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Abstract 

Cell encapsulation aims at the delivery of a therapeutic protein to a patient from 

transplanted cells. Conventional approaches involve immune-isolating cell lines that have 

been genetically modified to express a therapeutic protein, in alginate-based microcapsules. 

The long-term success of this approach hinges on the structural stability of the microcapsules, 

as well as their ability to maintain an environment suitable for the long-term survival of 

encapsulated cells. The most commonly studied type of microcapsule is the alginate-poly-L

lysine-alginate (AP A) microcapsule. However, the main concern with AP A microcapsules is 

the Joss of structural integrity during long-term implantation due to the exchange of calcium 

ions with other physiological ions, as well as the loss of the polyelectrolyte overcoats. 

In order to increase the structural stability of the microcapsules, we developed and 

characterized a number of synthetic polyelectrolytes that undergo phase separation upon 

complexation, and which are capable of forming covalent cross-links. These reactive 

polyelectrolytes are designed to take the place of poly-L-lysine and the outer alginate layer. 

We also explored combining cross-linkable synthetic polyanions with sodium alginate to 

strengthen the Ca Alginate core, by forming a core cross-linked network extending throughout 

the microcapsules. The polyelectrolyte complexes, encapsulation processes and microcapsule 

properties were studied in detail using extensive characterization techniques, including 

collaborative work on cell viability and host-immune response. 

Overall, this thesis describes a novel approach and prom1smg materials for cell 

encapsulations that offer enhanced microcapsule resistance to chemical and mechanical 

stresses, while preserving the desired biocompatibility. These materials may ultimately be 

useful for clinical immunosuppressive therapies. 
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Preface - Thesis outline 

As this research has generated several published and one soon-to-be published 

manuscript, the results of this thesis are prepared in the socalled "sandwich" style. The 

first chapter starts with a general introduction to cell encapsulation for the immuno

isolation of transplanted cells, including a literature review on techniques and methods 

used. Each subsequent chapter comprises a publication or a manuscript. The final chapter 

summarizes the results and outlines future work. 

Chapter 1: Introduction to Cell Encapsulation 

The aim of chapter 1 is to review the background of cell encapsulation. This 

chapter will discuss the cell encapsulation processes, different techniques and material 

involved in cell encapsulation, and with focus on polyelectrolyte complexation used in 

designing stable and biocompatible microcapsules. 

Chapter 2: Polyelectrolyte Complexation between Poly(methacryl ic 

acid , sod ium salt) and Poly(diallyldimethylammonium 

chloride) or Poly[2-(methacryloyloxyethyl) trimethyl 

ammonium chloride] 

Research Objective: 

The aim of chapter 2 is to study the polyelectrolyte complexation between 

poly(methacrylic acid, sodium salt) and poly( diallyldimethylammonium chloride) or 

poly[2-(methacryloyloxyethyl) trimethyl ammomum chloride]. It will aid m 



understanding the properties of polyelectrolytes that can be used in a wide variety of 

applications in the form of layer-by-layer assemblies, soluble complexes, solid 

precipitates, and liquid coacervate. 

Synopsis: 

The physical nature of the complexes and the efficiency of polyelectrolyte 

complexes between poly(methacrylic acid, sodium salt) and 

poly(diallyldimethylammonium chloride) or poly[2-(methacryloyloxyethyl) trimethyl 

ammonium chloride] to form gels, liquid phases, or soluble complexes depend on 

variables such as charge ratio, ionic strength, polymer concentration, and polymer 

molecular weight. Highest complexation efficiency was obtained when 1: 1 charge ratios 

were used. Liquid coacervates were favoured by higher ionic strength, whether from 

added NaCl or from higher polymer loading, and by using polyelectrolytes of lower MW. 

The encapsulation of oils with a two-polyelectrolyte system forming a complex 

coacervate was demonstrated, as was the feasibility of cross-linking the resulting 

coacervate capsule walls via complementary polymer-bound reactive groups with 

polymer-bound amine groups in polyethyleneimine. 

Associated Publication: 

Burke, N. A. D.; Mazumder, M. A. J.; Hanna, M.; Stover, H. D. H. "Polyelectrolyte 

complexation between poly(methacrylic acid, sodium salt) and 

poly(diallyldimethylammonium chloride) or poly[2-(methacryloyloxyethyl) trimethyl 

ammonium chloride]" Journal ofPolymer Science: Part A: Polymer Chemistry, 2007, 45, 

4129-4143. 
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Chapter 3: 	Self-cross-linking polyelectrolyte complexes for 

therapeutic cell encapsulation 

Research Objective: 

The aim of chapter 3 is to study the feasibility of using self-cross-linking 

synthetic polyelectrolytes capable of forming covalent cross-links around calcium 

alginate beads, and to replace the conventional poly-L-lysine (PLL) and outer alginate, 

respectively, of Alginate-PLL-Alginate (APA) microcapsules, leading to the preparation 

of stronger microcapsules for therapeutic cell encapsulation, yet with similar 

biocompatibility and permeability. 

Synopsis: 

We developed a number of self-cross-linking polyelectrolytes, which were used to 

strengthen the surface of calcium alginate beads for cell encapsulation. The synthetic 

copolymers of methacryloyl oxyethyl trimethyl ammonium hydrochloride with amino 

ethyl methacrylate [70:30] as a polycation (C70) and copolymers of methacrylic acid 

sodium salts with methacryloyl oxyethyl acetoacetate [70:30] as polyanions (A 70) were 

prepared by free radical polymerization to strengthen calcium alginate capsules through 

the formation of a covalently cross-linked skin around the calcium alginate core. The 

covalent cross-linking is achieved by using complementary reactive groups (amino and 

acetoacetate) that are attached to two different polyelectrolytes that undergoes reaction 

once the polyelectrolytes are brought together by electrostatic interactions. The reactive 

groups are polymer-bound and hence their bioavailability to the encapsulated cells or the 

host will be reduced and they should not pose a toxicity concern during encapsulation. 
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CaAlg-C70-A 70 capsules are shown to be more resistant to chemical and mechanical 

stresses, compared to APA capsules. The molecular weight cut off (MWCO) of CaAlg

C70-A 70 capsules was shown to be similar to that of control APA capsules. The 

encapsulated cells were shown to be viable within calcium alginate capsules coated with 

C70 and A 70 even though some of the capsules showed fibroid overcoats when 

implanted in mice, due to an immune response. 

Associated Publication: 

Mazumder, M. A. J.; Shen, F.; Burke, N. A. D. ; Potter, M. A.; Staver, H. D. H. "Self

cross-linking polyelectrolytes complexes for therapeutic cell encapsulation. " 

Biomacromolecules, 2008, 9(9), 2292-2300. 

Chapter 4: 	 Mechanically enhanced microencapsulated cellular gene 

therapy 

Research Objective: 

The aim of chapter 4 is to develop mechanically enhanced multilayer capsules 

through the formation of a covalently cross-linked skin around the calcium alginate core 

to overcome the host immune response to the microcapsules or microencapsulated cells 

after implantation without losing permeability. 

Synopsis: 

To optimize all the required properties for a successful clinical application, we 

developed covalently cross-linked microcapsules in which calcium alginate beads were 

sequentially coated with C70, A 70, PLL and Alginate. The multilayer capsules immune 
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stimulating effect (fibroid overgrowth) was studied by varying the concentration and 

compositions of polyelectrolytes, and changing the media used. Interaction between the 

FITC labeled protein (BSAf) (analogous to media protein) and the multilayer capsules 

was studied by CLSM, and it was observed that C70 significantly bound protein to the 

microcapsules surface, while A 70 had a lesser effect. Reducing the concentration of C70 

and A70 lessened this effect. Using serum-free media to culture the microcapsules post 

fabrication instead of regular medium eliminates this host reaction. Ca Alg-C70-A 70

PLL-Alg multilayer capsules are more resistant to chemical and mechanical stress tests, 

compared with AP A microcapsules. The pore size and in vitro and in vivo 

biocompatibilities of the multilayer capsules were shown to be similar to those of control 

AP A microcapsules, and are suitable for cell encapsulation. 

Associated Publication: 

Shen, F.; Mazumder, M. A. J.; Burke, N. A. D.; Stover, H. D. H. ; Potter, M. A. 

"Mechanically enhanced microencapsulated cellular gene therapy" Journal ofBiomedical 

Material Research, Part B. Applied Biomaterials, 2009, 90B(l), 350-361 

Chapter 5: 	 Primary amine based polyelectrolytes for cell 

encapsulation 

Research Objective: 

The aim of chapter 5 is to screen a number of self cross-linkable methacrylate or 

methacrylamide-based polyelectrolytes containing primary amine, which can facilitate 

covalent cross-linking, but not react with cellular media, and can potentially replace PLL 

for the preparation of stable alginate based microcapsules for long-term applications. 
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Synopsis: 

A number of self-cross-linking polyelectrolytes have been developed, which were 

used to replace the PLL and to strengthen the surface of calcium alginate beads for cell 

encapsulation. The synthetic copolymers of [2-(methacryloyloxy) ethyl] 

trimethylammonium chloride (MO ET AC) with 0 to 100% 2- aminoethylmethacrylate 

hydrochloride (AEM.HCl), and the homopolymer of N- (3- aminopropyl) 

methacrylamide hydrochloride (APM) were prepared by free radical polymerization. 

Polyelectrolyte complexes of all these amine-based polyelectrolytes including PLL with a 

polyanion alginate, poly (methacrylic acid, sodium salt) (A 100), and A 70 have been 

studied. The resistance of these complexes to ionic strength, and the cross-linked nature 

of the microcapsules shell, was demonstrated using tests involving exposure to citrate, 

sodium chloride, sodium hydroxide and dilute EDT A. The viability of encapsulated cells 

and biocompatibility of the Ca-Alg microcapsules coated with the complexes were 

explored with the goal of forming a self-cross-linked polyelectrolyte skin without 

sacrificing biocompatibility. 

Associated Publication: 

Mazumder, M.A. J.; Burke, N. A. D.; Shen, F. ; Potter, M.A.; Staver, H. D. H. "Primary 

amine based polyelectrolytes for cell encapsulation" To be submitted. 
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Chapter 6: Core cross-linked microcapsules for cell encapsulation 

Research Objective: 

The aim of chapter 6 is to study the feasibility of using cross-linkable synthetic 

polyanions (A 70) to strengthen the Ca Alginate bead cores, by forming a core cross

linked interpenetrating network of covalently cross linked polymer within the 

conventional AP A microcapsules. 

Synopsis: 

Synthetic reactive polyelectrolytes based on methacrylic acid (A 70) are used to 

form covalently cross-linked network within calcium- gelled Alginate-Poly-L-lysine

Alginate (APA) microcapsules. The distribution of A 70 and PLL in the modified 

capsules were studied by confocal laser scanning microscope (CLSM) using FITC 

labeled A 70 (A 70f) and Rhodamine labeled PLL (PLLr), and found that by varying the 

molecular weight of PLL and A70 it should be possible to localize the cross-linking 

reaction at the capsule surface or in the interior for the formation of an interpenetrating 

network within the calcium alginate matrix. The resulting cross-linked capsules are 

resistant to chemical stress tests (citrate, sodium chloride, sodium hydroxide and dilute 

EDTA). The molecular weight cut off (MWCO) of core cross-linked microcapsules were 

examined by CLSM using BSA/ and different molecular weight of FITC labelled 

saccharides (FITC-Dextran), and found that the MWCO of modified capsules was shown 

to be similar to that of control AP A capsules. The viability of encapsulated cells and 

biocompatibility of the core cross-linked microcapsules was similar to the control APA 

microcapsules. 
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Associated Publication: 

Mazumder, M. A. J. ; Burke, N. A. D.; Shen, F. ; Potter, M. A.; Stover, H. D. H. "Core 

cross-linked rnicrocapsules for cell encapsulation" Biomacromolecules, 2009, 10(6), 

1365-1373. 

Chapter 7: Summary and future work for cell encapsulation 

The aim of chapter 7 is to summarize the results and outline future work based on 

the completed research. 
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Chapter 1: Introduction to Cell Encapsulation 

1.1 Aim of the Thesis 

To develop synthetic polymers to be used as reinforcing materials m cell 

encapsulation for the treatment of several human diseases such as lysosomal storage 

diseases (LSD), diabetes, Parkinson's disease and cancer using immuno-isolated, 

genetically modified cells. In particular, this thesis focuses on polyelectrolytes that 

undergo phase separation upon complexation and which can be self-cross linked to form 

protective shells. 

1.2 Cell Encapsulation 

T.M.S. Chang in Montreal introduced the concept of using encapsulation for the 

immunoprotection of transplanted cells in the early 1960s. 1 The concept is well described 

by this quote: "Microencapsulated cells might be protected from destruction and from 

participation in immunological processes, while the enclosing membrane would be 

permeable to small molecules of specific cellular product which could then enter the 

general extra cellular compartment of the recipient. For instance, encapsulated endocrine 

cells might survive and maintain an effective supply of hormone."2 

The implantation of non-autologous cells is complicated by the recipient's 

immune system, often leading to rejection of the transplant unless immune-suppressing 

drug regimes are used. The most direct way to avoid this problem is to transplant cells 

and tissues that are histocompatible with the host. However, this is not always possible 

due to the poor availability of donor tissues. Even partially histocompatible tissues still 
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require immunosuppression that could compromise the health of the host as well as the 

transplant. However, non-autologous tissue implantation is greatly facilitated if the cells 

were physically isolated from the immune response. For this purpose, immuno-isolation 

devices have been developed with the potential to physically enclose cells within a 

biocompatible membrane. The biocompatible and selectively permeable features of an 

immuno-isolation barrier protect foreign cells from immune rejection after 

transplantation, while permitting the continuous passage of secreted therapeutic products. 

This immuno-isolation could result in a reduction or even avoidance of long-term 

administration of immunosuppressants, provided that fully biocompatible materials that 

do not interfere with cell function can be used. The encapsulation of cells instead of 

therapeutic products allows the delivery of the product for a longer period of time as cells 

release the products continuously. It has a great potential to reduce the need for human 

donors for tissue and organ transplantations since it allows the transplantation of cells 

derived from standard human cell lines, human stem-cell derived cells, and animal cells. 

Immunoprotection may allow transplantation of cells without the need for 

immunosuppression, and transplantation of cells from non-human species (xenograft) .3 In 

addition, genetically modified cells can be immobilized to express any desired protein in 

vivo without the modification of the host's genome. Immobilization of cells shows an 

important advantage compared with encapsulation of proteins because it allows a 

sustained and controlled delivery of produced therapeutic products at a constant rate. The 

concept of cell encapsulation is shown in Figure 1.1. 
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Figure 1.1: A schematic representation of the basic principle of artificial cells. 

Hormone or protein secreting cells could be enclosed within a wide range of 

polymeric matrices and used to treat diseases caused by failure of secretory cell function. 

The concept is based on the protection of allo- and xenogenic transplanted cells within 

the confines of semi-permeable matrices or membranes that are ultimately designed to be 

implanted into the intraperitoneal cavity or other suitable transplant sites in a patient. The 

cells may be genetically engineered to express certain enzymes missing in the patient, 

such as lysozymes for patients suffering from one of about 40 identified lysosomal 

storage disorders (LSD's) . The encapsulating membranes have to be designed to keep 

high molecular weight antibodies (~250 kDa) out, while allowing exchange of oxygen, 

nutrients and metabolites including the specific enzymes needed by the patient (Figure 

1.1 ). The metabolic requirements of various cell types are different and, hence, optimal 

membrane permeability is expected to depend on the choice of cells. The membrane must 

be biocompatible with regards to the host and to the cells it surrounds. It must be 
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physically strong enough to protect cells during handling, and transplantation, and to 

shield them from mechanical and biochemical stresses inside the host for about one year. 

This thesis aims to develop capsules that can protect encapsulated cells for one year or 

longer, using covalent cross-linking to reinforce the outer capsule shells or the core. 

1.3 	 Brief History of Cell Encapsulation 

Bisceglie gave the earliest demonstration of cell encapsulation in 1933, enclosing 

tumor cells in a polymer membrane and transplanting them into a pig's abdominal cavity. 

The results showed that the cells survived for at least 21 days, and were not destroyed by 

the immune system. 4 Thirty years later, Chang introduced the idea of using encapsulation 

for the immunoprotection of transplanted therapeutic cells, and coined the term 'artificial 

cells' for this concept. 1 The breakthrough in applying Chang's principles of 

bioencapsulation came with the work of Lim and Sun. 5 In 1980; they successfully 

implemented Chang's idea to immobilize xenograft islet cells to aid in glucose control for 

diabetes in mice and other small animals. Since then, enormous efforts have been made to 

understand the biology, genetics, polymer and pharmaceutical science for the 

development of novel microencapsulations. As a consequence, Chang applied cell 

encapsulation for the therapeutic treatment of renal failure 6 
, and Sun used it for the 

treatment of diabetes. 7 Those results have provided the scientific basis for several clinical 

trials. Calafiore et al8 initiated a clinical trial where microencapsulated human islets were 

implanted into non-immunosuppressed patients with type 1 diabetes. An alginate based 

encapsulation system was developed by Emerich et al9 where choroid plexus bodies were 

immobilized in an effort to achieve an appropriate delivery of neurotrophic factors to the 
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brain in a primate model of Huntington's disease. Moran et al 10 studied the 

microencapsulation of engineered cells to deliver sustained levels of interleukin-6 in an 

animal model for the treatment of hepatocellular carcinoma. Dvir-Ginzberg et al 11 

developed an interesting gene therapy strategy where retroviral vector producer cells 

were entrapped in three dimensional alginate matrixes for potential use in cancer. 

Recently, a myocardial infarction rat model was evaluated by Zhang et al 12 using 

microencapsulated Chinese hamster ovary cells for the treatment of cardiovascular 

disorders. 

Cell microencapsulation is a technology with enormous clinical potential for the 

treatment of a wide range of diseases. 13 The last three decades have seen tremendous 

advances in the field of cell encapsulation. 14
' 

15 However, despite very promising and 

encouraging results we are still far from clinical application of cell based constructs due 

to many difficulties, some of which will certainly challenge our scientific ingenuity. One 

of the main reasons is the lack of reproducibility. However, in the last few years, the 

strategy in the field has changed, applying a stepwise analysis of the essential obstacles 

instead of an approach via trial and error. Coupled with increased international 

collaboration, this approach should move the technology forward in a careful and 

17 18 controlled way and bring it much closer to clinical reality. 16 
' ' ' 

19 This has renewed the 

excitement and hopes surrounding this cell-based technology. 
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1.4 Encapsulation Technique 

The general cell encapsulation processes can be broadly divided into two groups: 

1.4.1 Macroencapsulation: 

Macroencapsulation allows the implantation of large groups of living cells into 

the host without immune rejection (Figure l .2a). These systems can be in the form of a 

flat disk, hollow fiber or tube, and follow planar or cylindrical geometry that isolate the 

cells from the body. They are much larger in size compared to microcapsules. Unlike the 

hydrogel membranes of microcapsules, the membranes of macrocapsules are typically 

composed of thermoplastic materials that vary in their structural, functional, and 

mechanical properties. The main advantage of macrocapsules is that they can be 

implanted and retrieved with minimal risk. However, the main drawback is the limitation 

of oxygen diffusion and nutrient transport, which reduces cell function and viability. 

a) 

Cell ~~ 
b) @ (@'4-.. -Membrane 

~ 
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Figure 1.2: Schematic representation of cell encapsulation process: a) 


Macroencapsulation, b) Microencapsulation 

1.4.2 Microencapsulation: 

The objective of microencapsulation is to entrap smaller groups of typically 100 

cells into a semi permeable membrane (Figure 1.2b). These microcapsules are usually 

spherical in shape, 1 and capsule diameter is usually 50 µm to 1.5 mm in range,20 with the 

upper limit determined by passive oxygen diffusion. Microcapsules can be stronger and 

more durable than macrocapsules and difficult to mechanically disrupt, and their 

spherical shape results in large surface/volume ratios, which increased oxygen, nutrient 

and metabolic exchange. However, the main drawback of microencapsulation is the 

difficulty in removing the implants if necessary. To construct the spherical geometry, 

microcapsules are almost exclusively produced from hydrogels. These hydrogel capsules 

have a number of appealing features. Firstly, the hydrogel reduces mechanical and 

frictional irritation of surrounding tissue. Secondly, hydrogels by nature are hydrophilic, 

which reduces their interfacial tension with surrounding fluids and tissues and helps to 

minimize protein adsorption and cell adhesion. Thirdly, hydrogels are permeable to low

molecular-mass nutrients and metabolites. Some of the most popular biomaterials, which 

have been applied to microencapsulations, are hence based on alginate, carboxymethyl 

cellulose, carrageenan, chitosan, and agarose. 

The debate of the relative benefits of macro versus microencapsulation is 

ongoing, and neither technique has demonstrated clear superiority over the other. Above 
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all, the success of any encapsulation technique will ultimately rely on a systematic 

evaluation of capsule properties and encapsulated cell performance. 

1.5 Present Methods of Microcapsule Preparation 

In cell encapsulation system, cells are usually surrounded by liquid. One of the 

most important general goals for coating cells or tissues is to achieve isolation from their 

environment. Microcapsules can be formulated by many different methods. 

1.5.1 Dropping Method: 

The most often described microencapsulation system is based on the calcium 

gellation of polyanions, as shown in Figure 1.3 in which cell containing alginate solution 

is extruded through a needle with concentric air flow to drop into the gellation bath which 

contains a solution of a cross-linking agent such as calcium chloride. 

The major advantage of this method is the rapid gelation at ambient temperature. 

However, in order to control the droplet size, many parameters such as viscosity, 

wettability, molecular weight and concentration of the polymer solution, as well as the 

diameter and geometry of the nozzle, need to be considered. 
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Figure 1.3: Schematic representation of entrapment of cells m gel beads usmg the 

dropping method. 

1.5.2 Simple Coacervation Method: 

The coacervation (often called co-extrusion) method is generally used as an 

encapsulation process. This method is based on dispensing a suspension of the cells 

through the inner needle and the polymeric wall-forming solution through the outer 

needle of a concentric needle assembly, into a precipitation bath. The polymer solution 

gels upon entering the precipitation bath. A schematic representation of encapsulation of 

cells using the coacervation method is shown in Figure 1.4. 

•
•
• 


...~· 
. ·.· 1 

Cells in ge lied 
matrix 

Cross linking 
gelling bath 
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The major advantage of the final product is that it enables the cells to have some 

degree of freedom, and the gel matrix is present only as external shell. 

