 

material to form a temporarily crosslinked network with a significant interest to 
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protect encapsulated cells just for the time needed to develop their own 

extracellular matrix. 

4.2 Future Work 

Future work in the area of covalently core-crosslinked CaAlg capsules may 

involve fundamental research on the life time of covalent bond under physiological 

condition, providing a homogenous distribution of covalent bond inside the CaAlg core, 

and study of the biocompatibility of resulting capsules. 

According to the results of this thesis the enamine bond level In aqueous 

environment increases by forming PEC complexation; however, the continuous 

hydrolysis of acetoacetate group of A70 provides a temporary covalently crosslinked 

network with about one month life time. In order to increase the life time of a covalently 

crosslinked network two scenarios may be considered as below: 

1. Replacement of acetoacetate ester group of A 70 with acetoacetamide functional 

group to diminish the hydrolysis rate of polyanion 

2. Providing more stable categories of covalent bonds such as amide, urea, thioester, 

and thiourea to control the reversibility of the covalently crosslinked network in 

aqueous environment. 87
, 88 

One of the thesis goals was forming core-crosslinked CaAlg capsules by 

spreading polyelectrolytes homogenously inside the capsule. According to our results the 

polyelectrolyte distribution was affected strongly by the mobility of polymer chains in 

porous hydrogel. As polyanion migrates to the shell and form PEC complexation with 

pioneer diffused PLL chains , it limits further diffusion of higher MW PLL chains. Thus , 

one of the next steps may be controlling the mobility of polyanion in CaAlg core. To 

address this issue, polyanions at higher MW and lower PDI will be prepared which may 

reduce the mobility of polyanion in the CaAlg core. 

78 



M.Sc. Thesis - Sara Mohajeri McMaster - Chemistry 

This thesis also aimed to improve the biocompatibility of APA capsules. In order 

to study the effect of polyanion on biocompatibility, the protein absorption of synthetic 

polymers should be studied under in vivo and in vitro conditions. Also the interaction 

between crosslinking efficiency and cell growth will be studied as the highly crosslinked 

hydrogel may cause lack of capacity of dividing for cells, and hard oxygen and nutrients 

access. 122 For this purpose the cell growth in core-crosslinked CaAlg capsules will be 

compared with non-crosslinked ones and common APA capsules. 
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