• •
••• 
: . 
•.-•--..--+-- Cell suspension 

••
• • 

Polymer solution 

Cross-linking 
solution Encapsulated cells 

droplet 

Figure 1.4: Schematic representation of encapsulation of cells using the coacervation 

technique. 
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1.5.3 Complex Coacervation Method: 

There is a similar technique as described m section 1.5.2, called complex 

coacervation, which involves the interaction between two oppositely charged 

polyelectrolytes to form a fi lm. This technique was used to encapsulate somatic embryos 

for producing artificial vegetative seeds, although with limited success.21 This method is 

mainly used for coating oil droplets in i.e. perfume industry. Coating consists typically of 

gum acacia/gelatin, and is cross-linked using small reactive molecules such as 

formaldehyde or glutaraldehyde. 

1.5.4 Spraying Method: 

Spraying also can be used for producing matrix type microcapsules. 22 During the 

free fall of cell/polymer suspension droplets, a rapid interfacial reaction can be initiated 

by spraying an aerosol cross-linking solution towards it, as shown in Figure 1.5. 

The cross-linking reaction stops when the falling drop encounters buffered wash 

bath. An inverted method can involve spraying a charged polymer solution on drops of a 

suspension of cells in a cross-linking solution. The advantage of this method is that it can 

be used to form relatively thin films around cell containing droplets, and it also enables 

the production of dry encapsulates using hot-air blowers. However, gelation depends 

upon the droplet exposure time and nature to the cross-linking aerosol along the spraying 

path. 
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Figure 1.5: Schematic representation of encapsulation of cells using the spraying method. 

1.5.5 lnterlacial Reaction: 

Interfacial reactions between polymers have been explored for cell encapsulation. 

Dautzenberg et al 23 described a method of microcapsule preparation by interfacial 

reaction that can be potentially used for microencapsulation of biological material. In this 

system, the aqueous solution of anionic polyelectrolyte is interfacially reacted with the 
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aqueous solution of cationic polyelectrolytes. The principle of microcapsules preparation 

by interfacial reaction is demonstrated in the following Figure 1.6. 

This process often involves extruding the anionic polyelectrolyte/cell solution 

through a needle, and forms droplets. These droplets are then reacted in a precipitation 

bath with a suitable cationic polyelectrolyte, and form a microcapsule with a liquid core 

containing the cell. Several research groups successfully immobilized living cells and 

25 enzymes by this method without losing their biological activity.24
• 

.,.___ Applied 
Pressure 

Anionic 
polyelectrolyte in 
solution 

Cell 

Cationic 
polyelectrolyte in 
solution 

Capsule 

Figure 1.6: Schematic representation of microcapsule preparation by interfacial reaction. 

Other methods can involve photosensitive polymers whereby cross-linking occurs 

and forms polymeric networks by exposure to UV light. 26 In interfacial photo-

polymerization method, photoinitiators are previously adsorbed onto the surface of 
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interest such as cells, tissue and polymeric surfaces, which is then exposed to the photo

polymerizable mixture and successively irradiated. This polymerization method can be 

used to form a thin layer or barrier of photo-polymerized materials around cells or groups 

27 30of cells, 26
• and has been used in drug delivery, 28 tissue engineering 29 

' and cell 

3 1 32 33encapsulation.26 
' ' • 

1.5.6 Layer- by- layer Method: 

The layer-by-layer method of depositing polyelectrolytes on a range of surfaces, 

involves several sequential deposition steps of polyanions and polycations from dilute 

solution.34 
• 

35 In this process, the cell suspensions are dipped into an oppositely charged 

polyelectrolyte for a certain period, and then washed with saline to remove untreated 

polyelectrolyte, followed by the oppositely charged polyelectrolyte. 36 The process is 

continued until the desired properties (capsules with well-controlled size and shape, 

finely tuned capsule wall thickness and variable wall compositions) are achieved. The 

schematic representation of the preparation process is shown in Figure 1. 7. 
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Oo 
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o:ooo 

Saline Salin e PA 

0000 
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Gelling solution (CaCl2) 

Gel Beads 


Figure 1.7: Schematic representation of the preparation process of layer-by-layer 

microcapsules. PC represents polycation; PA represents polyanion 
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Abstract 

Polyelectrolyte complexes between poly(methacrylic acid, sodium salt) 

(PMAANa) and poly(diallyldimethylammonium chloride) (PDADMAC) or poly([2

(methacryloyloxy)ethyl] trimethylammonium chloride) (PMOETAC) are found to form 

gels, liquid phases or soluble complexes, depending on charge ratio, total polymer 

loading, polymer molecular weight, and ionic strength. Increasing the ionic strength of 

the medium led most polyelectrolyte pairs to transition from gel through liquid 

complexes (complex coacervate) to soluble complexes. These transitions shift to higher 

ionic strengths for higher molecular weight polymers, as well as for PMOET AC 

compared to PDADMAC. The complex phases swelled with increasing polymer loading, 

ultimately merging with the supernatant phase at a critical polymer loading. The isolated 

liquid complex phases below and above this critical loading were temperature sensitive, 

showing cloud points followed by macroscopic phase separation upon heating. 

Incorporating 5-molo/o lauryl methacrylate (LMA) into the polyanion led to increased 

complex yield with PDADMAC, and increased resistance to ionic strength. In contrast, 

incorporating 30 mol% of oligo(ethylene glycol) methacrylate (PEGMA) into the 

polyanion led to decreased complex yield, and to lower resistance to ionic strength. Two 

polyelectrolyte systems that produced liquid complexes were used to encapsulate 

hydrophobic oils, and in one case were used to demonstrate the feasibility of cross

linking the resulting capsule walls. 
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2.1 Introduction 

The interaction of oppositely charged polyelectrolytes to form polyelectrolyte 

4 5complexes (PECs) is a topic of considerable interest1
•
2.3, • stemming in part from the 

potential to use PECs in a wide variety of applications, including separation 

membranes,6'
7 immobilization of enzymes8 or cells,9 drug carriers,10 gene delivery 

tools, 11 
•
12 and protein purification. 13 PECs can come in the form of layer-by-layer (LBL) 

5 14 15 16 17 18 19 20 2 22 25 26assemblies • • • • • • • •
2 1 soluble complexes 1

• • • 
23 solid precipitates24

• • and 

liquid coacervates.27 
• 

28
• 

29 Both the nature of the interactions and the nature of the PECs 

formed depend on variables such as charge ratio, ionic strength, pH, temperature, 

polymer concentration, charge density, molecular weight and polymer 

structure. 1,2,3,4,5,27,28 

The deposition of PECs onto preformed particles or droplets often results in 

capsules where the polyelectrolyte coating may modify colloidal behaviour, protect the 

fill and control its release. Encapsulation with PECs is typically achieved by either LBL 

assembly or complex coacervation. LBL assembly, introduced by Decher, 14 involves 

sequential deposition of polyanions and polycations, and allows excellent control of the 

thickness and composition of the layers. 5
' 

2 1 Complex coacervation is a liquid-liquid 

phase separation brought about by charge neutralization between oppositely charged 

polyelectrolytes that yields two immiscible aqueous liquid phases. The denser, polymer

rich coacervate phase can deposit onto dispersed oils, solids or cells in a single step. 30
•
3 1 

The thickness of the resulting capsule walls depends on the ratio of coacervate to 

available surface area rather than on the number of layers deposited, and can reach 

several microns. A well-known example is the liquid complex coacervate formed upon 
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mixing aqueous solutions of gum acacia, a negatively charged polysaccharide derived 

from the acacia tree, with pig-skin derived gelatin, at pH= 4-5 and above the gel point of 

32 33gelatin at 50 °C. '

In some instances, especially liquid coacervates, it can be necessary to further 

harden the PECs to withstand chemical or mechanical challenges in subsequent use . In 

the case of gelatin/acacia, the liquid complex formed at 50 °C is initially gelled by 

cooling below 35 °C and often hardened by chemical cross-linking with glutaraldehyde 

or formaldehyde. Other PECs have been cross-linked by the addition of small-molecule 

crosslinkers, 10
'
32

'
34 although this often links only one of the two polyelectrolytes. 

Reaction of polymer bound functional groups promoted by heating35 or reagents such as 

37 38 40 41 42carbodiimides,36
· ' or by photochemical approaches39

• • • have also been used. In 

some cases it might be desirable to employ polyelectrolytes bearing complementary 

functional groups for cross-linking, as this would lead to covalent incorporation of both 

polyelectrolytes, avoids exposure of the capsule fill to small-molecule additives, heat or 

light, and might reduce environmental risks associated with the use of small-molecule 

crosslinkers such as formaldehyde and glutaraldehyde. 

Complex coacervates are most often based on natural polymers including gum 

acacia and gelatin, with source- dependent variation in their properties. We here choose 

synthetic methacrylates and DADMAC because of their easy of synthesis, stability, and 

the large body of existing knowledge regarding possible co-monomers, molecular weight 

control, and biomedical uses. Synthetic polyelectrolytes offer the ability to fine-tune key 

properties such as charge density, hydrophobic/hydrophilic balance, and molecular 

weights, and can introduce additional functionality through appropriate co-monomers. 
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We have previously investigated synthetic polymers including polyelectrolytes that 

undergo coacervation.43 This paper describes our initial studies of such complexation, 

using three model polyelectrolytes, shown in Scheme 2.1 , based on methacrylic acid 

(MAA), diallyldimethylammonium chloride (DADMAC) and [2-(methacryloyloxy)ethyl] 

trimethylammonium chloride (MOETAC). We examine how the physical nature of the 

complexes and the efficiency of complex formation are affected by ionic strength, charge 

ratio, polymer loading, polymer molecular weight, and hydrophobic or hydrophilic co

monomers such as lauryl methacrylate (LMA) and poly(ethylene glycol) methyl ether 

methacrylate (PEGMA)]. Conditions under which liquid complex coacervates are formed 

are identified and some of the resulting complex coacervates are used to encapsulate 

hydrophobic oils. As well, the feasibility of cross-linking the resulting coacervate capsule 

walls via complementary polymer-bound reactive groups is investigated.43 In the present 

work, polymer-bound acetoacetate groups, introduced via copolymerization of MAA 

with 2-(methacryloyloxy)ethyl acetoacetate (MOEAA), are used to react with polymer

bound amine groups in polyethyleneimine (PEI). 
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Scheme 2.1. Polyelectrolytes used in this study. 

2.2 Experimental 

2.2.1 ftllaterials: 

Methacrylic acid (MAA, 99%), 2-(methacryloyloxy)ethyltrimethylammonium 

chloride (MOETAC, 75 wt% solution), 2-(methacryloyloxy)ethyl acetoacetate (MOEAA, 
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95%), poly(ethylene glycol) monomethyl ether methacrylate (PEGMA, Mn = 300 Da), 

lauryl methacrylate (LMA, 96% ), 2,2' -azobis(2-methylpropionamidine) dihydrochloride 

(Vazo-56), methyl isobromobutyrate (MeiBrB, 99+%), cuprous chloride (99%), 2,2' 

dipyridyl (99+%) and polyethyleneimine (PEI, Mw = 2000 Da) were purchased from 

Sigma-Aldrich Co. (Oakville, ON) and used as received. Azobis(isobutyronitrile) (AIBN) 

was received as a gift from Dupont and used as received. Poly(methacrylic acid, sodium 

salt) (PMAANa, Mn = 5400 Da; 30 wt% solution) and poly(diallyldimethylammonium 

chloride) (PDADMAC) with very low (40 wt% solution), low (Mw ~ 100 - 200 kDa; 20 

wt% solutio, and high (Mw ~ 400 - 500 kDa; 20 wt% solution) molecular weights were 

purchased from Aldrich and used as received. Ethyl ether, methanol, acetone, sodium 

chloride (Caledon Laboratories, Georgetown, ON), sodium sulfate (BDH, Toronto, ON) 

and ethanol (Commercial Alcohols, Brampton, ON) were used as received. 

Tetrahydrofuran (THF, Caledon Laboratories) was distilled over Na/K amalgam before 

use. HCl and NaOH solutions were prepared by diluting standard volumetric concentrates 

(Anachemia, Rouses Point, NY) with deionized water. 

2.2.2 Low MW P(MOETAC) : 

Low MW PMOET AC was prepared by atom transfer radical polymerization using 

a method described in the literature.44 CuCl (99 mg, 1.0 mmol) and 2,2' -bipyridine(390 

mg, 2.5 mmol) were placed in a flask, which was sealed and flushed with nitrogen. 

MOETAC (8.3 g of 75 wt% solution, 6.22 g, 30 mmol), deionized water ( 2.1 mL) and 

isopropanol (3.7 mL) were mixed, bubbled with nitrogen for 20-30 min and then 

transferred via a double-tipped needle to the flask containing CuCl and bipyridine. The 
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mixture was stirred for 10 min to allow catalyst formation. Methyl isobromobutyrate (181 

mg, 1.0 mmol) was dissolved in isopropanol (0.5 mL), and the mixture was bubbled with 

nitrogen for 5 min before being transferred via a double-tipped needle to the reaction 

flask. An exotherm was detected upon the addition of the initiator and within one hour, 

the reaction mixture had become a viscous slurry. The reaction was stopped after two 

hours by exposing it to air. A small sample was removed, dried under a stream of air, 

dissolved in D20 and analyzed by 1H NMR to determine monomer conversion. Water 

(~10 mL) was added to the remainder of the reaction mixture to produce a homogeneous 

solution. The reaction mixture was then dialyzed against deionized water using cellulose 

tubing with a 3.5 kDa MW cut-off and freeze-dried. Yield: 5.42 g (85%). 

2.2.3 PMOETAC-770: 

MOETAC (10.00 g, 48 .1 mmol) and Vazo-56 (0.131 g, 0.48 mmol) were 

dissolved in 90 mL water in a 125 mL HDPE bottle. The solution was bubbled with 

nitrogen for several minutes before the bottle was sealed. The bottle was placed in an 

oven and heated from 25 to 60 °C during 1 h, and then maintained at 60 °C for 23 h. The 

bottles were slowly rotated ( 4 rpm) in the oven to provide mixing. The polymer was 

isolated and purified by precipitation in acetone or by dialysis (3.5 kDa MW cut-off) 

followed by freeze-drying. The purified polymer was then dried to a constant weight in a 

vacuum oven at 50 °C. Yield: 9.1 g (91 %). 
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2.2.4 PMOETAC-300: 

PMOETAC-300 was prepared in a similar fashion except that 2 mol% of Vaso-56 

was used. 

2.2.5 P(MAA-co-LMA): 

MAA (8.65 g, 100.5 mmol), LMA (1.35 g, 5.29 mmol) and AIBN (174 mg, 1.1 

mmol, 1 mol%) were dissolved in THF/EtOH (1:1 , 90 mL) in a 125 mL HDPE bottle. 

The solution was degassed and heated as described above for PMOETAC-770. The 

polymer was precipitated in ether (1 L), washed with ether and then dried to a constant 

weight in a vacuum oven at 50 °C. P(MAA-co-LMA)[95:5] was obtained as a white 

powder in a yield of 9.63 g (96 %). 

2.2.6 P(MAA-co-PEGMA): 

Polymerization and isolation were conducted in a similar fashion. MAA (4.01 g, 

46.6 mmol), PEGMA (5.99 g, 20.0 mmol) and AIBN (109 mg, 0.67 mmol, 1 mol%) were 

heated in THF/ethanol (1:1 , 90 mL), followed by precipitation in ether, to give 8.36 g 

(84%) P(MAA-co-PEGMA)[70:30]. 

2.2. 7 P(MAA-co-MOEAA): 

Polymerization and isolation were conducted in a similar fashion. MAA (4.84 g, 

56.2 mmol), MOEAA (5.43 g, 24.1 mmol) and AIBN (132 mg, 0.80 mmol, 1 mol%) 

were heated in ethanol (100 mL), followed by precipitation in ether, to give 8.74 g (87%) 

P(MAA-co-MOEAA)[70 :30]. 
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2.2.8 Characterization: 

The composition of the P(MAA-co-MOEAA), P(MAA-co-PEGMA) and 

P(MAA-co-LMA) polymers was determined by 1H nuclear magnetic resonance (NMR) 

spectroscopy using a Bruker AV 200 spectrometer for polymers dissolved in DMSO-d6. 

Size exclusion chromatography (SEC) was conducted with a system consisting of 

a Waters 515 HPLC pump, Waters 717 plus Autosampler, three columns (Waters 

Ultrahydrogel-120, -250, -500; 30 cm x 7.8 mm; 6 µm particles) and a Waters 2414 

refractive index detector, and was calibrated with narrow molecular weight poly( ethylene 

glycol) standards (Waters) . The P(MAA-co-MOEAA) and P(MAA-co-LMA) samples 

were neutralized with 1 M NaOH prior to SEC analysis with 0.3 M NaN03 in 0.1 M 

phosphate buffer at pH 7 as the eluent. 

Viscometry, conducted with an Ubbelohde viscometer (viscometer constant: 

0.00314 cSt/s), was used to measure molecular weights of PMOETAC samples dissolved 

in 1 M NaCl at 20 ± 0.1 °c. All solutions were passed through 0.45 µm Acrodisc (Supor 

membrane, Pall Corp.) fi lters before measurement. The intrinsic viscosity [TJ] was 

calculated by a double extrapolation of the Huggins plot (TJsp /c vs. c) to infinite dilution. 

The polymer molecular weights were calculated from the intrinsic viscosity using values 

for Kand a found in the literature. 45 

Optical microscope images of complexes and capsules were taken usmg an 

Olympus BX51 optical microscope fitted with a Q-Imaging Retiga EXi digital camera 

and ImagePro software or an Olympus BH-2 optical microscope fitted with Kodak 

DC120 digital camera and software. 
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2.2.9 Coacervation Efficiency: 

Solutions (typically 15.00 g) of PMAANa, PDADMAC, or PMOETAC at the 

appropriate concentration and ionic strength were mixed in a pre-weighed 50 mL 

polyethylene centrifuge tube. The solutions were mixed several times on a vortex mixer 

and allowed to stand. The mixture was centrifuged and the supernatant decanted or 

transferred by pipette to a pre-weighed, polystyrene weighing-dish. The centrifuge tube 

was weighed to determine the wet complex yield, and then both the complex and 

supernatant were dried to constant weight by heating at 65 °C. The dried complex and 

dried supernatant were weighed to determine the polymer content in the two phases. 

2.2.10 Encapsulation: 

An oil-in-water emulsion was prepared by dispersing methyl benzoate (0.5 mL) in 

10 mL of 1.31 % w/v PMOET AC-300 containing 325 mM NaCl with an overhead stirrer 

(800 rpm) for 30 minutes at room temperature (20 °C). To this mixture, an aqueous 

solution of PMAANa (10 mL, 0.69 % w/v, 325 mM NaCl) was added drop-wise, and the 

mixture was stirred for an additional 30 minutes before a sample was removed for 

examination by optical microscopy. 

2.2. 11 Encapsulation and Cross/inking: 

An oil-in-water emulsion was prepared by dispersing paraffin oil (0.5 mL) in 10 

mL of 1.31 % w/v PMOETAC-300 containing 375 mM NaCl (pH 7) with an overhead 

stirrer (800 rpm) for 30 minutes at room temperature (20 °C). To this mixture, 10 mL of a 
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1.32% w/v solution of P(MAANa-co-MOEAA)[70:30] (1.05 eq of anions) containing 

375 mM NaCl (pH 7) was added drop-wise. The mixture was stirred for an additional 30 

minutes before 1.4 g of a 2 wt% PEI solution (pH 10.5) was added and stirring was 

continued for 3 h at room temperature. 

2.3 Results and Discussion 

Complexation studies were focused on interactions between pairs of 

homopolymers, PMAANa I PDADMAC and PMAANa/PMOETAC. The PMAANa 

employed in this work had a molecular weight (Mn) of 5.4 kDa. Three types of 

commercial PDADMAC from Aldrich were used. Two of these have molecular weights 

described by Aldrich as low (Mw - 150 kDa), and high (Mw - 450 kDa), and are denoted 

as PDADMAC-150, and -450, respectively, in this article. The molecular weight of the 

third PDADMAC sample (PDADMAC-20) has been determined to be 20 kDa by 

. 43 v1scometry. 

Two PMOETAC samples, PMOETAC-770 and PMOETAC-300, were prepared 

by free radical polymerization in water initiated with 1 and 2 mol% Vazo-56. Their 

molecular weights were measured by viscometry, using 1 M NaCl to suppress coil-

expansion with dilution,46 and were found to be M11 = 770 and 300 kDa, respectively. A 

third sample, PMOETAC-13, was prepared by atom transfer radical polymerization 

(ATRP) initiated with methyl isobromobutyrate (MeiBrB) in isopropanol/water (1: 1 

v/v) .44 After 2 hours polymerization time, the conversion was determined to be 98% by 

1H NMR. Both 1H NMR and viscometry were used to determine the molecular weight of 

the purified polymer. Comparison of the peak area of the signal due to the methoxy 
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group, derived from the MeiBrB initiator, with those due to MOETAC in the 1H NMR 

spectrum, gave a number-average molecular weight of Mn = 6 kDa. Viscometry in 1 M 

NaCl gave a viscosity-average molecular weight of M11 = 13 kDa. 

Copolymers of MAA with MOEAA, PEGMA or LMA were prepared by AIB 

initiated free radical polymerization in ethanol or THF/ethanol mixtures. P(MAA-co

MOEAA)[70:30], P(MAA-co-PEGMA)[70:30], P(MAA-co-LMA)[95:5] were 

determined to have compositions of [67:33], [68:32] and [93:7] , respectively, by 1H 

NMR. Thus, the compositions closely mirrored the co-monomer feed ratios. This 

included samples removed at lower conversions (~30%) indicating that there is no drift in 

copolymer composition during polymerization. P(MAA-co-MOEAA) and P(MAA-co

LMA) were found to have molecular weights (Mn) of 42 and 7.1 kDa, respectively, by 

aqueous SEC. Polyanion solutions were prepared from the MAA copolymers by the 

addition of stoichiometric amounts of a 1.000 M NaOH solution. 

2.3.1 Nature of the Complexes of PMAANa with PDADMAC-20, PDADMAC

450 and PMOETAC-300: 

Aqueous solutions of PMAANa were combined with solutions of PDADMAC-20, 

PDADMAC-450 or PMOETAC-300 to obtain mixtures with a 1: 1 charge ratio and a total 

polymer concentration of 1 wt%. In each case, phase separation occurred immediately to 

form polyelectrolyte complexes (PECs). The PMAANa I PDADMAC-20 complex 

formed a separate liquid complex coacervate layer, which could be easily redispersed by 

shaking (Figure 2. la) . 

60 




a . 

c ' 
~/ 

.( 
\ 

Figure 2.1: Optical microscope images of polyelectrolyte complexes: a) liquid complex 

coacervate PMAANa/PDADMAC-20 (no added NaCl). b) - d) PMAANa I PMOETAC

300, in presence of b) 200 mM, c) 300 mM and d) 400 mM added NaCl. All complexes 

were formed by combining the polyelectrolytes in ratios that result in 1 wt% total 

polymer loading with 1: 1 charge ratios. Width of each image is 5 mm. 

The analogous PMAANa complex with the higher molecular weight PDADMAC

450 formed a stiff gel, which turned into a liquid coacervate in presence of 300 mM NaCl 

due to partial shielding of the electrostatic interactions. Similar behaviour is seen for the 

PMAANa I PMOETAC-300 complex (Fig. 2.1 , b-d), which is transformed from an 

opaque gel to a liquid complex coacervate as the salt concentration was increased from 

200 mM (Fig. 2.lb) to 300 mM (Fig. 2.lc) to 400 mM NaCl (Fig. 2.ld) . The coacervate 

phase disappears entirely in the presence of 500 mM NaCl. 

2.3.2 Factors Affecting Complexation Efficiency: 

As the above results illustrate, polyelectrolyte complexation may be effected by 

· d l · d. · 22 21 2847 48 49 Th c . .po1ymer properties an comp exation con ihons. ' ' ' ' ' ere1ore, a quantitative 
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study was undertaken to examine the role of polymer concentration, charge ratio, ionic 

strength and polymer molecular weight on the complexation of PMAANa with either 

PD AD MAC or PMOET AC. Polyanion and polycation solutions were combined to give 

polyelectrolyte complexes over a range of polymer concentration, charge ratio and ionic 

strength. The phase-separated complexes were isolated from the supernatant and 

immediately weighed to determine the yield of the hydrated complex. Both the 

supernatant and the complex were then dried to determine the amount of polymer (and 

NaCl) present in each phase. The relative amounts of polymer and water within the 

complex were obtained by comparison of the weights before and after drying. The 

expressions used to describe complex formation are shown below: 

. Id wt.ofcomplexx100%
C l =--omp exyle ----

totalwt.ofsolution 


. •fji . wt.ofdrycomplexx100%
omp exatwne11lczency=--------C l 

total polymer loading 

. . wt.ofdrycomplexx 100%
Polymer fraction zncomplex =--------

wt.ofcomplex 

The recovery of material was quantitative m all experiments : 103 ± 3% for 

PMAANa/PDADMAC-20 samples and 98 ± 3% for PMAANa/PMOET AC-300 samples, 
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for example. For samples containing added NaCl, the values measured for complexation 

efficiency and polymer fraction have been corrected for the presence of the added NaCl 

in the complex, with the assumption that the NaCl is equally distributed between the 

complex and supernatant phases. 

2.3.3 Charge ratio: 

The formation of PECs is normally maximized at a 1 : 1 ratio of anionic to cationic 

groups. Indeed, the yield and efficiency of complexation between PMAANa and either 

PDADMAC-20 or PMOETAC-300 were greatest at a 1: 1 charge ratio (Figures 2.2 and 

2.3). 
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Figure 2.2: Complex yield as a function of the charge ratio, for complexes formed 

between PMAANa and a) PDADMAC-20 orb) PMOETAC-300. Total polymer loading 

is 1 wt%, with no added NaCl. 
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Figure 2.3: Complexation efficiency as a function of the charge ratio for complexes 

formed between PMAANa and a) PDADMAC-20 orb) PMOETAC-300. Total polymer 

loading was 1 wt%, with no added NaCl. Also shown are the two curves for efficiency, 

expected if there were quantitative formation of a 1: 1 complex and complete loss of 

associated Na+ and c1- ions - c) PDADMAC-20 and d) PMOETAC-300. 

At 1: 1 charge ratio, the observed complexation efficiencies of 70 % for 

PDADMAC-20 and 74 % for PMOETAC-300, correspond reasonably well to the values 

expected after accounting for the loss to the supernatant of up to 21. 7 wt% (PDADMAC) 

and 18.5 wt% (PMOETAC) of the total polyelectrolyte weights as NaCl generated during 

complexation. Figure 2.3 shows that the complexation efficiency falls further below the 

theoretical at non-stoichiometric charge ratios, especially in presence of excess 

polyanion. This is likely due to the formation of some fraction of colloidally stable 

complex. 
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2.3.4 Ionic Strength: 

27 28 47 48Ionic strength is known to strongly affect polyelectrolyte complexation.22 
• • • • 

For soluble complexes, typically formed at low polyelectrolyte concentrations and a non

stoichiometric mixing ratio, small increases in ionic strength often cause a reduction in 

hydrodynamic radius due to shielding of the charges of the excess polyelectrolyte within 

individual complex particles. This can also reduce repulsive interactions between 

colloidal particles, and hence facilitate aggregation and macroscopic phase separation. On 

the other hand, large increases in ionic strength can lead to shielding of opposite charges 

within the complexes, causing swelling and even dissolution of the complex. For 

example, the coacervation efficiency of gum acacia I gelatin complexes at a 1: 1 charge 

ratio and 0.5%(w/v) total polymer loading was zero in the absence of added salt, 

increased to >80% upon addition of~ lmM NaCl and then returned to zero as the ionic 

strength reached 10 mM. 28 

Thus, it is possible to control both the efficiency of complexation and the 

physical nature of the complex (solid, gel, liquid, soluble) by varying the ionic strength. 

The systems studied in this work lie at different points along the continuum between solid 

and soluble complexes, and the ability to use ionic strength to shift between solid and 

liquid complex may be of significant use in encapsulation. Indeed, as shown in Figure 2.1 

above, raising the ionic strength from 0 to 400 mM caused the PMAANa/PMOET AC

300 complex to change from a gel to a liquid, while the PMAANa/PDADMAC-20 

complex was converted from a liquid to a soluble complex. Below we explore the effect 

on complexation and complex properties, by varying the ionic strength through added salt 

and polymer loading. 
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The effect of added NaCl on the yield of complexes between PMAANa and 

PDADMAC-20, -150, -450 and PMOETAC-13 and -300 is displayed in Figure 2.4. The 

complex yield for 1 wt% total polymer loading in the absence of added NaCl is nearly 

identical (2.40 ± 0.05%) for four of the systems, while that for PMAANa/PMOETAC-13 

(curve d, Figure 2.4) is slightly lower (2.1 %). The complex yield increases as NaCl is 

added for all of the systems, and is most pronounced for the higher MW polycations. The 

complex yield for PDADMAC-450, the polycation with the highest MW, more than 

doubles in 350 mM NaCL In each case, the yield reaches a maximum and then drops 

sharply to zero as the complex phase dissolves. The ionic strength required to dissolve 

the complexes is higher for polymers with higher MW (compare curves a and c, or d and 

e). For polymers with comparable MWs, it is higher for PMOETAC than PDADMAC 

(compare curves a and d, or c and e). It has been reported that PMAANa/PDADMAC 

complexes made from polymers with MWs of 114 and 250 kDa, respectively, underwent 

dissolution at about 500 mM NaCl consistent with the results in the present work for a 

PMAANa with a much lower MW. 47 
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Figure 2.4: Complex yield as a function of ionic strength for PMAANa complexation 

with a) PDADMAC-20 orb) PDADMAC-150, c) PDADMAC-450 d) PMOETAC-13 or 

e) PMOETAC-300. 1:1 Charge ratio, 1 wt% polymer loading. 

At low ionic strengths, all five of the PECs show complexation efficiencies 

(Figure 2.5), i.e. the fraction of the initial polyelectrolyte loading contained within the 

complex, near the values expected for complete polyanion/polycation complexation and 

loss of associated Na+ and Cl- counter ions. Unlike the complex yield, the complexation 

efficiency does not rise appreciably with ionic strength, and even decreases at ionic 

strengths corresponding to maximum yields. The complexation efficiency results also 

show the greater resistance to ionic strength of complexes made from higher MW 

polymers, or from PMOETAC rather than PDADMAC. 

0 100 200 300 400 500 600 

Added NaCl (mM) 

Figure 2.5: Complexation efficiency as a function of ionic strength for complexation of 

PMAANa with a) PDADMAC-20 or b) PDADMAC-150, c) PDADMAC-450, d) 

PMOETAC-13 ore) PMOETAC-300. 1:1 Charge ratio, 1 wt% polymer loading. 
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The effect of ionic strength on the polymer weight fraction in the complex phases 

is shown in Figure 2.6. In the absence of added NaCl, four of the complex phases have 

polymer fractions close to 30%, while PMOETAC-13 (Fig. 2.6d) surprisingly shows the 

highest polymer fraction (38%). Increasing ionic strength causes a weakening of the 

electrostatic interactions between the chains and allows the complexes to swell. This 

swelling increases the complex yield but decreases the polymer fraction in the complex 

phase. All of the complexes show a steady decrease in polymer fraction as the ionic 

strength is increased. The complex made with PDADMAC-20 shows little change in 

complex yield between 0 and 150 mM NaCl, while the complexation efficiency and 

polymer fraction are steadily dropping in this range. This reveals that any swelling of this 

complex with increasing ionic strength is offset by the dissolution of some of the chains, 

plausibly those of lower molecular weight. The complexes made with polycations of 

higher MW have more electrostatic interactions per chain and thus higher ionic strength 

is needed to dissolve the complexes. The greater resistance to dissolution of the 

PMAANa/PMOET AC complexes may be a result of more efficient complexation due to 

the greater accessibility of the ammonium ions borne on the side chain in PMOETAC 

compared to the main chain of PDADMAC. 
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Figure 2.6: Polymer fraction in the complex phase as a function of ionic strength for 

complexation of PMAANa with a) PDADMAC-20 or b) PDADMAC-150, c) 

PDADMAC-450, d) PMOETAC-13 or e) PMOETAC-300. 1:1 Charge ratio, 1 wt% 

polymer loading. 

The effect of ionic strength on complexes formed at non-stoichiometric charge 

ratios was also examined. The complexation efficiency for a PMAANa/PMOETAC-300 

complex prepared at a 1: 1 charge ratio (50 mol% MAANa) rose only slightly when the 

ionic strength was raised from 0 to 300 mM (curve e, Figure 2.5). However, there is a 

more dramatic increase in efficiency for non-stoichiometric mixing ratios (Figure 2.7). 

For example, the efficiency at a 3:1 ratio (75 mol% MAANa) is doubled from 23.8% at 0 

mM to 49-51 % in the presence of 100 to 300 mM NaCL For all non-stoichiometric ratios 

at I = 300 mM, the efficiency nears or exceeds the value expected for quantitative 

formation of a 1: 1 complex and loss of the associated small ions (NaCl). As mentioned, 

increased ionic strength can allow rearrangement of non-stoichiometric soluble 
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complexes and reduction of the colloidal stability of the initially formed complexes, both 

of which can lead to greater amounts of macroscopic phase separation. Complexation 

efficiencies slightly in excess of the "maximum" line in Figure 2.7 may result from the 

presence of small ions and/or more than one equivalent of the excess polyelectrolyte 

within the complexes. The complex yield and complexation efficiency for non-

stoichiometric PMAANa/PDADMAC-20 complexes was also found to increase in the 

presence of 100 mM NaCl (data not shown). 
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Figure 2.7: The effect of ionic strength on PMAANa/PMOETAC-300 complexation 

efficiency at various charge ratios for 1 wt% polymer loading. Added NaCl: a) 0 mM, b) 

100 mM, c) 200 mM and d) 300 mM. Also shown is the curve (e) for "maximum" 

efficiency if there were quantitative formation of 1: 1 complex and loss of associated 

small ions (NaCl). 
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2.3.5 Polymer loading: 

The total polyelectrolyte concentration also plays an important role in 

complexation. Low polyelectrolyte loadings often result in soluble complexes with little 

or no macroscopic phase separation. Phase separation becomes dominant at higher 

concentrations, but at still higher polymer concentrations, phase separation can disappear. 

The range of polymer concentrations in which phase separation is observed, depends on 

factors such as the nature and MW of the polyelectrolytes, temperature and the 

contribution to ionic strength, I, due to small ions. For gelatin/acacia at a 1: 1 charge ratio 

and I = 0, coacervation was observed only when the total polyelectrolyte concentration 

was between 0.5 and 14% (w/v).28 In a study closely related to the present one, the 

complexation of PDADMAC and poly(acrylic acid, sodium salt) was examined as a 

51function of mixing ratio, total polymer concentration and polymer MW. 50
• For most of 

the MWs studied, phase separation was observed at polymer concentrations up to about 

13.2%, and then disappeared to give a macroscopically homogeneous one-phase system. 

The transition to a one-phase system was thought to be due to reaching a critical ionic 

strength for this polyelectrolyte pair. 

The effect of polymer loading was explored here for complexes formed by 

PMAANa with PDADMAC or PMOETAC of different MW. At lower polymer loadings 

(<5% wt%), the complex yields increase with loading and were independent of 

polycations (Figure 2.8). Each of the systems exhibited upward curvature of the yield 

versus loading plot, without a corresponding increase in complexation efficiency (data 

not shown). For PDADMAC-20 and -450, an increase in loading from 1 to 8% causes 11

and 20-fo ld increases in complex yield, respectively, while the complexation efficiency 
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either drops (from 70 to 57% for PDADMAC-20) or shows only a small increase (76 to 

82% for PDADMAC-450). Thus, the dramatic increase in complex yield at higher 

loading is due to swelling of the complexes. The most pronounced increase in complex 

yield with loading is seen for the PMAANa/PDADMAC- 450 system, the system that had 

shown the greatest swelling in response to added NaCl (Figure 2.4). 
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Figure 2.8: Complex yield as a function of total polymer loading for complexation of 

PMAANa with a) PDADMAC-20, b) PDADMAC-450, c) PMOETAC-13 , d) 

PMOETAC-300 and e) PMOETAC-770. Charge ratio = 1:1, no added NaCl. 

Figure 2.9 shows that polymer content in the complex and supernatant phases 

rapidly converges as the total polymer loading approaches the critical value of 9.5 wt% 

for PMAANa I PDADMAC-20, or 12 wt% for PMAANa I PDADMAC-450, where 

visible phase separation disappears (dashed line, Figure 2.9). These critical polymer 

concentrations for transition to a macroscopic one-phase system are somewhat lower than 

the 13.2 wt% observed for the closely related poly(acrylic acid, sodium salt)/PDADMAC 

51system50
• likely because of the low MW of PMAANa (5.4 kDa). In approaching the 

critical loading, the PDADMAC- 450 complex yields continues to increase while the 
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complex yield for the PDADMAC-20 complex plateaus, as it more easily dissolves in the 

supernatant. At 9 and 11 .5 wt% loading, the highest loadings to show phase separation 

for PDADMAC-20 and -450, respectively, both complex phases have polymer fractions 

of 14%. However, only 44% of the total polymer, most likely the higher MW fraction, is 

in the PDADMAC-20 complex compared to 92% for PDADMAC-450. Similar behavior 

was observed for these two systems in response to added salt (Figures 2.4-2.6). The 

curves for PMOETAC (Fig. 2.9, curves c, d, e) suggest the presence of a critical polymer 

loading closer to 20 wt%. 

The decreasing polymer fraction in the complex leads to a corresponding decrease 

in the viscosity of the complex phase, similar to the effects seen for addition of NaCl. For 

example, the PMAANa/PDADMAC- 450 complexes gradually change from a gel to a 

free flowing liquid coacervate as the loading is increased from 1 to 11.5 wt%. 
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Figure 2.9: The polymer fraction in the complex (closed symbols) and the supernatant 

(open symbols) as a function of the total polymer loading for complexation of PMAANa 
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with a) PDADMAC-20, b) PDADMAC-450, c) PMOETAC-13, d) PMOETAC-300 and 

e) PMOETAC-770. Charge ratio= 1: 1. 

Complex phases near their critical loading were also found to exhibit a dramatic 

temperature sensitivity. For instance, the PMAANa/PDADMAC-450 complex phase 

formed at 20 °C and 11.5 wt% total polymer loading was separated from the supernatant 

and then heated in a sealed tube. The clear liquid complex turned cloudy nearly 

immediately and when left overnight at 62 °C, separated into two layers with relative 

volumes of complex: supernatant - 60:40. The more concentrated complex phase was 

noticeably more viscous even at 62 °C than the initial complex at 20 °C. Similarly, the 

PMAANa/PDADMAC-20 solution formed at 9.5 wt% loading showed no phase 

separation at room temperature but separated into two phases with relative volumes of 

complex:supernatant of approximately 25:75 when heated to 62 °C. Figure 2.10 below 

illustrates the increasing phase separation upon heating of solutions containing 11.5 and 

12 wt% PMAANa/PDADMAC-450, respectively. 

Dissolution or hydration of the complexes exposes more hydrophobic portions of 

the polymer chains to water. The entropic penalty associated with hydrating these 

hydrophobic portions is greater at higher temperatures and the system responds by 

undergoing phase separation and dehydration, presumably to allow some of the 

hydrophobic groups to associate with each other. Temperature has been seen to affect 

complexation in other studies but the nature of this effect depends strongly on the system 

being studied. The yield of gelatin/albumin coacervation was increased at lower 

temperatures presumably because higher temperatures caused the loss of some 

electrostatic interactions. 28 Conversely, soluble complexes made from PDADMAC and 
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PMAANa where the polyelectrolytes bore poly(ethylene glycol) grafts or blocks 

exhibited cloud points, and in some cases macroscopic phase separation, when heated. 52 

The temperature induced phase separation of the polyelectrolyte complexes examined in 

the present work might be useful in applications such as encapsulation, or purification via 

complexation. 
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Figure 2.10: The effect of temperature on the PMAANa/PDADMAC-400 complexes 

formed at a) 11.5 wt% and b) 12 wt% total polymer loading. 

2.3.6 The Effect of Co-Monomers: 

The nature of the complex and the efficiency of complexation are also influenced 

by the composition of the polyelectrolytes. Polymer properties such as charge density, 

hydrophobic/hydrophilic balance and molecular weight can all be controlled through the 

selection of co-monomers and polymerization conditions. In addition, it may be possible 
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to adjust complex properties such as the colloidal stability or binding to surfaces through 

the introduction of appropriate chemical groups. 

Two polyanions of differing hydrophobic/hydrophilic balance were prepared by 

free radical copolymerization of methacrylic acid (MAA) with either 5 molo/o lauryl 

methacrylate (LMA) or 30 molo/o poly(ethylene glycol) methyl ether methacrylate 

(PEGMA). Following isolation and characterization of the copolymers, the MAA in the 

copolymers was neutralized by the addition of NaOH to give the two polyanions, 

P(MAANa-co-LMA)[95 :5] and P(MAANa-co-PEGMA)[70:30]. In Figures 2.11 and 

2.12, the complex yields and complexation efficiencies of these copolymers is compared 

with those of the parent polyanion, PMAANa. The polyanion containing 5 mo!% of the 

hydrophobic LMA shows slightly higher yield and efficiency than the parent PMAANa 

over the range of ionic strengths and polymer loadings investigated. The polyanion that 

bears the uncharged, hydrophilic PEG groups shows much lower efficiency than the other 

two polyanions and no complex is formed when the ionic strength is increased by the 

addition of 100 mM NaCl or by raising the polymer loading to 4 wt%. The presence of 

PEG side chains has been shown previously to enhance the colloidal stability of soluble 

53 54polyelectrolyte complexes and hinder macroscopic phase separation. 52
, , 
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Figure 2.11: The effect of total polymer loading (wt%) on the A) complex yield and B) 

complexation efficiency for the complex formed between PDADMAC-20 and a) 

PMAANa, b) P(MAANa-LMA)[95:5] and c) P(MAANa-PEGMA)[70:30]. Charge ratio 

= 1:1. 
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Figure 2.12: The effect of ionic strength on A) complex yield and B) complexation 

efficiency for the complex formed between PDADMAC-20 and a) PMAANa, 

b)P(MAANa-LMA)[95:5] and c) P(MAANa-PEGMA)[70:30]. Charge ratio = 1:1. 

As well as influencing the efficiency of complexation, these groups can alter the 

nature of the complex. Complexes made from the PEGMA-containing polymer had 

higher water content. At 1 % polymer loading the complex formed from P(MAANa-co-

PEGMA) had a polymer fraction of 18%, while the complexes made from the other two 
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polyanions had polymer fractions of 29-30%. The introduction of a hydrophilic co

monomer such as PEGMA might be used to obtain a coacervate under conditions where 

the parent polyelectrolytes would give a gel or solid complex. 

2.3. 7 Encapsulation of Oils with Complex Coacervates: 

Bungenberg De Jong 27 was the first to encapsulate hydrophobic liquid droplets 

with a coacervate, and complex coacervates have now been used to encapsulate oils or 

solids for a number of applications. The polar coacervate walls can protect volatile oils 

from evaporation. Consequently, model experiments were undertaken to examine 

whether coacervates of the type studied in this work could be used to coat the surface of 

hydrophobic oils. 

Methyl benzoate was dispersed with an overhead stirrer in a PMOETAC-300 

solution before PMAANa was added. The mixture contained 325 mM added NaCl at 

which ionic strength the PMAANa/PMOETAC complex exists as a liquid coacervate. 

Optical microscopy showed the presence of coacervate droplets and capsules where the 

coacervate coats both methyl benzoate droplets and air bubbles (Figure 2.13). To be 

useful for encapsulation, the coacervate coating would need to be gelled, either physically 

or chemically. One means of gelling the PMAANa/PMOETAC capsule would be to 

reduce the ionic strength following encapsulation by diluting the solution. At reduced 

ionic strength (200 mM or lower, for example), the complex would become a gel (see 

Figure 2.lb). 
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Figure 2.13: Optical microscopic image of methyl benzoate encapsulated with a complex 

made from PMAANa/PMOETAC-300 at a 1: 1 charge ratio. Polymer loading: I%, ionic 

strength: 325 mM. 

2.3.8 Encapsulation and Cross/inking of the Capsule Walls: 

The use of synthetic polyelectrolytes allows the introduction of reactive groups 

that may be used to crosslink the polyelectrolyte complex during or after encapsulation.43 

Towards this end, a polyanion containing acetoacetate groups, P(MAANa-co

MOEAA)[70:30] , was combined with PMOETAC-300 (1.05 :1 mixing ratio) and used to 

encapsulate paraffin oil giving capsules similar to those shown in Figure 2.13. There was 

no appreciable change in the appearance of the capsules when a small amount of 2 wt% 

aqueous poly(ethyleneimine) (PEI) was added to the stirred capsule suspension (Figure 

2.14a). PEI is a branched polyamine with a net cationic charge that would be attracted to 

the anionic complex. The free amine groups of PEI may react with acetoacetate groups 

on the polyanion chains to form covalent cross-links as shown in Scheme 2.2. The 

capsules formed before PEI treatment disappeared when exposed to a 4 wt% NaCl 
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solution since the complex is held together by electrostatic interactions only. The PEI-

treated capsule walls survived the NaCl challenge (Figure 2.14b) showing that the walls 

were chemically cross-linked. 

a 0 
0-o 

500 µm 500 µm 

Figure 2.14: Optical microscopic image of paraffin oil encapsulated with a complex made 

from P(MAANa-co-MOEAA)/PMOETAC-300 at a 1.05:1 charge ratio and an ionic 

strength of 375 mM: a) after cross-linking with PEI, and b) after addition of excess 4% 

NaCl (684 mM). 
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Scheme 2.2: Reaction between acetoacetate and amme groups to form crosslinked 

polyelectrolyte complex. 
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The polyelectrolyte complexes formed between PMAANa and PDADMAC or 

PMOETAC may prove useful for LBL assembly, encapsulation, protein purification, or 

other applications because of the ability to a) vary the complex nature by changing 

polymer properties and/or complexation conditions, and b) covalently crosslink the 

complexes. We are planning to use these and similar approaches for the encapsulation of 

live cells used in enzyme-replacement therapy. 

2.4 Conclusion 

Polyelectrolyte complexes formed between poly(methacrylic acid, sodium salt) 

(PMAANa) and poly(diallyldimethylarnmonium chloride) (PDADMAC) or poly([2

(methacryloyloxy)ethyl]trimethylarnmonium chloride) (PMOETAC) were shown to form 

gels, liquids or soluble complexes, depending on the conditions used. Liquid coacervates 

were favoured by higher ionic strength, whether from added NaCl or from higher 

polymer loading, and by using polyelectrolytes of lower molecular weight. 

Complex yield was greatest when 1 : 1 charge ratios were used. In the absence of 

added salt, all of the complexes formed at 1 wt% polymer loading had similar yields, 

efficiencies and polymer fractions. As the ionic strength of the solutions was increased, 

the complexes underwent swelling and eventually dissolved. The ionic strength at which 

dissolution occurred was greater for polyelectrolytes of higher molecular weight, and for 

PMOETAC compared to PDADMAC. Likewise, when polymer loading was increased, 

the complexes became more swollen and above a critical loading, no macroscopic phase 

separation was observed for the complexes made with PDADMAC. The polyelectrolyte 
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complexes formed near the critical loading were found to be temperature sensitive, 


exhibiting cloud points or de-swelling when heated. 

When some of the carboxylate groups of PMAANa were replaced with 

hydrophobic lauryl (dodecyl) groups, the complex with PDADMAC was formed in a 

slightly higher yield and showed greater resistance to increasing ionic strength. When 

some of the carboxylates were replaced with hydrophilic but neutral poly(ethylene 

glycol) side-chains, the complex with PDADMAC was formed in much lower yield and 

showed much lower resistance to ionic strength. Two polyelectrolyte systems that gave 

liquid complexes (coacervates) were used to encapsulate hydrophobic oils and, in one 

case, the cross-linking of the resulting capsule walls was demonstrated. The ability to 

vary the nature of the complex by varying ionic strength, polymer MW, polymer loading 

or temperature might be useful in encapsulation, protein purification, or other 

applications. 
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Abstract 

Self-cross-linking polyelectrolytes are used to strengthen the surface of calcium 

alginate beads for cell encapsulation. Poly([2-(methacryloyloxy)ethyl] trimethyl 

ammonium chloride) containing 30 molo/o 2-aminoethyl methacrylate, and poly(sodium 

methacrylate) containing 30 molo/o 2-(methacryloyloxy)ethyl acetoacetate, were prepared 

by free radical polymerization. Sequential deposition of these polyelectrolytes on 

calcium alginate fi lms or beads led to a shell consisting of covalently crosslinked 

polyelectrolyte complex that resisted osmotic pressure changes as well as challenges with 

citrate and high ionic strength. Confocal laser fluorescence microscopy revealed that both 

polyelectrolytes were concentrated in the outer 7 to 25 micrometer of the calcium 

alginate beads. The thickness of this crosslinked shell increased with exposure time. GPC 

studies of solutions permeating through analogous flat model membranes showed 

molecular weight cut-offs between 150 and 200 kg/mol for poly(ethylene glycol), 

suitable for cell encapsulation. C2C 12 mouse cells were shown to be viable within 

calcium alginate capsules coated with the new polyelectrolytes, even though some of the 

capsules showed fibroid overcoats when implanted in mice, due to an immune response. 
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3.1 Introduction 

Cell encapsulation is a process by which live cells are entrapped within semi

2 3 4 5 6permeable matrices or membranes for biomedical applications. 1 
• • • • • Cells to be 

encapsulated can be designed to express therapeutic proteins. 7•
8 As their use involves 

implantation into the host's body, often the peritoneal cavity, non-autologous cells 

require encapsulation that isolates them from the host's immune system, while permitting 

metabolic exchange and release of therapeutic proteins. 9 These capsules need to be 

compatible with both host and implanted cells and should not degrade in vivo . This 

requires capsule walls with molecular weight (MW) cut-offs of about 150 kDa, and 

ideally some form of crosslinking to strengthen the shell against biochemical and 

mechanical degradation. 

The most common approach to such cell-encapsulation for immuno-isolation 

involves alginate-poly(L-lysine )-alginate (APA) microcapsules as first described by Lim 

and Sun.9 Alginate is a natural polysaccharide consisting of ~-D-mannuronic acid (M) 

and a-L-guluronic acid (G) residues (Scheme 3.1) that can be ionically crosslinked by 

calcium ions through the G-rich regions of the alginate chains. These beads are coated 

with poly(L-lysine) (PLL) in order to strengthen the outer bead surface and control 

permeability, 10 followed by coating with a final layer of alginate to hide the cationic PLL 

from the host4 and thus make the capsules biocompatible. While these AP A capsules 

meet many of the requirements for immuno-isolation of cells implanted into mice, 11 they 

have shown insufficient strength when implanted into larger animals such as dogs, and 

presumably, humans. 12 This may be due to slow loss of calcium or the polyelectrolyte 

overcoats. 
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Approaches to strengthen these microcapsules include the use of barium ions, 

which results in stronger microcapsules 13 though at the possible cost of some 

neurotoxicity. 14 A range of other alginate-based systems have been explored, including 

ultrahigh viscosity alginate, 15 (Alg-cellulose sulfate )-poly(methylene-co-guanidine ), 16 

Alg-chitosan, 17 Alg-PLL-poly(acrylic acid), 18 Alg-poly(L-ornithine)-Alg, 19 Alg-PLL

poly( ethylene glycol), Alg-chitosan-poly( ethylene glycol), and Alg-PLL-poly( ethylene 

glycol)-Alg.20 

Fully synthetic systems such as poly(hydroxyethyl methacrylate-co-methyl 

methacrylate) (p(HEMA-co-MMA),21 and polyphosphazene,2 have been used as wall 

formers as well, though there are no in vivo results avai lable for p(HEMA-co-MMA) 

capsules, and polyphosphazenes have been shown to elicit an immune response.22 

Crosslinking of Alg-chitosan capsules with glutaraldehyde or carbodiimide was 

shown to improve their mechanical strength,23 though these small-molecule crosslinkers 

raise serious toxicity issues. Photopolymerization of monomer-functionalized alginate,24
' 

25 26 21 28 f . h. h l · 29 30 d h h l' ' ' or o monomers wit m t e a gmate core, ' was use to strengt en t e capsu es, 

though irradiation and the presence of photoinitiator and monomers again posed 

challenges to the encapsulated cells. Recently, Halle and coworkers31
•
32 studied APA 

microcapsules in which a photoactivated crosslinker was used to covalently link the PLL 

chains with other PLL chains and with adjacent alginate chains, in both the surface of the 

core and the outer coating. These capsules displayed greatly improved mechanical 

stability while maintaining the cell viability and permeability of standard AP A capsules. 
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In this paper, formation of a self-crosslinked polyelectrolyte skin on flat calcium 

alginate (Ca-Alg) model gels and around Ca-Alg beads is examined. This approach is 

based on crosslinking through complementary reactive groups attached to two oppositely 

charged polyelectrolytes. Being polymer-bound, these reactive groups should not pose a 

toxicity concern to either cells or host. The reactive polyelectrolytes used here are based 

33 34 on commonly used methacrylates.2 1 
• • Their structures, along with those of sodium 

alginate (Na-Alg) and PLL, are shown in Scheme 3.1. The polycation p(MOETAC-co

AEMA) (C70, a 70/30 mole ratio copolymer of [2-(methacryloyloxy)ethyl] trimethyl 

ammonium chloride and 2-aminoethyl methacrylate) and polyanion p(MAANa-co

MOEAA) (A 70, a 70/30 mol ratio copolymer of sodium methacrylate and 2

(methacryloyloxy)ethyl acetoacetate) bear amino and acetoacetate groups, respectively, 

that undergo a rapid covalent crosslinking reaction35 once the polyelectrolytes are 

brought together by electrostatic interactions as shown in Scheme 3.1. Sequential coating 

of Ca-Alg beads with these polyelectrolytes (Scheme 3.2) should lead to a permanently 

crosslinked yet permeable polyelectrolyte skin. 
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Scheme 3, 1: Natural and synthetic polyelectrolytes used to prepare coated capsules. 
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Scheme 3.2: Formation of crosslinked shells on Ca-Alg capsules by sequential coating 

with self-crosslinking polyelectrolytes having complementary reactive groups, amino 

(C70) and acetoacetate (A 70). 

3.2 Experimental 

3.2.1 Materials: 

Na-Alg (Keltone LV, 428 kg/moi29
) was a gift from the Nutrasweet Kelco 

Company (San Diego, CA). MOETAC (75 wt% solution in water), AEMA (90%, as HCl 

salt), methacrylic acid (MAA, 99%), MOEAA (95%), PLL (hydrobromide salt, M11 = 15

30 kg/mol), 2,2' -azobis(2-methylpropionamidine) dihydrochloride (97% ), fluoresce in 

isothiocyanate (FITC, 90%), 2-(cyclohexylamino)ethanesulfonic acid (CHES), sodium 

chloride, sodium citrate, calcium chloride, sodium nitrate and trypan blue stain (0.4% in 

0.85% saline) were purchased from Sigma-Aldrich (Oakville, ON), and were used as 

received. 2,2'-Azobis(isobutyronitrile) (AIBN) was received as a gift from Dupont 

(Mississauga, ON) and used as received. Ethanol, acetone, N,N-dimethylformamide 
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(DMF) and anhydrous ethyl ether from Caledon Laboratories (Caledon, ON), sodium 

dihydrogen orthophosphate from BDH (Toronto, 0 ), ethylenediaminetetraacetic acid, 

disodium salt (EDT A) from Anachemia (Montreal, QC) and serum free media (SFM) 

from Gibco (Mississauga, ON) were used as received. Sodium hydroxide and 

hydrochloric acid solutions were purchased as concentrates from Anachemia Chemical , 

and were prepared by diluting to 1.000 or 0.100 M with deionized water. 

3.2.2 p(MOETAC)(C100) and (p(MOETAC-co-AEMA)[70:30],(C70): 

The preparation of ClOO (Mw 300 kg/mol) was described previously.36 C70 was 

prepared in a similar fashion. MOETAC (5.59 g, 26.9 mmol) , AEMA hydrochloride 

(2 .13 g, 12.8 mmol) and 2,2'- azobis(2-methylpropionamidine) dihydrochloride (0.209 g, 

0.77 mmol, 2 mol% relative to monomer) were dissolved in 75 mL deionized water in a 

125 mL high-density polyethylene (HDPE) screw-cap bottle. The solution was bubbled 

with nitrogen for several minutes, the bottle sealed and heated at 60 °C for 24 hours while 

being rotated (15 rpm) to provide mixing. The polymer was isolated by precipitation in 

acetone (1 L) and then dried to a constant weight in a vacuum oven at 50 °C. Yield: 6. 35 

g (83%). Alternatively, the polymer was purified by dialysis in cellulose tubing (12 

kg/mol MW cut-off, Spectrum Laboratories) with deionized water maintained at pH 5 by 

the addition of HCl followed by freeze-drying. Yield: 6.88 g (90 %). The C70 purified by 

dialysis was used in the permeability study and for any capsules that included cells or 

were implanted. 
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3.2.3 p(MAANa) (A100) and p(MAANa-co-MOEAA)[70:30] (A70) : 

The preparation of A 70 has been described36 and A 100 was prepared in a similar 

manner. MAA (5.00 g; 58 mrnol) and AIBN (95 mg; 0.58 mrnol) were dissolved in 

ethanol (45 mL) in a 60 mL HDPE bottle, bubbled with nitrogen, and then heated at 60 

°C for 24 h while the bottle was rotated at 4 rpm to provide mixing. PMAA was isolated 

by precipitation in ether (500 mL), washed with ether and dried to constant weight at 50 

°C in a vacuum oven. Yield: 4.81 g (96%). A70 and AlOO solutions were prepared by 

neutralizing the MAA-based polymers with a stoichiometric amount of IM NaOH and 

then diluting to the desired polymer concentration. 

3.2.4 FITC-labelled polymers, C70f and A 70f: 

C70 (0.108 g, 0.17 mmol AEMA) was dissolved in 10 mL water in a 20 mL glass 

vial. The pH was adjusted to 9 by adding O. lM NaOH. FITC (0.010 g, 0.026 mmol) 

dissolved in 1 mL DMF was added to the polymer solution under stirring. The mixture 

was stirred for 1 hour at room temperature (20 °C). The FITC-labelled copolymer C70f 

was dialysed against deionized water using cellulose membranes (3.5 kg/mol MW cut

off, Spectrum Laboratories) . The resulting polymer solution was freeze -dried, and the 

polymer dried further to constant weight in a vacuum oven at 50 °C. A70f, FITC-labelled 

A70, was prepared in a similar fashion by treating 0.118 g of A70 (0.26 mrnol MOEAA) 

with 0.010 g FITC (0.026 mrnol) for 24 hat 20 °C. Final label contents were determined 

by UV/Vis spectroscopy, and were 1.7 and 0.3 mo!% of the total monomer units for C70f 

and A 70f, respectively. 
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3.2.5 Characterization: 

The compositions and/or pKa values of C70, A 100 and A 70 were determined by 

potentiometric titration. Accurately weighed samples were dissolved in about 30 mL of 

deionized water for C70 and PMAA, or 1: 1 methanol/water for p(MAA-co-MOEAA). A 

small volume (0.5-1 mL) of 0.1 M HCl was added to the solution to ensure complete 

protonation of the primary amine or carboxylic acid groups before titration with 0.100 M 

NaOH in a PC Titrate automatic titrator (Man Tech Associates). The titration curves 

showed two endpoints, one for excess HCl and one for the polymer-bound groups. The 

pKa was taken as the pH at the midpoint (0.5 eq NaOH) of the titration curve for the 

polymer-bound groups. 

The degree of labelling with FITC was measured by UV-Vis spectrophotometry, 

using a Varian Cary 50 BIO UV-Vis Spectrophotometer. 

Optical microscope images of complexes, capsules and microspheres were taken 

using an Olympus BX51 optical microscope fitted with a Q-Imaging Retiga EXi digital 

camera and ImagePro software. Phase contrast microscope images were taken using a 

Wild M40 microscope. 

A Confocal laser scanning imaging system equipped with an Argon-ion laser and 

a Nikon microscope using EZ-Cl software, version 1.50, was used to investigate the 

distribution of FITC labeled polycation and polyanion in the microcapsules. 

3.2.6 MW Determination: 

The MW of A 100 was determined with a gel permeation chromatography system 

consisting of a Waters 515 HPLC pump, Waters 717 plus Autosampler, three columns 
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(Waters Ultrahydrogel-120, -250, -500; 30 cm x 7.8 mm; 6 µm particles) and a Waters 

2414 refractive index detector. The columns were maintained at 35 °C and the system 

was calibrated with narrow-dispersed PEG standards (Waters, Mississauga, ON). 

Samples were eluted at a flow rate of 0.80 mL/min with a mobile phase consisting of 0.3 

M sodium nitrate in phosphate buffer (pH 7) prepared by dissolving 27.6 g monosodium 

phosphate, 101.98 g sodium nitrate, and 4.66 g sodium hydroxide in 4.0 L of HPLC grade 

water. The pH was adjusted to 7 with 1 M NaOH. The AlOO solution (1 %) for analysis 

was prepared by adding a stoichiometric amount of 1 M NaOH to the PMAA precursor 

followed by dilution with the mobile phase. 

An Ubbelohde viscometer (viscometer constant: 0.00314 cSt/s), was used to 

determine the MW of C70 dissolved in 1 M NaCl at 20.0 ± 0.1 °C. Prior to the 

measurements, all stock solutions were filtered through a 0.45 µm membrane filter. The 

intrinsic viscosity [11] was calculated by extrapolation of the Huggins plot (11 sp/c vs. c) to 

zero concentration. The polymer MW was calculated from the intrinsic viscosity using 

the relationship [11] = KM0 with values for Kand a found in the literature.37 

3.2.7 Spin Coating: 

Planar films of Na-Alg, Ca-Alg and polyelectrolyte-coated Ca-Alg were prepared 

with a spin coater (Model EClOl, Headway Research Inc.). 1 mL of 1.5 %(w/v) Na-Alg 

was placed onto a pre-weighed glass cover slide (2.5 cm x 2.5 cm), and spun for 30 

seconds at 400 RPM. The resulting Na-Alg films were immediately coated with 1 mL of 

1. 1% calcium chloride, and allowed to gel for different lengths of time before the excess 

solution was again removed by spinning at 400 RPM for 30 seconds. The resulting Ca
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Alg film was washed by placing 1 mL of saline on the film for 30 seconds and then 

spinning at 400 rpm for 30 seconds. Subsequently, 1 mL of 1 w% C70 was placed on the 

Ca-Alg film for 10 seconds, followed by spinning ( 400 RPM, 3 0 s) and then a saline 

wash as described above. An A 70 coating was added in analogous fashion using 1 w% 

A 70. The cover glass was weighed within 10 ± 5 seconds of each coating step to 

determine the weight of the film . 

3.2.8 Preparation and Coating of Ca-Alg Beads: 

Ca-Alg beads were prepared and coated as described previously.8
•
12 A 1.5% 

aqueous solution of Na-Alg was filtered through sterile 0.45 µm Acrodisc syringe filters 

(Pall Corp., USA). A modified Sage syringe pump (Orion/Thermo Electron) was used to 

extrude the alginate solution at a rate of 99.9 mL/hr through a 27-gauge blunt needle 

(Popper and Sons), with a concentric airflow ( 4 L/min) used to induce droplet formation. 

The droplets were collected in gelling bath (1 Ox alginate volume) consisting of 1.1 % 

calcium chloride and 0.45% NaCl causing the formation of Ca-Alg beads. These beads 

were washed in sequence with four-fold volumes, relative to the concentrated bead 

suspension, of a) 1.1 % CaCh, 0.45% NaCl for 2 minutes; b) 0.55% CaCh, 0.68% aCl 

for 2 minutes; c) 0.28% CaCh, 0.78% NaCl for 2 minutes; d) 0.1% CHES, 1.1% CaCh, 

0.45% NaCl for 3 minutes; e) 0.9% NaCl for 2 minutes and then stored in saline. 

APA capsules were prepared by exposing Ca-Alg beads (3 mL) to 0.05% PLL in 

saline ( 10 mL) for 6 minutes and washing them in sequence with 12 mL of wash 

solutions d), a) and e) above. The beads were then coated with 0.03% (w/v) a-Alg (10 

mL) in saline for 4 minutes followed by three washes with 0.9% saline (12 mL). Coating 
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with C70 and A 70 was performed in a similar fashion except that a variety of 

concentrations and exposure times were explored. Unless otherwise specified, standard 

C70 and A 70 coatings were prepared with 0.5% solutions of C70 and A 70 and exposure 

times of 10 min. 

3.2.9 Mechanical Stability: 

The mechanical stability of capsules and beads was tested by agitating the beads 

in the presence of hypotonic or calcium chelating solutions. The osmotic pressure test 

(OPT)38 utilized six hypotonic solutions containing 0.52%, 0.78%, 1. 19%, 1.52%, 3.25% 

and 6.50% SFM in water, with corresponding osmolarities of 1.9, 2.8, 4.2, 5.6, 11.1 , 21.3 

mOsm, respectively. 100 µL of capsule suspension (~200 microcapsules) and 10 mL of 

hypotonic solution were placed in a 15 mL polypropylene conical tube, and then agitated 

for 3 hrs on an orbital mixer at 30 rpm. The capsules were stained with trypan blue and 

transferred to glass Petri dishes on a light box. The percentage of intact capsules was 

determined by direct visual inspection or from an image taken with a digital camera. 

Experiments were conducted in triplicate . In the calcium chelation test, the 100 µL 

capsule suspension was exposed to 10 mL of water or 0.03% EDT A solution while being 

agitated for 15 min before analysis as described for the OPT. 

3.2.10 Permeability Studies: 

Permeabilities of flat model AP A and AC70A 70 films were determined using a 

two-compartment Teflon diffusion cell where the compartments were separated by an 

APA film, or by a C70/ A 70 coated calcium alginate film, supported on a porous, 

100 




polypropylene support membrane (a gift from 3M Centre, St. Paul, MN; 4x4 cm, average 

pore size - 5 µm). The base calcium alginate membrane was prepared by immersing the 

support membrane in 1.5% Na-Alg, then 1.1 % CaCb for 10 min followed by three saline 

washes. The membrane was then mounted in the diffusion cell and coated on one side by 

exposure to 1) polycation solution (0.05% PLL or 0.5% C70) for 6 min, 2) three saline 

washes, 3) polyanion solution (0.03% Na-Alg or 0.5% A70) for 4 min, and 4) three saline 

washes. A mixture of poly( ethylene glycol) samples with viscosity-average MWs of 100, 

200 and 300 kg/mol (Sigma-Aldrich, 0.1 % w/v each in saline) was placed into the source 

compartment, with an equal volume of saline loaded into the sink compartment. The 

assembly was maintained at room temperature (23 ± 2 °C) with stirring in both 

compartments for 24 hrs. Samples were taken from each sink side and analyzed by gel 

permeation chromatography (GPC) as described above except that the mobile phase was 

0.1 M NaN03. The samples from the sink compartments were concentrated by 

evaporation prior to analysis. 

3.2. 11 Cell Culture: 

The cell line used was a murine C2C12 myoblast cell line (American Type Culture 

Collection [ATCC] , Rockville, MD, USA; Catalogue No. CRL-1772). The cells were 

maintained in Dulbecco's Modified Eagle' s Medium (DMEM) supplemented with 10% 

fetal bovine serum (Gibco, Grand Island, NY, USA) and 100 U/mL penicillin and 100 

µg/mL streptomycin (Gibco, Grand Island, NY, USA) at 37 °C in a water-jacket 

incubator (5% C02, 100% humidity). 
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3.2. 12 Encapsulation of Cells: 

The cells were harvested, counted and centrifuged at 1000 rpm for 10 min at 4 °C. 

The supernatant was aspirated and the cells were re-suspended in ice cold normal saline. 

A known number of cells were centrifuged and resuspended in 50 µL of cold normal 

saline. Pre-filtered (0.45 µm) Na-Alg solution (1.5%, 5-20 mL) was added to the cells to 

produce a cell loading of 2 million cells/mL of solution. The cell suspension was mixed 

well and then transferred to a syringe for capsule preparation as described above. 

Polyelectrolyte solutions used for coating were filtered through 0.45 µm syringe filters 

prior to use. 

3.2.13 Cell Viability: 

The number of viable cells per capsule was determined with an Alamar Blue 

assay.39 100 µL of capsules were loaded in a 24-well plate with 500 µL media. 50 µL of 

Alamar Blue was added to each sample and the plate was incubated at 3 7 °C for 4 hours. 

After incubation, 100 µL of solution was taken from each well and placed in a microtiter 

plate. The fluorescence of each sample was read with a Cytofluor II fluorimeter, with an 

excitation wavelength of 530 nm and an emission wavelength of 590 nm. The number of 

viable cells was determined by comparing fluorescence values with a standard curve 

generated from a known number of cells. 

3.2.14 Implantation: 

Animals were treated in accordance with the Canadian Council on Animal Care 

Guide to the Care and Use of Experimental Animals. Freshly made capsules were kept in 
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the supplemented DMEM described above at 37 °C for 3 days before implantation in 

mice as described previously.8 Briefly, the mice were anaesthetized with isoflurane 

(Anaquest, Mississauga, ON, Canada) using a small-animal anaesthetic machine (Med-

Vet, Toronto, ON, Canada). Three mL of capsules suspended in normal saline (4 mL 

total) were implanted into the abdominal cavity of mice with an 18-gauge catheter 

(Angiocath, Mississauga, ON). For microcapsule recovery after implantation, mice were 

euthanized, the peritoneal cavity was opened and the capsules were scooped out with a 

spatula. The capsules were washed several times with normal saline before testing. 

3.3 Results and Discussion 

The use of the oppositely charged reactive polyelectrolytes C70 and A 70 (Scheme 

3. 1) to strengthen Ca-Alg microcapsules was examined, and compared with the more 

commonly used non-covalent coatings based on PLL I Na-Alg. The polyelectrolytes C70 

and A70, and their non-reactive analogs ClOO and AlOO, were prepared by conventional 

free-radical copolymerization (Table 3 .1 ). 

Table 3.1: Polyelectrolyte properties. 

Polyelectrolyte Composition MW (kg/mo!) pKa 
Na-Alg G: M = 40:603 428d 3.20/3.38 (G/M)g 

A70 MAA:MOEAA 42b 7.1 h 
70:30 (± 4)b 

AlOO 40e 7.2h/6.3i 
PLL 15-303 1o.sJ 
C70 MOETAC: AEMA 167f 7.3i 

70:30 (± 4t 

ClOO 300b 
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a) given by supplier, b) ref 36 
, c) MOETAC: AEMA determined by titration, d) ref 29

, e) 

Mn obtained from gel permeation chromatography data, f) Mw obtained from viscometry 

data, g) ref 40
, h) from titration in 50% methanol, i) from titration in water, j) ref 41 

. 

Polyelectrolyte complexes formed with the non-reactive analogs, C 100 and A 100, 

were shown earlier to dissolve when exposed to [NaCl] > ~500 mM.36 Complexes that 

included ClOO or AlOO dissolved rapidly in 2 M NaCl. In contrast, the C70/A70 gel 

complex formed by combining solutions of A 70 and C70 in a 1: 1 mole ratio swelled 

slightly in 2 M NaCl but did not dissolve. The survival of this complex at high ionic 

strength, where the electrostatic interactions are broken, is attributed to the formation of 

covalent cross-links. The C70/ A 70 complex survives with little change when challenged 

with 2 M NaCl within 1 min of formation, showing that the reaction between amine and 

acetoacetate groups in the complex is rapid at room temperature. Sequential deposition of 

C70 and A 70 on the surface of Ca-Alg model films and microcapsules should lead to a 

covalently crosslinked complex that is better able to resist environmental stresses. 

3.3.1 Ca-Alg Model Films Coated with C70/A 70: 

Flat Ca-Alg model films prepared by spin coating were sequentially coated with 

C70/A70 (multi) layers (Scheme 3.3) in order to better understand the polyelectrolyte 

interactions involved. The weights and thicknesses of these films at different stages of 

coating are shown in Table 3.2. 
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During the process oppositely charged polyelectrolytes served as the counter ion 

to build up the multilayer polyelectrolyte membrane. 

1.5.7 Moulding Method: 

In the moulding method, a warm (37 °C) solution of cells and a thermotropic 

polymer is cast into moulds with the desired shape, which is shown in Figure 1.8. After 

cooling, the gels can be removed and transferred to an appropriate buffer solution. The 

advantage of this method is the possibility of producing other shapes of gels than round 

beads, but it suffers from low efficiency and temperature limitations. However, in order 

to get suitable cell containing gel beads, the sensitivity of cells to heat should be taken 

into account. 

Cell poly mer hot 
suspension 

Gelled Beads 

Moulds 

a b c 

Figure 1.8: Schematic representation of entrapment of cells using moulds. a) The warm 

polymer-cell suspension solution is cast into moulds, b) after the gel setting time, c) 

entrapped cells are carefully taken out of the moulds, and then stored in a buffer solution. 
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1.6 Polyelectrolyte Complex: 

Polyelectrolytes are macromolecules that have charged or chargeable groups 

when dissolved in polar solvents like water. They dissociate into a macromolecular ion 

and small counter ions, similar to their cross linked analogs that have found much uses as 

ion exchange resins. Combining solutions of oppositely charged polyelectrolytes can lead 

to formation of layer- by-layer assemblies,34' 35' 37·38 soluble, 39 liquid coacervate,40 gel

like41 and even solid42' 43 polyelectrolyte complexes (PEC's) that in the latter three cases 

phase-separate from solution. Polyelectrolyte complexes have been widely used for a 

number of applications such as separation membranes, immobilization of enzymes or 

cells, drug carriers, gene delivery tools and protein purification. 

This complexation is driven by the gain of entropy of the small counter ions upon 

PEC formation. The resulting complex can be insoluble in water, organic or common 

solvents. In general, the stoichiometric composition of these polyelectrolyte complexes 

depends on the degree of dissociation of the two polyelectrolytes. The equilibrium water 

content can vary from 30 to 90% by weight.44 Possible combinations of polyelectrolyte 

complexes are strong polyacids-strong polybases, strong polyacids-weak polybases, weak 

polyacids-strong polybases, and weak polyacids-weak polybases. In general, the nature of 

the interactions, the properties of the polyelectrolyte complexes and the efficiency of 

complexation formed, depend on variables such as charge ratio, ionic strength, polymer 

concentration, pH, charge density, molecular weight, temperature and polymer 

37' 45structure. 

The layer-by-layer assembly, introduced by Decher et al in the early nineties, 34· 35 

involves the alternating immersion of substrates into dilute solutions of oppositely 
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charged polyelectrolytes (polyanions and polycations), produces multilayers on surfaces. 

It allows excellent control of the thickness and composition of the layers (roughness, 

wettability, and swelling behavior), by varying the conditions used to assemble the layers 

such as pH, ionic strength, polymer functionality, and polymer concentration.37 Although 

layer-by-layer assembly is normally applied to a wide variety of substrates differing in 

size, composition, and geometry, 46 it has potential for applications on hydrogel 

substrates. 

The formation of polyelectrolyte complexes is depicted in Figure 1.9. Strong 

polymer-polymer interactions can lead to precipitation of the complex. On the other hand, 

if the interaction is weak, the complexes often remain soluble. In between these two 

interactions, the solution can separate into two immiscible liquid phases, in a process 

called liquid coacervation (from latin, coacere: heaping together). One of the phases, the 

polymer-rich phase is called the coacervate phase, and the second, polymer-lean phase, is 

called the supernatant or equilibrium phase.47 

Strong PE interaction 
Pre ci pita te 

+ 
Above Moderate PE interaction + 

gel+ Mixing 
+ 
+ Moderate PE interaction 

liquid+ 

Weak PE interaction 
Poly Poly Primary complex Soluble 
cation anion 

Figure 1.9: Schematic representation of formation of polyelectrolyte complexes. 
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Coacervation can occur with a single polymeric species, and is then called simple 

coacervation. This is a liquid-liquid phase separation to form a condensed droplet rich in 

a single polymer species. It involves only one macromolecule and may result from the 

addition of a dehydrating agent that promotes polymer- polymer interactions over 

polymer solvent interactions. This polymer solvent interaction can be brought about by 

changes in temperature or solvent composition (pH, ionic strength, non-solvents). For 

example, the addition of alcohol to an aqueous solution of gelatin causes dehydration of 

the gelatin, leading to the formation of a simple coacervate consisting of a separate phase 

rich in gelatin.48 

Complex coacervation involves the interactions of two oppositely charged 

polyelectrolytes in aqueous media, where the charges are sufficiently large to activate 

interaction, but not large enough to cause precipitation.47 For this case, Piculill and 

Lindman 49 have recommended the term "associative phase separation" to replace 

"complex coacervation". One of the best-studied examples of complex coacervation is 

the gelatin-gum arabic system. 50 At pH around 4.6, gelatin has a net cationic charge due 

to its high lysine contents, and can hence form a PEC with the anionic gum acacia. These 

PECs are often covalently cross-linked with formaldehyde or glutaraldehyde. Complex 

coacervation is dependent on the molecular weight, charge density, concentration, 

hydrophobic/hydrophilic content of the polymer, and on the nature of the medium such as 

temperature, pH, ionic strength or the presence of non-solvents . Both coacervation 

processes have been extensively applied in the field of encapsulation, as well as for 

52 53 54protein separations.51
' ' ' 


Several examples of synthetic and natural coacervate systems are illustrated below: 
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Synthetic polyelectrolytes: 

Non-ionic thermo-responsive copolymers of 2-hydroxyethyl methacrylate and 2

hydroxyethyl acrylate undergo a liquid-liquid phase separation above the lower critical 

solution temperature in aqueous solutions, and have potential applications in 

ophthalmology.55 Similar liquid-liquid phase separation was observed by Miyazaki et al56 

for copolymers of N,N-dimethylamide-co-N-phenylacrylamide. Yin and St6ver57 studied 

for N, N- dimethylacrylamide-co- glycidyl methacrylate, Maeda et al58 studied for N

isopropylacrylamide-co-2-hydroxyisopropylacrylamide, and potentially they can be used 

in protein separation processes. 

Anionic polyphosphazenes can form micro droplets by NaCl induced simple 

aqueous coacervation. These micro droplets can be stabilized by the addition of CaClz to 

form hydrogel microspheres. This method is especially appealing for protein 

encapsulation. However, these hydrogel microspheres were not stable at very high or 

l 1 . 59 very ow sa t concentrations. 

Cationic polyacrylamide copolymers ( cPAM) above a certain MW can form 

coacervate complexes with amomc sulfonated Kraft lignin (SKL). Coacervation 

efficiency increases with increasing MW of cPAM. Below the cP AM critical molar mass, 

colloidal complexes form instead. 60 

Recently Wang et al61 prepared microcapsules by an in-situ coacervation method 

in which polyallylamine was adsorbed onto the polystyrene sulfonate doped CaC03 

microparticles, followed by cross-linking of the polyallylamine hydrochloride with 

glutaraldehyde and core removal in a solution of EDTA with or without polyallylamine. 
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Natural and mixed polyelectrolytes: 

Gelatin and gum arabic form a complex coacervate that can be covalently cross

linked with formaldehyde or glutaraldehyde to make stable microcapsules.50 

Ca-alginate gel beads can be coated with positively charged polymers such as 

poly-L-lysine, chitosan and others. However, the resulting electrostatically linked 

alginate/poly-L-lysine complex can be weakened by interactions with other charged 

molecules in the environment.62 Alginate and chitosan, like other polysaccharides, are 

furthermore vulnerable to a variety of degradation mechanisms, including redox 

degradation, and acid, alkaline and enzyme- catalyzed degradation.63 

Bovine serum albumin and cationic poly (diallyldimethyl ammonium chloride) 

(PDADMAC) can form coacervate complexes in specific pH region (6.5-7), depending 

on their stoichiometry as well as on the salinity.53 On the other hand, bovine serum 

albumin can form coacervates in presence of anionic polyelectrolytes such as sodium 

polystyrene sulfonate below pH 4 irrespective of varying ionic strength and protein 

polyelectrolyte ratio . However, this coacervation system is not efficient since a large 

fraction ( -50%) of the protein-polyelectrolyte complex is present in the supernatant after 

the coacervation. 64 

One goal of this thesis is to study the coacervation as well as layer-by-layer 

encapsulation using of synthetic polymers that combine electrostatic interactions and 

covalent cross-linking. 
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1.7 Materials in Cell Encapsulation 

The materials used in cell encapsulation must be of constant quality and be 

biocompatible with the host and the enclosed cells. The capsules membrane must have 

reasonable mechanical strength to survive handling, implantation, and the mechanical, 

biochemical and biological stresses imposed by the host, and allow the exchange of 

oxygen, nutrients and metabolites, while obscuring the encapsulated cells from the host's 

immune system (Figure 1.1). Moreover, rough surfaces of the microcapsules must also be 

avoided because they can elicit inflammatory responses. 

In the search for a better microencapsulation design (single and multilayer), many 

types of natural and synthetic polymers are being explored since polymers are playing an 

important role in the encapsulation of cells. These polymeric materials often will not 

provoke an immune response, and the diversified and adjustable properties of polymers 

enable their use in cell encapsulation.65 In addition, their ability to exist as liquids, gels or 

solids, enables them to meet a large range of mechanical and physical demands. There is 

a large variety of polymers that can be used in these systems, including synthetic, semi

synthetic (chemically modified natural polymers) and natural polymer and recent reviews 

67 68described their utilization in these systems in detail.66
• • 

Among them, alginates are the most widely studied and characterized material for 

cell encapsulation.69 Alginate is a naturally occurring anionic polysaccharide obtained by 

extraction from marine brown algae. It is a linear binary copolymer composed of ~-D

mannuronic acid (M) and a-L- guluronic acid (G) residues (Figure 1.10). 
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Figure 1.10: Calcium cross-linking of Alginate bead formation in Calcium Chloride bath. 

Conceptually, non-autologous recombinant cells are encapsulated within a 

biocompatible polymer, and microcapsules can be formed by many different methods. 

One of the most widely studied microencapsulation system involves the alginate-poly-L

lysine-alginate (AP A) microcapsules derived from the protocol of Lim and Sun. 5 

This encapsulation process involves three different steps. The first step involves 

dispersing an alginate solution containing cells in droplet form into a calcium chloride 

gelation bath. When these droplets are immersed in the calcium gelation bath, calcium 

ionically cross-links the guluronic residue of the alginate chains (Figure 1.10), which 

leads to the formation of firm calcium alginate hydrogel beads. This process often 

involves extruding the alginate/cell solution through a needle with continuous annular 

airflow, and is illustrated in Figure 1.3. 

The second step in encapsulation is the coating of the alginate hydrogel beads 

with poly-L-lysine (PLL) in order to strengthen the outer bead surface. PLL interacts with 
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the alginate through ionic interactions and the resulting alginate/PLL polyelectrolyte 

complex on the bead surface serves to increase the structural stability of the 

microcapsules, and defines permeability. 

The third step involves coating the outside of the resulting capsule with a layer of 

alginate, in order to hide the inflammatory PLL 70 from the host and make the final 

capsules biocompatible. While these AP A capsules meet many of the requirements for 

immuno-isolation of cells implanted into mice (intact for 6 months), they still show 

insufficient strength when implanted into larger animals such as dogs, where they 

collapse within 2 weeks. 71 This may be due to the destabilization of the alginate core 

matrix through slow exchange of calcium ions with other physiological ions and/or the 

loss or degradation of the polyelectrolyte overcoats.72
' 

73 The membrane instability caused 

undesirable leakage of encapsulated cells. This could severely damage the whole process, 

and raise many safety issues. Moreover, due to PLL, AP A microcapsules show 

inflammatory reactions in vivo, and the amount of PLL needs to be carefully considered 

for long-term transplantation based applications.70 

In addition to the standard AP A microcapsules, several other alginate-based 

microcapsules have been used for the purpose of immuno-isolation. Since barium ions 

have a higher affinity for alginate than calcium ions, barium has been used instead of 

calcium, and found to create mechanically stronger microcapsules. 74 Despite promising 

results, the clinical use of barium cross-linked microcapsules may be limited by reports 

that barium ions are neurotoxic.75 

A number of studies have attempted to address the challenge of long-term 

mechanical stability by varying the molecular weight76 or G/M ratio of the alginate,75
• 
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using uncoated alginate microcapsules,78 and varying the cross-linking ion74 and/or use of 

polyelectrolytes to coat the alginate based capsule that includes Alg-chitosan-Alg,79 Alg

PLL-poly(acrylic acid), 80 Alg-PLL-poly(ethylene glycol), Alg-chitosan-poly(ethylene 

83glycol), and Alg-PLL-poly(ethylene glycol)-Alg, 81 Alg-poly-L-omithine-Alg, 82 
• Alg

poly(allylamine)-Alg, 84 Alg-PEI-poly(acrylic acid)-PEI-Alg, and Alg-PEI

carboxymethylcellulose-PEI-Alg. 85 Some alginate-based microcapsules have also been 

tried for targeted applications based on immuno-isolation, which are listed in the 

following Table 1.1. 

Table 1.1: Cell encapsulation approaches based on alginate matrices: 

Material Modification Application 

Alginate - Bone and cartilage engineering, diabetes 
and cancer11 

'
86

• 
87 

• 
88 

Alginate WithRGD Bone regeneration and muscle 
regeneration89

•
90 

Alginate Enzymatic Increased stability-gr 
modification 

Alginate Photo reactive Substrates containing cells immobilized in 
liposomes precise locations92 

Alginate Phenol moieties Increased stability~ 
Alginate - Bone repair and regeneration, chronic 
PLL-alginate neuropathic pain and anemia94 

• 
95 

• 
96 

Alginate- Covalent cross links Increased stability-W,""1/8" 
PLL-alginate between membrane 
Alginate- Polymerization Increased stabilitl9" 
PLL-alginate 
Alginate - Sub sieve (less than 100 µm) size 
Agarose capsules 100 

Alginate- Lactose modified Increased mechanical propertiesro1·1D2" 
chitosan chitosan 
Alginate - Diabetes and neuroprotection"""TUJ,T04 
PLO-alginate 
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While alginate microcapsules are appealing because they are well characterized 

and reasonably biocompatible, their usefulness may be limited by the presently limited 

stability. Consequently, new types of microcapsules have been made from synthetic 

polymers that will potentially yield stronger microcapsules. Till to date few synthetic 

system, such as poly(hydroxyethyl methacrylate-co-methyl methacrylate), p(HEMA-co

MMA) 1os, poly(hydroxyethyl methacrylate-co-ethyl methacrylate ), p(HEMA-co-EMA) 106 

and polyphosphazene (PPP) 107 have been studied as biomaterials for microencapsulation. 

The major difference between water-soluble polymers such as alginate and water 

insoluble polymers such as poly(HEMA-co-MMA) is that water insoluble polymers are 

assumed to be more stable than water-soluble polymers after implantation, but do require 

the use of somewhat cytotoxic solvents during their formation. 108 The p(HEMA-co

MMA) microcapsules were predicted to be biocompatible since poly(MMA) and 

poly(HEMA) constituents have been successfully used for biomedical purposes. 109 To 

date, there are no published results available for in vivo delivery of therapeutic proteins 

from cells in p(HEMA-co-MMA) microcapsules. On the other hand, p(HEMA-co-EMA) 

has shown to elicit an immune reaction to the host. 106 

Polyphosphazene is a synthetic polymer composed of alternating nitrogen and 

phosphorus atoms. While there are relatively few studies on the delivery of protein using 

polyphosphazene microcapsules, cells remain viable when encapsulated in an ionically 

cross linkable polyphosphazene and it has been shown that secretion of protein does 

occur in vitro. 107 However, in vivo biocompatibility of polyphosphazene microcapsules 

may be limited since the use of polyphosphazene elicited an immune response. 110 
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Finally, Agarose (natural polymer) has been investigated for the 

microencapsulation of pancreatic islets and treatment of diabetes. 111 In vivo the 

microcapsule mechanical strength was increased. However, when pancreatic islets were 

encapsulated in agarose and implanted into mice, a cellular immune response was 

observed. 11 2 

Thus calcium alginate remains a promising matrix for cell encapsulations, but it 

would be desirable to improve the mechanical strength through biocompatible cross

linking. A number of alginate composite materials have also been explored for cell 

encapsulation. 113 Compounds added to the alginate forming the bead core were designed 

to be thermally (agarose100 
) , ionically (carrageenan114

) or photochemically gelled, 115 or 

designed to modify viscosity or water content ( carboxymethylcellulose 11 6
) , act as wall 

forming materials (heparin, 116 cellulose sulphate11 7), control permeability or provide an 

improved environment for cell growth (chitlac - lactitol-functionalized chitosan102
) . For 

example, capsules designed for longer-term cell implantation have been prepared with 

alginate-cellulose sulfate composite cores where the cellulose sulfate acted as a viscosity 

modifier and was thought to be a better wall builder than alginate when forming 

polyelectrolyte complexes with the polycations used to coat the capsules. 11 7 

Still other composite cores have been formed by the in-diffusion of polymeric or 

monomeric species followed, in some cases, by cross-linking or polymerization. To study 

the properties like controlled release and swelling, physical interpenetrating networks 

were reported using alginate and chitosan 11 8 or acrylic acid.11 9 Gaserod et al 120 found that 

the in-diffusion of low MW chitosan into CaAlg beads resulted in the formation of an 

alginate-chitosan gel in the core of the capsule that was able to withstand the loss of 
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calcium. Smeds et al 121 introduced methacrylate groups to alginate to study the degree of 

methacrylate modification and covalent affect mechanical properties like swelling, 

compression, and creep compliance of alginate based hydro gel. 

Several groups have tried to improve the strength of alginate-based materials via 

. . f ( h) 1 fu . l' d 1 . 121 122 123 124 125 fthe p oto po ymenzat10n o h 1 met acry ate- nctlona ize a gmate ' ' ' ' or o 

other monomers within the alginate core. 126
' 
127 Childs and coworkers formed a capsule 

composed of alginate and poly(sodium acrylate-ca-N-vinylpyrrolidone) formed by UV-

photo polymerization of vinyl monomers allowed to diffuse into the CaAlg beads. 126 This 

approach worked reasonably well; through the presence of photoinitiator and added 

sodium acrylate did pose some toxicity challenge to the encapsulated cells. Recently, 

Halle and coworkers 128
' 
129 studied AP A microcapsules in which a photoactivatable cross-

linker was used to covalently link the PLL layer with the adjacent alginate in both the 

core and the outer coating. These capsules displayed greatly improved mechanical 

stability while maintaining the cell viability and permeability of standard AP A capsules. 

In addition, these covalently cross linked capsules prevents malignant cells to escape and 

proliferate into the body ofrecipients. 130 

This thesis proposes to use synthetic polymers to strengthen Ca-alginate capsules. 

In particular, I plan to employ self-cross linking polyelectrolytes to form a tough "skin" 

around or to reinforce the core of Ca alginate microcapsules. In contrast to photochemical 

cross-linking, the key to this approach is that the ultimate cross-linking groups are 

already attached to the polyelectrolytes, such that they are not very bioavailable to the 

cells and hence should not pose a toxicity concern during encapsulation. 
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Copolymers of methacryloyl oxyethyl trimethyl ammonium hydrochloride with 

zero to 100% of amino ethyl methacrylate and the homopolymer of N-(3-aminopropyl) 

methacrylamide hydrochloride (APM), will be used as polycations, symbolically denoted 

as ClOO-CO, and PAPM, respectively. Copolymers of methacrylic acid sodium salts with 

0 to 70% methacryloyloxy ethyl acetoacetate will be used as polyanions that are 

symbolically denoted as A100-A70 in this thesis. Methacrylate has been known as 

biocompatible materials, and many methacrylates are available. 109
' 

131 Methacrylate has 

also been successfully used for medical purposes for long time. More over, the monomer 

pairs have approximately similar reactivity ratios. 

It is well known that cells can be entrapped in calcium alginate gel beads by 

extruding cell containing alginate solution with a concentric airflow into the calcium 

chloride gelling bath. In the following steps calcium alginate or Ca (Alginate/ A 70) beads 

can be coated with polycation and polyanion by following the classical APA 

encapsulation protocol.5 During coating, in the first step, the quaternary amine group of 

the polycation will ionically cross-link with the carboxylate group of the polyanion. In 

the second step, the primary amine group of the polycation will covalently cross-link with 

the acetoacetate group of the polyanion. It is well understood that synthetic polymers 

offer the advantage of controlled synthesis, and one can easily modify the properties of 

the polyelectrolytes like hydrophobicity, charge density, cross linker content, and 

molecular weight. As the system contains ionic as well as covalent cross-links, we expect 

to be able to balance these two factors to achieve semipermeable shells or matrix with 

improved mechanical and biochemical resistance that would allow for longer-term 

protection of the encapsulated cells. 
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1.8 Research Objectives 

The objectives of this thesis are: 

1. 	 To design, prepare and characterize self-cross-linking polyelectrolytes to be used 

to strengthen cell-containing calcium alginate capsules. 

2. 	 To study their polyelectrolyte properties, especially their ability to form 

polyelectrolyte complexes (PEC's) with each other, as well as with alginate and 

calcium. 

3. 	 To study their use in coating calcium alginate microcapsules, including the effects 

of polyelectrolyte composition and concentration on morphology, strength, 

permeability and cell viability (in vitro and in vivo) of the coated capsules 

4. 	 To study their use in the formation of multilayer Ca alginate capsules, including 

the effects of polyelectrolyte composition and concentration on morphology, 

strength, permeability and cell viability (in vitro and in vivo) of the coated 

capsules. 

5. 	 To examine the feasibility of using self-cross-linkable synthetic polycations as an 

alternative of poly-L-lysine as coating for alginate based microcapsules. 

6. 	 To study the feasibility of using synthetic polyelectrolytes to augment the core 

material of Ca alginate microcapsules, and to study the interaction of the anionic 

polyelectrolyte with calcium, diffusion of these polyanions within calcium 

alginate hydrogel matrices and interaction with polycations at the capsule surface 

or within the matrix. 
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Table 3.2: Weight and thickness of hydro gel films prepared on glass cover slides. 

Film Weight of film (mg) Thickness of wet film (µm) 
Wet film Dry film From film wta From OMb 

Na-Alg 54 ± 5 1.0 ± 0.1 86 ± 8 80 ± 8 
Ca-Alg 19 ± 5 1.2±0.1 31±8 26 ± 3 
Ca-Alg-C70 19 ± 5 1.5 ± 0.1 30 ± 8 25 ± 3 
Ca-Alg-C70-A 70 23 ± 5 1.7 ± 0.1 37 ± 8 31±3 
Ca-Alg-(C70-A 70) 1o 54 ± 5 2.9 ± 0.1 86 ± 8 80 ± 8 
a. assuming a film density of 1.0 g/cm ; b. Optical microscopy 

The original Na-Alg hydrogel film had a water content of about 98%, which 

decreased to about 94% after gelling with calcium chloride for three minutes or longer. 

Except for the first C70 layer, each polyelectrolyte exposure caused gains in weight and 

43thickness (Figure 3.1), a typical trend for layer-by-layer assembly.42
' The average 

incremental thickness of each bilayer is -5 µm , similar to results obtained by Goosen et 

al for a single bilayer.44 This large incremental layer thickness is partly due to the porous, 

swellable nature of the Ca-Alg gel. Polycations such as C70 may diffuse into this porous 

gel, complexing with alginate and displacing Ca to a certain depth. Subsequent exposure 

to A 70 should lead to charge reversal and formation of a crosslinked layer of C70A 70. 
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Figure 3.1: Film weights during formation of Ca-Alg-(C70-A70) 10 multilayer film on a 

glass cover slide. 

Exposure of the Ca-AlgC70A 70 film to sodium citrate (170 mM) to extract the 

calcium led to isolation of a thin crosslinked C70A 70 film. This film was stable in aCl 
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(2 M), confirming its crosslinked nature . In the following section, this approach is used to 

coat Ca-Alg beads. 

3.3.2 Polyelectrolyte Coating of Ca-Alg Microcapsules: 

The nature of the coating formed by interaction of polycations with Ca-Alg beads 

44 45 46depends on factors such as polycation concentration and MW, and exposure time.4
• • • 

The work by Bysell and Malmsten41 on the interaction of PLL with poly(acrylic acid) 

micro gels provides a good model for the present systems: at pH 7, they found low MW 

PLL (1-10 kg/mol) throughout the particle, together with significant but uniform 

shrinkage of the micro gel. Medium MW PLL (28-84 kg/mol) gave less shrinkage, while 

high MW PLL (84-170 kg/mol) gave the least shrinkage, but a wrinkled and dense outer 

layer. It was believed that the intermediate MW PLL could redistribute itself at the 

hydrogel surface during deswelling, while the high MW PLL formed a strong surface 

polyelectrolyte complex that could not redistribute itself, hence leading to a wrinkled 

surface layer. 

In our case, Ca-Alg beads exposed to PLL or C70 appeared unchanged when 

examined by optical microscopy (OM) but trypan blue staining, as well as phase contrast 

OM (Figure 3.2a and 3.2c) indicated that the polycations were confined to the surface 

region. This is consistent with other studies that showed that polycations with MW 

46 47greater than about 15 kg/mol are restricted to the surface region of Ca-Alg beads.44
• • 

Longer exposure times caused only slight increases in shell thickness as seen in phase 

contrast microscopy (Fig 3 .2d vs . 3 .2c ), however, in a number of cases the beads became 

wrinkled (Fig 3.2b). 
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' 1. . ' \' 

Figure 3.2: Phase contrast microscope images of Ca-Alg beads exposed to a 0.05% 

solution of PLL for a) 10 minutes, b) 30 minutes, or to a 0.05% solution of C70 for c) 10 

minutes, d) 30 minutes, followed by saline washing. 

Ca-Alg beads were coated with C70 concentrations ranging from 0.001 to 1 %. 

Capsules coated at the lowest concentrations had incomplete or very thin shells and fared 

poorly in subsequent stability tests. Intermediate concentrations (0.01 -0.1 %) often led to 

capsule aggregation during coating. When coating was done at higher concentrations 

(0.5-1 %), no aggregation occurred although wrinkling of the capsules was more likely as 

the concentration and, presumably, the osmotic pressure increased. Most subsequent 

experiments were performed using 0.5% C70 for coating since this avoided capsule 

aggregation and wrinkling. The C70 concentration is higher than the standard 0.05% PLL 

concentration but it does not produce shells that are significantly thicker (vide infra) 
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because penetration of the high MW C70 is limited. In the future , the coating process can 

likely be optimized (i .e., by addition of CaCb or a surface stabilizer) to allow coating at 

lower C70 concentrations. 

The C70 solutions used during coating acquired free calcium ions, revealed by the 

precipitation as CaC03 following treatment with NaOH and Na2C03. In addition to 

binding with free charges on alginate, C70 displaces some Ca2 
+ from the hydrogel. The 

displacement of calcium by the polycation has been mapped in detail using Scanning 

Transmission X-ray Microscopy, and will be reported separately. 

Penetration depth of the polycation was further studied usmg Confocal Laser 

48 49Scanning Microscopy (CLSM)4 1• • •
50 and the fluorescein-labelled polycation C70f. Ca

Alg beads exposed to a 0.5% C70f solution showed a shell increasing from a few microns 

in thickness after 30 sec exposure (image not shown) to approximately 25 ± 2 µm after 

10 min exposure (Figure 3.3a). Continued exposure to 120 min leads to a wrinkled 

surface but no significant further increase in skin thickness or penetration (Figure 3.3b). 
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Figure 3 .3: Confocal laser scanning microscopy image showing an equatorial section of 

representative Ca-Alg capsules exposed to a 0.5% solution of C70f for a) 10 minutes, and 

b) 120 minutes. 

The coating process was further studied using A 70f, a fluorescein-labelled version 

of A 70. Capsules exposed to C70f and then A 70f, each for 30 sec, showed a fluorescent 

shell approximately 7 ± 1 µm thick (Figure 3.4a) that grew to approximately 26 ± 2 µm 

thick when each exposure was increased to 10 min (Figure 3 .4b ). The thickness of the 

fluorescent layer was similar to that formed by C70f alone (Figure 3.3a) or to that formed 

when only one of the two polyelectrolytes was fluorescently labelled (Figures 3.4c and 

3 .4d), indicating that the A 70f is approximately coincident with the C70f (Figure 3 .4e ). 
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Figure 3.4: CLSM optical sections in the equatorial region of Ca-Alg beads exposed to 

0.5% solution of polycation and polyanion for a) C70f and A 70f; 30 sec each, b) C70f 

and A70f; 10 min each, c) C70f and A70; 10 min each d) C70 and A70f; 10 min each, e) 

intensity line profile of microcapsules c and d showing the distribution of C70f and A 70f. 
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3.3.3 Microcapsule Stability: 

The physicochemical stability of the Ca-Alg microcapsules was probed in several 

ways. As described earlier, a measure of the resistance to chemical degradation can be 

obtained by challenging the capsules with sodium citrate and high ionic strengths, which 

can lead to dissolution of the capsule core, and of the surface coating. Uncoated Ca-Alg 

beads are stiff gels at physiological salt concentrations. Upon treatment with 170 mM 

sodium citrate, the beads rapidly dissolved, as the Ca2 
+ was lost. When APA, AC70A 70 

or AC70Al00 capsules (Figure 3.5, left column) were treated with citrate to liquefy the 

cores, the capsules swelled but the polyelectrolyte shells survived (Figure 3.5, centre 

column). The shells of APA and AC70Al 00, which are held together by ionic 

interactions alone, disappeared when further exposed to 2 M NaCl (Figure 3.5, right 

column, top/bottom), while the covalently crosslinked shell present in the AC70A 70 

capsules resisted this challenge unless punctured (Figure 3.5, right column, middle). 

Mechanical stability was examined by exposing the capsules to osmotic pressure 

in a test developed by Chang and co-workers38 or to the gradual loss of Ca2 
+ using an 

EDTA solution. Microcapsules were tumbled in hypotonic or EDTA solutions and the 

fraction of intact capsules was determined. AP A and AC70A 70 capsules that were empty 

(containing no cells) were subjected to the tests and the results are shown in Table 3.3. 

All of the capsules survive tumbling in SFM but the standard APA capsules are largely 

broken in the hypotonic or EDT A solutions after tumbling. AP A capsules prepared with a 

1Ox higher PLL concentration (0.5%) proved to be stable in distilled water (0% SFM) but 

40% were broken in the EDTA solution. This higher PLL concentration would likely 

create a thicker Alg/PLL polyelectrolyte complex shell since at least a fraction of the 15
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30 kg/mol PLL will be able to penetrate into the Ca-Alg gel. In contrast, capsules made 

with 0.5% ClOO showed similar stability to the standard APA capsules. ClOO, which has 

a considerably higher MW than PLL, will be restricted to the surface of the Ca-Alg gel 

and the shell that is formed is no stronger than that formed by 0.05% PLL. Similarly, C70 

is restricted to the surface due to its high molecular weight, and the greater stability in the 

hypotonic and EDTA solutions compared to AP A capsules is attributed to the formation 

of covalently crosslinked shells around the AC70A70 capsules. 

Figure 3.5: Optical microscope image of APA(0.05/0.03) (top row), AC70A70(0.5/0.5) 

(middle row) and AC70A 100(0.5/0.5) (bottom row) microcapsules in: saline (left 

column), after exposure to 170 mM sodium citrate (centre column) and then 2 M NaCl 

(right column). Concentrations of polyelectrolytes (wt%) used to coat the capsules are 
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shown in brackets. Capsules were stained with trypan blue to facilitate observation. Size 

bar= 300 µm. 

Table 3.3: Performance of empty APA and AC70A70 microcapsules in the OPT and 

calcium chelation test. 

Percent intact capsulesb 

Microcapsules a 100% SFM 0.52% SFM water 0.03% EDTA 

APA (0.05/0.03) 99 ± 1 15 ± 10 0 0 
APA (0.5/0.03) 100 60 

AClOOA (0.5/0.03) 99 ± 1 15 ± 10 
AC70A 70 (0.5/0.5) 100 100 100 100 

a. Concentrations in brackets refer to polyelectrolyte concentrations (%w/v) used for 

coating. b. Capsules were tumbled for 3h in SFM solutions or 15 min in water or EDTA 

solution. 

The OPT was used to examme the stability of capsules containing cells . 

APA(0.05/0.03) and AC70A70(0.5/0.5) capsules containing myoblast C2C 12 cells were 

prepared and then incubated for times ranging from 4 to 72 h before the OPT (Figure 

3.6). Both types of capsules showed reduced stability in comparison to the analogous 

empty capsules (Table 3.3). This effect of encapsulated cells on mechanical stability has 

been observed previously and was attributed to the interruption of the Ca-Alg gel by the 

cells .38 The fraction of intact APA capsules decreased on moving from 6.5 to 0.52% 

SFM, with no effect observed for varying the duration of storage before the OPT. The 

AC70A 70 capsules again performed better than the APA control capsules (Figure 3 .6) . In 

addition, the fraction of intact AC70A 70 capsules increased with increasing storage time 

before the OPT, suggesting that the crosslinking reaction continues for several days after 
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coating. While the reaction between amine and acetoacetate groups is rapid in freely 

diffusing systems, it will slow as the movement of the polyelectrolytes becomes 

restricted. The change in the extent of crosslinking is probably not substantial after the 

first few hours because the polyelectrolytes become locked in place by electrostatic and 

covalent interactions. However, it appears that the additional curing time can lead to 

noticeable changes in the capsule strength. This extended curing reaction was not 

considered in our initial tests of capsule stability, which were typically conducted within 

4 to 24 h of capsule preparation. The AC70A70 capsules might have shown even greater 

strength in these tests, had they been allowed to cure for a longer period of time. 

100% 

I/) 80%.S! 
:::s 
I/) 
c. 60% 
(.) "' ... 
(.) 40% ... 
c:"' 
~ 20%
0 

0% 

------- ------- -•-:--- - .......... ...... ...... ....... 
·--- -.... 

APA, 4h• -- .. ••- • - AC70A70, 72 h ...... 
...... 

- - -A- - ·AC70A70, 24 h -. 
I - ... -AC70A70, 4 h 

6.50% 3.25% 1.52% 1.19% 0.78% 0.52% 

Hypotonic solution (%SFM) 

Figure 3.6: Percentage of intact cell-containing APA(0.05/0.03) and AC70A70(0.5/0.5) 

capsules after osmotic pressure test. Values in brackets denote polyelectrolyte 

concentrations (%w/v) used during coating. AC70A70 capsules were stored in saline for 

4, 24 or 72 hours between coating and the OPT. 
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3.3.4 Permeability ofAC70A70 Capsules: 

Capsules used for immuno-isolation of non-autologous cells must have well

defined wall permeabilities, capable of preventing in-diffusion of immune modulators, 

but permitting any therapeutic protein to escape the capsule. This usually requires MW 

cut-offs for diffusion through the capsule shell of about 15 0 kg/mol. 8 The size exclusion 

properties of the covalently cross linked membranes were tested by allowing a 

poly( ethylene glycol) mixture to diffuse through flat AP A or AC70A70 model 

membranes made by coating one side of a Ca-Alg gel held in a porous, polypropylene 

support.29 Figure 3.7 shows the GPC traces for the original PEG mixture and for 

concentrated samples from sink compartments for both membranes after 24 hrs of 

equilibration. It clearly shows that in both cases the high MW fraction of the PEG 

remains excluded from the sink, while the low MW fraction (<~20 kg/mo!) can diffuse 

through the membrane. Above ~20 kg/mol, the PEG permeates the membrane more 

slowly and above ~170 kg/mol (vertical line in Figure 3.7) little or no PEG has passed 

through the membrane. These results indicate that the cross-linked AC70A 70 capsule 

walls have MW cut-offs similar to those of APA control capsules, and are hence suitable 

for encapsulation of therapeutic non-autologous cells. Both sink solutions were 

concentrated by evaporation, and the higher intensity of curve b may be due to differing 

degrees of evaporation rather than greater diffusion. 
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Figure 3.7: GPC traces of a) the original PEG mixture and the solution in the sink 

. 
compartment of the stirred diffusion cell(s) separated by b) AC70A70(0.5/0.5), and c) 

APA(0.05/0.03) membranes after 24 hat room temperature (23 ± 2 °C) . The sink samples 

were concentrated prior to analysis. The approximate MW cut-off is indicated by the 

vertical line at about 170 kg/mol. 

3.3.5 Cell Viability in Microcapsu/es with Cross-linked Shells: 

The viability of myoblast C2C12 cells in APA and AC70A70 capsules was 

examined. Cell-containing AC70A 70 capsules incubated for 1 week are shown in Figure 

3.8 and were similar in appearance to APA capsules. The number of living cells per 

capsule was monitored vs. time of in vitro incubation (Figure 3.9). AP A capsules 

contained about 90 living cells each after incubation for 1 day, rising to 240 cells/capsule 

after 7 days . Capsules coated with C70 and A 70 contained significantly fewer living 

cells/capsule after incubation for 1 day. As the incubation continued, the number of 

cells/capsule rose in each case but the rise was most rapid for the capsules exposed to the 
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lower C70/ A 70 concentrations. This trend continued when still lower C70/ A 70 

concentrations of 0.1 % were used, though the data are not shown in Figure 3.9 because 

some capsule aggregation occurred making the capsules tested less representative of the 

whole sample. The reduced viability and proliferation, scaling with polyelectrolyte 

concentration, could be due to sub-optimal ionic strength or osmotic pressure during 

coating. While low MW impurities were removed from C70 by dialysis, the C70 likely 

contains shorter chains able to diffuse into the capsule interior where they may prove to 

be cytotoxic. Alternately, the formation of a coating that inhibits the in-diffusion of 

nutrients to the cells could be responsible. Although coating with C70/ A 70 has an 

initially negative impact on cell viability, the cells that survive the coating process remain 

viable and do begin to proliferate. The coating process with C70/ A 70 remains to be 

optimized further, and it should be possible to find conditions that are less harmful to the 

cells while still forming a robust coating and avoiding capsule aggregation. 
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Figure 3.8: Phase contrast microscope image of C2C 12 cells encapsulated in AC70A 70 
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Figure 3.9: Jn vitro cell viability for C2C 12 cells encapsulated in APA and AC70A70 

microcapsules. Values in parentheses refer to C70/ A 70 or PLL/Na-Alg concentrations 

used to coat the capsules. 

Initial results with cell-containing AC70A 70(0.5/0.5) capsules indicated 

significant fibroid over-coating on many capsules after implantation in mice for 1 to 2 

weeks. This over-coating indicates an immune response of the host, and would limit 

viability of the encapsulated cells. The immune response appears to be related to the 

coating since cell-containing APA capsules prepared from the same Na-Alg do not show 

this immune response. Further experiments are currently underway to study the causes of 

this response, and to improve the in vivo performance of the new capsules. 51 
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3.4 Conclusion 

We have shown that covalently crosslinked shells can be formed around Ca-Alg 

capsules by coating with oppositely charged polyelectrolytes bearing complementary 

amine and acetoacetate reactive groups. Use of fluorescently labelled analogs of these 

polyelectrolytes indicates that they are concentrated near the surface of the Ca-Alg bead. 

Fluorescent layers of similar thickness are observed irrespective of which polyelectrolyte 

is labelled, indicating the presence of a homogeneous mixture of the two polyelectrolytes 

near the surface of the alginate bead. The thickness of this crosslinked shell increases 

moderately from about 7 to 25 micron upon increasing the exposure time, but appears to 

be ultimately limited by diffusion. The crosslinked nature of this outer shell was 

demonstrated by its resistance to citrate and 2 M sodium chloride. These capsules with 

crosslinked shells have greater resistance to osmotic pressure changes, and to mechanical 

stress tests, compared to APA control capsules. The crosslinked polyelectrolyte coating 

was found to have a MW cut-off of about 170 kg/mol, similar to that of an APA 

membrane and a value suitable for cell encapsulation. C2C 12 cells were viable within Ca-

Alg capsules coated with the new polyelectrolytes. The number of live cells within the 

capsules was somewhat lower than in AP A capsules, but the number of live cells 

remained stable or increased with extended incubation. Preliminary implantation studies 

in mice revealed a fibroid overgrowth on many capsules. This immune response is related 

to the presence of the new polyelectrolytes and current studies are focused on reducing or 

eliminating the response. 

In summary, these results describe a prom1smg new approach to cell 

encapsulation. We believe that covalent reinforcement through use of self-crosslinking 
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polyelectrolytes provides a fundamental advantage in the long-term strengthening of Ca

Alg beads, combining the inherently low toxicity of polymer-bound reactive groups with 

the ability to modify coating thickness and possibly permeability, through changes in the 

polyelectrolytes or the coating process. Further studies of the in vivo use of these and 

related capsules are being conducted and will be reported shortly. 
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Contributions: 

I prepared and characterized the synthetic polyelectrolytes and their fluorescent 

analogs used in this study. I studied the cross-linking nature of the microcapsules as well 

as the binding of BSA-FITC to different capsules. Dr. Nicholas Burke and I carried out 

the permeability measurements. Dr Feng Shen, Research Associate in Dr Murray A. 

Potter's Group, Health Sciences, McMaster University carried out the encapsulations and 

subsequent capsule and cell tests . . The manuscript was written by Dr. Feng Shen, with 

edits by Drs. Burke, Staver, Potter and myself. 
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Abstract 

Microcapsules bearing a covalently cross-linked coating have been developed for 

cellular gene therapy as an improvement on alginate-poly(L-lysine )- alginate (APA) 

microcapsules that only have ionic cross-linking. In this study, two mutually reactive 

polyelectrolytes, a polycation (designated C70), poly([2-(methacryloyloxy)ethyl] 

trimethylammonium chloride-co-2-aminoethyl methacrylate hydrochloride) and a 

polyanion (designated A70), poly(sodium methacrylate-co-2-(methacryloyloxy)ethyl 

acetoacetate ), were used during the microcapsule fabrication . Ca-alginate beads were 

sequentially laminated with C70, A 70, poly(L-lysine) (PLL), and alginate. The A 70 

reacts with both C70 and PLL to form a ~30 µm thick covalently cross-linked 

interpenetrating polymer network on the surface of the capsules. Confocal images 

confirmed the location of the C70/ A 70/PLL network and the stability of the network after 

4 weeks implantation in mice. The mechanical and chemical resistance of the capsules 

was tested with a "stress test" where microcapsules were gently shaken in 0.003 % EDTA 

for 15 minutes. AP A capsules disappeared during this treatment while the modified 

capsules, even those that had been retrieved from mice after 4 weeks implantation, 

remained intact. Analysis of solutions passing through model flat membranes showed that 

the molecular weight cut-off of alginate-C70-A70-PLL-alginate is similar to that of 

alginate-PLL-alginate. Recombinant cells encapsulated in APA and modified capsules 

were able to secrete luciferase into culture media. The modified capsules were found to 

capture some components of regular culture media used during preparation, causing an 

immune reaction in implanted mice, but use of Ultra Culture serum free medium was 
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found to prevent this immune reaction. In vivo biocompatibility of the new capsules was 

similar to the AP A capsules, with no sign of clinical toxicity on complete blood counts 

and liver function tests. The increased stability of the covalently modified microcapsules 

coupled with the acceptable biocompatibility and permeability demonstrated their 

potential for use as immuno-isolation devices in gene therapy. 

4.1 Introduction 

Microencapsulated cells engineered to secrete therapeutic proteins have been 

effectively applied in treating mouse models of genetic disorders such as dwarfism, 1 

3 5 9lysosomal storage diseases,2' hemophilia,4 and cancer. - The semi-permeable 

microcapsules allow non-autologous cells to be implanted into the host animal by 

protecting the cells from immune mediators yet still allowing the therapeutic protein to 

leave the microcapsule. The design of the microcapsules has to be optimized for 

permeability, stability and biocompatibility. One of the most commonly used and studied 

microcapsules is the alginate-poly(L-lysine)-alginate (APA) capsule. Alginate is a 

natural polysaccharide composed of ~-D-mannuronic acid (M) and a.-L-guluronic acid 

(G) residues. Divalent cations, such as Ca2
+, can be used to cross-link G-rich regions to 

form a hydrogel calcium-alginate (Ca-alginate) bead. The MIG ratio, molecular weight, 

polydispersity index, and the ratio of homologous to heterologous chains dominate the 

properties of the Ca-alginate beads. 10 
-
12 APA capsules are made by further layering Ca-

alginate beads with poly(L-lysine) (PLL) and then alginate to give suitable 

biocompatibility and permeability for implantation.13
-
15 A concern with APA 

microcapsules is loss of structural integrity during long-term implantation due to 
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disruption of ionic cross-linking. 13
• 1 

6 In our previous study, AP A capsules that were 

successfully maintained in mice for over six months totally collapse after 14 days 

implantation in dogs. 13 

A number of synthetic polymers have been used to augment or replace Ca

alginate or the PLL/alginate coatings in attempts to improve long-term mechanical 

stability of the capsules. Polymers such as poly(hydroxyethyl methacrylate-co-methyl 

methacrylate ), polyphosphazene, and poly(N-vinylpyrrolidone-co-sodium acrylate) have 

been employed during the capsule fabrication. However, there are still few formulations 

that greatly improve the mechanical properties while maintaining the high 

biocompatibility and optimal permeability characteristics of APA capsules. Our objective 

was to prepare a capsule with improved stability, yet similar biocompatibility and 

permeability to the APA capsule by forming a covalently cross-linked coating on the 

capsule. 

In this study, two mutually reactive polyelectrolytes were used: a polycation, 

poly([2- (methacryloyloxy) ethyl]trimethyl ammomum chloride-co-2-aminoethyl 

methacrylate hydrochloride), designated C70, and a polyanion, poly(sodium 

methacrylate-co-2-(methacryloyloxy)ethyl acetoacetate ), designated A 70. 17 During 

fabrication of the modified microcapsules (designated as "4-layer" capsules), Ca-alginate 

beads were sequentially laminated with C70, A 70, PLL, and finally alginate. Four-layer 

capsules were designed to improve the biocompatibility of previously described 2-layer 

modified capsules, avoiding the surface overgrowth seen in in vivo pilot studies 

employing Ca-alginate coated with C70 and A 70 alone. 17 
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The acetoacetate groups of A 70 are able to react with amino groups from both 

C70 and PLL to form a ~30 µm thick covalently cross-linked interpenetrating polymer 

network coating on the surface of the capsules. In vitro and in vivo tests for stability, 

permeability and biocompatibility were undertaken, which showed the 4-layer capsules to 

have permeability and biocompatibility similar to AP A capsules, along with an increased 

stability. 

4.2 Materials & Methods 

4.2.1 Chemicals: 

Sodium alginate (Keltone L V, 428k.Da) was a gift from the International 

Specialty Products (ISP) Co. (San Diego, CA). Poly-L-lysine (PLL, Mn = 15-30 kDa), 

poly(ethylene glycol) (PEG, Mv = lOk, lOOk, 200k, and 300k), 2-(N-cyclohexylamino) 

ethanesulfonic acid (CHES), EDT A ( ethylenediaminetetraacetic acid, disodium salt, 

dihydrate ), sodium chloride, calcium chloride, sodium nitrate and FITC labelled Bovine 

serum albumin (BSAf) were purchased from Sigma Aldrich Chemical Company Inc. (St. 

Louis, MO), and were used as received. Narrow-dispersed PEG standards for GPC 

calibration were purchased from Waters (Mississauga, ON). Sodium dihydrogen 

orthophosphate was obtained from BDH, ON. DMEM (Dulbecco ' s Modified Eagle 's 

Medium), Trypan blue solution, Fetal Bovine Serum (FBS), UltraCulture serum free 

media (SFM) were purchased from Gibco (Mississauga, ON), and were used as received. 

Sodium hydroxide and hydrochloric acid were purchased as concentrates from 

Anachemia Chemical Inc, NY, and were prepared by diluting to 0.100 M with deionized 

water. 
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Figure 4.1 . Construction of 4-layer-capsule. 

4.2.2 Polymer synthesis: 

The synthesis of A70 (42 kDa), AlOO (40 kDa) and C70 (167 kDa) polymers and 

a fluorescein- labelled analog of C70 (C70f) is described fully in our previous 

bl . . 17 pu 1cat10n. 

4.2.3 Encapsulation: 

The APA microcapsules were fabricated as previously described, 18 and the 

preparation of 4-layer capsules followed a similar procedure. Briefly, 1.5(w/v)% sodium 

alginate in 0.9% NaCl was sterile filtered, extruded though a 27 gauge needle with 

concentric airflow into a l. l (w/v)% CaCh bath. For the 4-layer capsules, these beads 

were then coated with 0.5(w/v)% C70 and 0.5(w/v)% A70 for 3 minutes each. The Ca

alginate-C70-A70 capsules or Ca-alginate beads were then laminated with 0.05(w/v)% 
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PLL for 6 min, and then with 0.03(w/v)% alginate for 4 min, to form the 4-layer capsules 

or APA capsules, respectively (Figure 4.1). Each layering step was followed by two 0.9% 

NaCl washes (2 minutes each). For some 4-layer capsules, C70 was replaced with C70f. 

For microcapsules containing cells, a C2C12 myoblast cell suspension was mixed 

with the sterile alginate solution to a final cell concentration of 2 millions cells/mL of 

alginate. Following the final wash step, the microcapsules with cells were cultured in 

DMEM medium (with 10% FBS and 1 % penicillin/streptomycin) in a tissue culture 

incubator at 3 7 °C, while empty micro capsules were left in normal saline for incubation. 

4.2.4 Luciferase activity assay in vitro: 

The expression and release of recombinant proteins from encapsulated cells was 

demonstrated with Luciferase vector pC3B.Luci transfected MDCK (Madin-Darby 

canine kidney) cells constructed in this lab. 19 The cells were encapsulated and incubated 

as described above for 24h before samples of the media was removed. Luciferase 

expression by the encapsulated cells was assayed using the Luciferase activity kit 

(Promega, Madison, WI) usmg the protocol provided by the manufacturer. 

Approximately 100 capsules were cultured in 1 mL of media for 24 hours, and 20 µL of 

the media was loaded into a 96 well plate. An automated injector added 50 uL of 

luciferase substrate mixture to each well at specified time intervals and luciferase activity 

in relative light units (RLUs) was measured with an automated luminometer using a total 

integration time of 10 s. 
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4.2.5 Pore size measurement: 

Permeability through uncoated and coated Ca-alginate membranes was 

measured using a two-compartment plastic permeation cell separated by an alginate

based membrane on a porous polypropylene support membrane (a gift from 3M, St. Paul, 

MN; average pore size= 5 µm). The Ca-alginate membrane was prepared by immersing 

the polypropylene support in 1.5% sodium alginate, then 1.1 % CaCh for 6 min, followed 

by three 0.9% NaCl washes. The supported Ca-alginate membrane was mounted in the 

diffusion cell and then coated on one side by exposing to polycation (6 min) or polyanion 

(4 min) solutions to build-up layers analogous to the microcapsule coatings. To create an 

APA-like membrane, the Ca-alginate was coated with 0.05% PLL and then 0.03 % 

alginate. For the 4-layer capsule membrane the Ca-alginate was coated with 0.5% C70, 

followed by 0.5% A 70, 0.05% PLL and finally 0.03% alginate. After each round of 

coating the membrane was washed three times with 0.9% sodium chloride for 2 minutes. 

The diffusion cells containing the uncoated Ca-alginate membrane, AP A membrane or 4

layer membrane, were loaded with a mixture of PEG samples (0.2(w/v)% each of 10, 

100, 200, and 300 kDa PEG in 0.9% sodium chloride) in the source compartment, and an 

equal amount of saline in the sink compartment. The assembly was maintained at room 

temperature with stirring in both compartments for 24 hrs. 

Samples were taken from each side and analyzed by a Gel Permeation 

Chromatography (GPC) system consisting of a Waters 515 HPLC pump, Waters 717 plus 

Autosampler, three columns (Waters Ultrahydrogel -120, -250, -500; 30cm x 7.8mm; 

6µm particles) and a Waters 2414 refractive index detector. The columns were 

maintained at 35 °C and the system was calibrated with molecular weight standards. 
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Samples were eluted at a flow rate of 0.8 mL/min with a mobile phase consisting of 0.1 M 

NaN03 in 0.05 M phosphate buffer (pH 7). 

4.2.6 Bovine serum albumin (BSA) uptake: 

FITC-labeled BSA (BSAf) was dissolved in 0.9% NaCl to form a 0.01 % solution. 

Capsules ( 4-layer or AP A) containing C2C 12 cells were kept in an incubator at 3 7 °C for 3 

days, and then 5 mL of BSAf solution, 2 mL capsules and 10 mL medium were added to 

a culture dish. After 24 hours at 37 °C, the capsules were then washed six times with 

0.9% NaCl before examination by confocal microscopy. 

4.2. 7 Confocal microscopy: 

Confocal microscopy was performed with a MRC 1024 confocal laser-scanning 

microscope (Bio-Rad, Hemel Hempstead, United Kingdom) attached to a Microphot SA 

microscope (Nikon, Tokyo, Japan) equipped with a 1 Ox, 0.3 NA (Nikon) lens. Images 

were analyzed with Image J1 .34S (http://fbs.info.nih.gov/ij). 

4.2.8 Stress test: 

100 µL of microcapsules and 10 mL of 0.003% sodium-EDT A solution were 

loaded into a conical polypropylene tube and then agitated with an orbital mixer at 30 

rpm for 15 minutes at room temperature. The capsules were then stained with trypan blue 

and transferred to glass dishes to determine the percentage of intact capsules. Each test 

was performed in triplicate. 
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4.2.9 Cell Viability: 

The viable cell number per capsule was determined using an Alamar Blue Assay 

(Trek Diagnostic Systems, Inc. Cleveland, OH).20 Briefly, a known number of capsules 

(in 100 µL suspension) were loaded in a 24-well plate containing 500 µL medium and 50 

µL Alamar Blue. The plate was incubated at 3 7 °C for 4h. After the incubation, 100 µL of 

the supernatant was transferred to a 96-well plate and checked for fluorescence (A.ex/ A.em = 

535/590 nm) with a TECAN GENios plate reader (Australia). The number of viable cells 

was determined by comparing fluorescence values with a standard curve generated from 

a known number of un-encapsulated cells. 

4.2.10 In vivo assessment of capsules: 

The animals were treated in accordance with Canadian Institutional Animal Care 

guidelines. C57BL/6 mice (Charles River, Montreal QC) were anaesthetized with 

isofluorane (Anaquest, Mississauga, Ontario) before a suspension of 3 mL microcapsules 

in normal saline (total volume 5 mL) was implanted into the intraperitoneal cavity of 

mice under sterile conditions using a 20 gauge catheter (BD, Oakville, ON). Blood 

samples from mice implanted with capsules for 1 and 4 weeks were collected by orbital 

bleeding. Hematological and biochemical liver function tests were performed by VITA

TECH Canada Inc. (Mississauga, ON). At the end of the experiment mice were 

sacrificed and the capsules retrieved as previously described.21 Three mice were tested 

for each kind of capsules at each time point. 
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Figure 4.2. Light microscopy phase contrast images (A, C, E, G) of capsules before stress 

test, and optical pictures (B, D, F, H) of Petri dishes containing the same capsules shaken 

in 0.003% EDTA solution for 15 min and then stained with trypan blue. (A, B) Empty 

APA capsules, stored in saline for 3 days. (C, D) Empty 4-layer capsules, stored in saline 

for 3 days. (E, F) Empty 4-layer capsules, retrieved from mice after 1- week implantation. 

(G, H) Empty 4-layer capsules, retrieved from mice after 4- weeks implantation. 
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Figure 4.3. GPC traces of: (a) the original PEG solution; and the solutions in the receptor 

compartments at t = 24 h for (b) Ca-alginate membrane; (c) Ca-alginate-PLL-alginate 

membrane; and (d) Ca-algiante-C70-A70-PLL-alginate membrane. 

137 




r) llnld;.'f 

4.3 Results 

4.3.1 Capsule structure and strength testing: 

Empty capsules (without cells) were kept in saline in an incubator at 37 °C for 3 

days and then implanted into mice. Optical images of the capsules before implantation 

and those retrieved after implantation for one or four weeks are shown in Figures 4.2c, 

4.2e and 4.2g. The capsules were subjected to the stress test. After shaking in EDTA, all 

of the APA capsules were dissolved or broken (Figure 4.2b). However, most (>95%) of 

the 4-layer capsules were intact (Figure 4.2d). 4-Layer capsules retrieved from mice after 

one week (Figure 4.2f) and four weeks (Figure 4.2h) showed similar results where the 

majority of the capsules remained intact after the EDT A test. Previous studies22
•
23 have 

shown that the strength of AP A capsules decreases after mouse implantation. 

The molecular weight cut-off of Ca-alginate, APA, and 4-layer membranes was 

tested by PEG diffusion across model flat membranes. Free diffusion through the 

membrane would result in source and receptor compartments with half the concentration 

of the original PEG mixture. The GPC spectrum in Figure 4.3 shows that higher MW 

PEG is excluded from the receptor compartments, while the 10 kDa PEG (log MW = 4) 

shows up in all receptor compartments. The transfer of intermediate MW PEG was 

partially retarded by all membranes, with an apparent pore-size order of Ca-alginate > 

APA ~ 4-layer. The apparent MW cut-off for the APA and 4-layer membranes is 

approximately 70 kDa. 
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Figure 4.4. Confocal images of APA (A) and 4- layer (B) capsules containing C2C12 cells 

that were incubated with fluorescently labelled BSA at 37 °C for 24 h. 

From the above data it appears that the pores for the AP A and 4-layer membranes 

are close in size. A similar result was observed when the diffusion of BSAf into 

microcapsules was examined (Figure 4.4). Confocal images for 4-layer capsules or APA 

capsules incubated with BSAf (MW 67 kDa) showed that both kinds of capsules allowed 

BSAf through the surface membrane to interact with the encapsulated C2C12 cells . After 

24 h incubation there are less fluorescent cells in the core of the 4-layer capsules, 

suggesting the rate of diffusion into the 4-layer capsules is less than that of the APA 

capsules. 

The in vivo stability of the 4-layer capsule was assessed by fluorescently labelling 

the capsules with C70f. After incubation for three days, the labelled 4-layer capsules 

were implanted into six mice. Capsules were retrieved from three mice one week after 
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implantation and from the remaining 3 mice after 4 weeks and were examined with 

confocal microscopy. Figures 4.5A and B show typical confocal images of labelled 4

layer capsules before and 4 weeks after implantation (1 week data, not shown, was 

similar). The integrated fluorescence intensity per capsule, which reflects the density of 

C70f on the capsule, remained stable after one or four weeks' implantation in mice 

(Figure 4.5C). 
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Figure 4.5: A series of optical slices taken with a confocal microscope from the top to the 

bottom of a 4-layer-capsule labelled with C70 before (A) and after (B) four weeks 
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implantation in mice. The fluorescence intensity (corrected for capsule diameter) of 

capsules retrieved from mice after implantation for one and four weeks (C). 

4.3.2 Biocompatibility tests: 

The use of C70 and A 70 and the presence of the cross-linked shell formed by 

C70/ A 70/PLL might impact the viability of encapsulated cells. Figure 4.6 shows the cell 

number per capsule in either 4-layer capsules or in APA capsules after 1, 7, or 14 days of 

in vitro incubation at 37 °C. On the day after the capsule fabrication, the average cell 

number in 4-layer capsules was about 85% of that in APA capsules indicating some 

disadvantage in survival during the 4-layer capsule fabrication. The cell density in the 4

layer capsules increased at the same rate as in the APA capsules after one or two week' s 

in vitro incubation, which confirms the suitability of the internal environment of the 

modified capsules for cell growth. 
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Figure 4.6. Effect of the C70 and A70 coating on survival of encapsulated cells. C2C12 


myoblasts were encapsulated in 4-layer-capsules or APA capsules. The viable cell 

number per capsule was assayed after incubation for up to 14 days. (* *p<0.01; no 

statistical difference between the two kinds of capsules at day 14). 
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Figure 4.7. Phase contrast images of capsules retrieved from mice after one-week 

implantation. (A) 4-layer capsules (Ca-alginate beads sequentially coated with 0.5% C70, 

0.5% A70, 0.05% PLL, 0.03% alginate). (B) "0.50% C70" capsules (Ca-alginate beads 

sequentially coated with 0.50% C70, 0.03% alginate) . (C) "0.10% C70" capsules (Ca

alginate beads sequentially coated with 0.10% C70, 0.03% alginate). (D) "0.50% A 70" 

capsules (Ca-alginate beads sequentially coated with 0.05% PLL, 0.50% A 70, 0.05% 

PLL, 0.03% alginate). (E) "0.10% A 70" capsules (Ca-alginate beads sequentially coated 

with 0.05% PLL, 0.10% A70, 0.05% PLL, 0.03% alginate). (F) "0.05% A70" capsules 

(Ca-alginate beads sequentially coated with 0.05% PLL, 0.05% A 70, 0.05% PLL, 0.03% 

alginate). Data for "0.05% C70" capsules (Ca-alginate beads sequentially coated with 

0.05% C70, 0.03% alginate) is absent because C70 concentrations lower than 0.1 % cause 

the beads to clump together. Bar = 200 µm. 

In contrast to the empty 4-layer capsules (Figure 4.2e-h), the in vivo performance 

of these capsules with cells was sub-optimal. One week after implantation, the modified 

capsules were opaque in appearance (Figure 4.7a) likely indicating an inflammatory or 

immune reaction. It was surmised that this reaction was related to the A 70 or C70, since 

in previous work with AP A capsules containing the same concentration of C2C12 cells 

showed excellent biocompatibility in mice in in vivo tests .21 

The effect of A 70 and C70 and their respective concentrations was examined by 

fabrication of microcapsules in which only A 70 or C70 was present. The images of these 

capsules retrieved from mice after 1-week implantation are shown in Figure 4. 7b-f. From 
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these images, it is clear that 0.5% C70 or A 70 alone are sufficient to initiate a host 

reaction that leads to the coating on the capsule surface. It appears that presence of C70 is 

more important than A 70 for initiating the host response. A semi-quantitative scoring was 

devised for the retrieved capsules: 200 capsules from each experiment were evaluated 

under microscopy, and the approximate percentage of the capsule surface covered by 

growth was recorded. This data, summarized in Figure 4.8a, agrees with the initial 

impression from the images shown in Figure 4.7. 
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Figure 4.8: Summary of the surface analysis of capsules retrieved from mice that were 

implanted after 3-days in culture media (A) or implanted directly after manufacture (B). 

Capsules (~200) were randomly selected and the percentage of visible surface area coated 

by opaque materials was visually determined by light microscopy and the mean values 

are shown. 4-layer-capsules: Ca-alginate beads sequentially coated with 0.5% C70, 0.5% 

A 70, 0.05% PLL, 0.03% alginate. "0.50% C70" capsules: Ca-alginate beads sequentially 

coated with 0.50% C70, 0.03% alginate. "0.10% C70" capsules: Ca-alginate beads 

sequentially coated with 0.10% C70, 0.03% alginate. "0.50% A 70" capsules: Ca-alginate 

beads sequentially coated with 0.05% PLL, 0.50% A70, 0.05% PLL, 0.03% alginate. 

"0.10% A 70" capsules: Ca-alginate beads sequentially coated with 0.05% PLL, 0.10% 

A 70, 0.05% PLL, 0.03% alginate. "0.05% A 70" capsules: Ca-alginate beads sequentially 

coated with 0.05% PLL, 0.05% A 70, 0.05% PLL, 0.03% alginate 

A critical difference between the empty capsules and those containing cells was 

the culture conditions. Capsules with cells were kept in culture medium containing 10% 

FBS in an incubator for 3 days while empty capsules were incubated in normal saline for 

the same time period. Capsules implanted directly after manufacture (Figure 4.8b) 

showed less overgrowth. To examine the possibility that the C70 or A 70 on the capsule 

surface absorbed proteins from the culture medium or from cell debris from the 

encapsulation procedure, empty capsules were incubated with BSAf immediately after 

fabrication. The 4-layer capsules have a fluorescent layer of BSAf on the surface, whose 
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thickness depends on the amount of C70 and A70 used (Figure 4.9a-b). This layer was 

absent in APA capsules (Figure 4.9c). 
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Figure 4.9: Confocal image though middle of capsules incubated in 0.05% FITC labelled 

BSA solution at 37 °C for 24 h. Line profiles are shown to the right for each kind of 

capsule. (A) 4-layer-capsules (Ca-alginate bead sequentially coated with 0.50% C70, 

0.50% A70, 0.05% PLL, 0.03% alginate). (B) Reduced C70/A70 4-layer-capsules (Ca
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alginate bead sequentially coated with 0.10% C70, 0.10% A 70, 0.05% PLL, 0.03% 

alginate). (C) APA capsules. 

The dependence of BSAf binding on C70 and/or A 70 was probed by preparing 4

layer capsules in which C70 was replaced by PLL and/or A 70 was replaced by A 100 

(poly(methacrylic acid, sodium salt)), an analog of A 70 that lacks acetoacetate groups. 

The capsules were exposed to 0.05% BSAf for 24h at 20 °C, washed five times with 

saline and then examined by confocal microscopy. The APA capsule (Figure 4.1 Oa) 

shows a weak and uniform distribution of BSAf throughout. A similar intensity and 

distribution is seen for a 4-layer capsule when the C70/ A 70 layers were replaced by 

PLL/ A 100 (Figure 4.1 Ob). When A 70 is present, some trapping of BSAf at the surface is 

observed (Figure 4.1 Oc). A capsule containing C70 but lacking A 70 showed very strong 

BSAf binding (Figure 4.1 Od), similar to that exhibited by the 4-layer capsule (Figure 

4.lOe). 

In order to further confirm the role of culture medium, serum free medium (SFM) 

was used to replace the regular DMEM medium (containing FBS) for culture of the 4

layer capsules after fabrication. Figure 4.11 shows the resulting C2C12-containing 4-layer 

capsules retrieved from mice after one-week implantation. Exclusion of FBS from the 

process eliminates the reaction of the host against the 4-layer capsules, with the capsule 

surface remaining optically transparent. Further, the average cell number per capsule 

increased from 120 immediately after fabrication to 850 after one-week in vivo. 
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Figure 4.10: Top - Confocal images through the middle of a) APA, b) APAJOOPA, c) 

APA70PA, d) AC70AJOOPA and e) 4-layer (AC70A70PA) microcapsules exposed to 

0.05 w/v% BSA-FITC at 20 °C for 24 h. Bottom f) Line profiles of microcapsules shown 

at top. 
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Figure 4.11: Four layer-capsules (cultured in serum-free medium for 72 hours in advance 

of implantation) were retrieved after one week of mouse implantation. The average cell 

number per capsule was 850. Bar = 200 µm. 

4.3.3 Protein Expression and Release from Encapsulated Cells: 

pC3B.Luci transfected MDCK cells were encapsulated in APA and 4-layer capsules. 

Encapsulated cells were then cultured and the growth medium was collected fo r a 

luciferase assay 24 h after capsule fabrication. There was secretion and release of 

luciferase from pC3B. Luci transfected cells in both kind of capsules, but significantly 

less luciferase was released by the 4-layer capsules (27 ± 5 RLU/thousand cells for APA 

capsules; 13.4 ± 0.2 for 4-layer capsules, p<0.01). As a control, untransfected MDCK 

cells were encapsulated and tested in the same way, and no luciferase activity was 

detected. 
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4.4 Discussion 

Cellular microencapsulation based on Ca-alginate beads typically reqmres 

several coating layers to confer the desired characteristics for in vivo implantation. 

These characteristics pertain to three areas: stability, permeability, and biocompatibility. 

Most applications require the highest stability possible without compromising the other 

two areas. In Ca-alginate beads, guluronate residues can be bound with divalent cations 

(i.e. Ca2+, Ba2+) and form chain-chain associations24 allowing formation of the hydrogel 

core. However, leaching of calcium from the capsules can cause capsule failure . In vivo, 

this may happen by equilibration of calcium in the capsule with the large body pool of 

calcium that is bound by proteins (i.e. albumin) and tightly regulated by hormone 

systems. Covalently linked coatings may be able to resist dissolution and survive the loss 

of the underlying Ca-alginate gel leading to improve capsule stability. However, it is 

important to test the effects of capsule modifications on permeability, and 

biocompatibility in addition to stability. 

4.4.1 Stability: 

In the 4-layer capsules, a reaction between C70 and A 70 builds up a covalently 

linked network on the surface of Ca-alginate. The beads are then coated with PLL to 

further strengthen the capsule and to control the permeability, and finally with alginate to 

"hide" the other polymers and maximize biocompatibility (Figure 4.1) . An in vitro assay, 

which we have called the stress test, mimics the in vivo effect of calcium leaching from 

the capsules at the same time as exposing the capsules to osmotic and mechanical stress. 
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Figure 4.2 shows that the 4-layer capsules can survive the stress test while APA capsules 

are totally destroyed. This is true of microcapsules maintained in vitro or in vivo in mice 

for up to 4 weeks before the stress test. Additionally, studies with fluorescently labelled 

C70f (Figure 4.5) showed that the fluorescence intensity of the capsule did not diminish 

after 4 weeks ' implantation in mice, indicating the stability of the C70 component of the 

4-layer capsules. 

4.4.2 Permeability: 

5There is a wide range reported for the permeability of alginate-based capsules. 21 
,2 

One advantage of the typical APA capsule is that the PLL layer can be manipulated to 

provide a desired permeability. This allows the permeability to be selected to block 

immune mediators while still allowing the therapeutic secretion of recombinant proteins. 

The permeability of the chemically modified capsules was probed by PEG diffusion, 

fluorescently labelled protein (BSAf) uptake and luciferase secretion from encapsulated 

cells. PEG diffusion analysis showed that the pore size of the 4-layer membrane was 

shown to be much smaller than Ca-alginate but similar to that of the alginate-PLL

alginate (Figure 4.3). This method is able to test the permeability to a large MW range, 

but is not able to detect small differences between capsule permeability. Protein/enzyme 

uptake and secretion, however, allow a more detailed examination of the permeability to 

a mono-dispersed MW molecule. Using these methods, the 4-layer capsule appears to 

have slightly smaller pore size than the AP A capsule, as indicated by reduced 

fluorescence of encapsulated cells during BSAf uptake (Figure 4.4) and reduced amount 

of luciferase detected in media from encapsulated recombinant cells. Both of these latter 

151 


http:capsules.21


~.I. \ ·;r 

tests examine permeability characteristics for proteins with MW near 65 kDa, and the 

luciferase experiment, in particular, provides proof of principle for encapsulated cellular 

therapy applications. Varying the molecular weight, concentration, and exposure time of 

PLL and/or the C70/ A70 would allow further modifications of the pore size in the 

modified capsule in order to "fine-tune" the capsule for a particular application. 

4.4.3 Biocompatibility: 

There are two considerations for microencapsulated cells that we include 

under "biocompatibility" : first is the survival of the encapsulated cells within the 

microcapsule, and second is the reaction of the host to the microcapsules I 

microencapsulated cells after implantation. 

The first is relatively easy to quantify by measuring cell survival after the 

encapsulation process and after a period of time in vitro or in vivo. Survival during the 

encapsulation process can be affected by many factors , such as exposure to 

reactive/harmful chemicals and length of time spent in sub-optimal tissue culture 

conditions (i.e. sub-optimal nutrient, gas and/or temperature levels). Our results show 

that the 4-layer capsules have a slightly negative effect on the cells, but that this seems to 

be mostly related to the encapsulation process itself. Survival and expansion of cells 

after the initial encapsulation is robust (Figures 4.6, 4.10). 

It is more complex to measure the host reaction to the microcapsules and the 

encapsulated cells. Liver function and CBC tests (data not shown) suggest that capsule 

implantation, regardless of capsule type or whether the capsules contain cells or not, did 
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not produce systemic toxicity to the mice. Another gross estimate of biocompatibility is 

to examine the microcapsules after implantation. Clearly the 4-layer capsules had greatly 

decreased biocompatibility when compared to the AP A capsules, as evidenced by what 

appears to be a fibrotic coating on the surface of the retrieved microcapsules containing 

cells. Yet, 4-layer capsules without cells and APA microcapsules with or without cells 

did not show the same reaction. 

These findings made us suspect the A 70 and/or C70 were binding to cell debris 

from cells that died during encapsulation or to components of the culture media. 

Culturing the microcapsules before implantation is intended to allow the encapsulated 

cells to recover from the fabrication process and to reduce the load of necrotic and 

marginally surviving cells implanted. However, if cell debris or foreign proteins are 

trapped on the microcapsule surface, they would have an immune-stimulating effect upon 

implantation. By varying the nature or the concentration of the polymers used to make 

the coating (Figures 4. 7, 4.8, 4.10), it was determined that the C70 was the major 

contributor to binding of media proteins to the microcapsule surface, while A 70 had less 

effect. The binding of media proteins was lessened by reducing the concentration of C70 

or A70, but was eliminated by using serum-free media to culture the microcapsules post

fabrication. This suggests that the media components had the largest effect on inducing a 

fibrotic reaction. We postulate that a covalent linkage between the acetoacetate groups of 

A 70 and amine groups on media proteins or a polyelectrolyte complex between C70 and 

negatively charges proteins (e.g. albumin) was formed, fixing the proteins on the capsule 

surface (supported by the BSAf results, Figure 4.9). Fortunately, the relatively simple 
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measure of replacing the regular medium with serum free medium for incubation after 

fabrication eliminated the host reaction as shown in Figure 4. 11. 

In summary, we have constructed an alginate-based microcapsule with a 

covalently cross-linked shell that shows improved stability on chemical testing. The 4

layer capsule maintained good biocompatibility characteristics and had permeability 

similar to AP A capsules. 
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Abstract 

The formation of a covalently crosslinked shell around calcium alginate beads by 

reaction of a reactive polyanion, poly[(methacrylic acid, sodium salt)- co-2

(methacryoyloxy)ethyl acetoacetate] (70:30, A 70) with four different polyamines, 

poly(L-lysine) (PLL), poly[(2-(methacryloyloxy)ethyl trimethylammonium chloride)-co

2-aminoethylmethacrylate] (70:30, C70), poly(2-aminoethyl methacrylate) (CO) and 

poly(N-(3 -aminopropyl)methacrylamide) (PAPM) was studied, using a range of stability 

tests. P APM and PLL were found to form the strongest shells. Coating with P APM 

required the presence of calcium chloride in the coating bath to prevent aggregation of 

the hydrogel beads during coating. Viability of encapsulated C2C12 cells, and resistance to 

protein binding using fluorescently labeled bovine serum albumin, were found to be 

comparable to those of alginate I poly-L-lysine I alginate (APA) control capsules. 
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5.1 Introduction 

Microencapsulation of cells and enzymes has a number of prom1smg 

bioindustrial 1 and biomedical applications2 and is likely to play a major role in cell and 

transplantation therapies. 3 Cell encapsulation technologies are currently being developed 

for the treatment of several human diseases such as lysosomal storage disease (LSD)4
, 

diabetes5
, Parkinson' s disease6 and certain cancers7

. To avoid rejection by the host, the 

transplanted cells are often protected by a semi-permeable matrix, which permits the 

passage of smaller molecules (nutrients and therapeutic proteins) , while obscuring the 

encapsulated cells from the host's immune system. 8• 
9 

In a typical cell encapsulation process, cells are suspended in an alginate solution, 

which is then dropped into a gelling bath containing multivalent ions (Ca2+, Ba2+), 

followed by coating with polyelectrolytes. The most widely studied capsule type is the 

APA capsule in which the calcium alginate gel is coated with poly(L-lysine) and then 

alginate. The main concern with AP A microcapsules is loss of structural integrity during 

long term implantation due to disruption of ionic cross-linking. 10 In some cases, capsules 

that are held together by ionic interactions have been further reinforced by covalent 

crosslinking of the core or coating layer, either photochemically 11 
•
12 or by using a small

molecule crosslinker (i.e. , glutaraldehyde or carbodiimide). 13 

We recently described the formation of a covalently self-cross-linked coating 

from polyelectrolytes bearing complementary reactive groups. 14 Unlike small-molecule 

cross-linkers, these polymer-bound reactive groups should be less bioavailable and 

should not pose a toxicity concern to either cells or host. The polyanion, A 70 (a 70/30 

mole ratio copolymer of methacrylic acid and 2-[methacryloyloxy]ethyl acetoacetate]) , 
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has shown good biocompatibility with encapsulated cells and after implantation into 

mice.15 However, the polycation C70 (a 70/30 mole ratio copolymer of [2

(methacryloyloxy)ethyl] trimethylammonium chloride and 2-aminoethyl methacrylate) 

was found to bind proteins from the growth medium causing an immune response when 

implanted in mice.16 In addition, C70 coated capsules are more prone to aggregation 

during the coating process than PLL-coated capsules and preliminary studies have shown 

that C70 undergoes intra/intermolecular amidation under some conditions leading to 

cross linked gels that cannot be used for capsule coating. 

Thus, it was desirable to identify other polycations with primary amine groups 

capable of replacing C70 as a component in the self-cross-linking coatings. Ideally, the 

polycations would be available in a variety of molecular weights (MWs) and have a 

composition that was easily modified to vary properties such as charge density, 

hydrophobicity, H-bonding ability, etc. Primary amine-containing polycations 17 of both 

natural and synthetic ongm, such as poly(L-lysine) (PLL)8
, chitosan, 

po 1 y( ethy leneimine) 18
, pol y(L-ornithine) 19 

, po 1 y(L-arginine )20
, poly( ally lamine )21 

'
22

, 

24 25poly(methylene-co-guanidine)23 and poly(vinylamine)21 
' ' have been used to coat 

calcium alginate beads for cell encapsulation. In addition, Prokop et al have screened a 

number of polycations, including some with primary amines, and identified some with 

promise for use in cell encapsulation.26 While many of these polycations formed stable 

coatings on the alginate surface, there are some limitations for their use in this particular 

application. For example, poly(L-arginine) is expensive and has a high pKa that may not 

be ideal for the cross-linking reaction with A 70 where it is desirable to have a portion of 

the amine groups in their non-protonated state. PLL, the most widely used polycation is 
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expensive, has been shown to induce inflammation,27 and also has a pKa (10.5)28 well 

above physiological pH. 

Thus, we chose to investigate amine-bearing acrylic polymers containing either 2

aminoethyl methacrylate (AEMA) or N-(3-aminopropyl)methacrylamide (APM), two 

commercially available monomers. The homopolymers produced from these two 

monomers (P AEMA (or CO) and P APM) have some structural similarities to PLL, but 

also some important differences, in terms of charge spacing, side chain length and the 

nature of the functional groups (Scheme 5.1). A number of copolymers that contain either 

AEMA30 or APM29 
•
33are known, indicating that polymer properties and functionality 

could be further tuned through copolymerization of APM or AEMA with the wide range 

of acrylic monomers available. This stands in contrast to poly(allylamine) and 

poly(vinylamine), which are made from low reactivity monomers that copolymerize 

poorly with most other monomers. In addition, controlled polymerization techniques such 

as atom transfer radical polymerization (ATRP) and reversible addition-fragmentation 

chain transfer (RAFT) polymerization have been used to polymerize AEMA30
.3 ' and 

APM32
•
33 and thus it should be possible to prepare (co )polymers with well controlled 

MWs and architectures. 

In this paper, the feasibility of using CO and P APM as coatings for alginate 

capsules is examined and compared with that of C70, poly(2

(methacryloyloxy)ethyl)trimethylamrnonium chloride) (Cl 00) and the widely used PLL. 

Polyelectrolyte complexes formed from these polycations and alginate, poly(methacrylic 

acid, sodium salt) (AlOO) or A70 were studied and some of these polyelectrolyte pairs 

were used to coat Ca-Alg beads. The structures of these polyelectrolytes are shown in 
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Scheme 5.1. In particular, the resistance of the complexes to ionic strength, their abi lity to 

form a covalently cross-linked complex, and the viability of cells in Ca-Alg capsules 

coated with the complexes were explored with the goal of forming a self-cross-linked 

polyelectrolyte skin without sacrificing biocompatibility. 
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Scheme 5.1. Polyelectrolytes used in this study. 

5.2 Experimental 

5.2.1 Materials: 

Sodium alginate (Keltone L V) was a gift from the Nutrasweet Kelco Company (San 

Diego, CA) and sodium alginate (Pronova UP, MVG) was purchased from ovaMatrix 
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(Sandvika, Norway). N-(3 -Aminopropyl)methacrylamide hydrochloride (APM) was purchased 

from Polysciences (Warrington, PA) and used as received. 2-Aminoethyl methacrylate (AEMA, 

90%, as HCl salt), [2-(methacryloyloxy)ethyl] trimethylammonium chloride (MOETAC, 75 wt% 

solution m water), 2,2'-azobis(2-methylpropionamidine) dihydrochloride (97%), 

poly(methacrylic acid, sodium salt) (PMAANa, Mn = 5400 g/mol; 30 wt% solution), poly(L

lysine) hydro bromide (PLL, Mn = 15-30 kg/mol), fluorescein isothiocyanate (FITC)-conjugated 

bovine serum albumin (Mn= 66 kDa) (BSA}), and trypan blue stain (0.4% in 0.85% saline) were 

purchased from Sigma-Aldrich Co. (Oakville, ON) and used as received. Sodium chloride 

(Caledon Laboratories, Georgetown, ON), calcium chloride (Fisher), ethylenediaminetetraacetic 

acid, disodium salt (EDTA) (Anachemia, Montreal, QC) and trisodium citrate dihydrate (Analar, 

EMD Chemicals, Gibbstown, NJ) were used as received. Sodium hydroxide and hydrochloric 

acid solutions were prepared from concentrates (Anachemia Chemical, Rouses Point, NY) by 

diluting to 0.100 Mor 1.000 M with deionized water. 

The preparations of A 70 (Mn 42 kg/mol),34 C70 (Mw 167 kg/mol), 14 C 100 (Mw 300 

kg/mol)34 and C100-13k (Mw 13 kg/mol)34 were described elsewhere. 

5.2.2 Synthesis of Poly(N-(3-aminopropyl)methacrylamide hydrochloride), PAPM 

and Poly(2-aminoethyl methacrylate), CO: 

The polymers were prepared as described previously for C70. 14 APM (5.24 g, 29.3 

mmol) and 2,2'-azobis(2-methylpropionamidine) dihydrochloride (0.159 g, 0.59 mmol , 2 mol% 

relative to monomer) were dissolved in 50 mL deionized water in a 60 mL high-density 

polyethylene bottle. The solution was bubbled with nitrogen for several minutes before the bottle 

was sealed and then heated in an UVP HB-1000 Hybridizer at 60 °C for 24 h while being rotated 

(15 rpm) to provide mixing. PAPM was purified by dialysis with cellulose tubing (12 kDa MW 
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cut-off, Spectrum Laboratories, USA) in deionized water and then isolated by freeze-drying . 

Yield : 4.29 g (82 %). 

In a similar fashion, CO was prepared using AEMA hydrochloride (5 g, 30.2 mmol) and 

2,2'- azobis(2-methylpropionamidine) dihydrochloride (81 mg, 0.30 mmol, 1 molo/o relative to 

monomer). During dialysis the solutions were maintained at pH 5 to avoid intra- and 

intermolecular amidation reactions. Yield: 3 .41 g ( 68 %). 

5.2.3 Molecular Weight Determination: 

Viscometric measurements on PAPM and CO solutions in 1 M NaCl at pH 5 were 

performed with an Ubbelohde viscometer (viscometer constant: 0.00314 cSt/s) at 20.0 ± 0.1 °C. 

Prior to measurement, all solutions were filtered through a 0.45 µm Acrodisc sterile membrane 

filters. The intrinsic viscosity [YJ] calculated from the Huggins plot Cri sp /c vs. c) was use to 

calculate the polymer molecular weight using values for K and a found in the literature for 

PMOETAC.35 

5.2.4 Determination of pKa: 

The pKa values of P APM and CO were determined by potentiometric titration (PC Titrate 

automatic titrator, Man Tech Associates Inc.) of the hydrochloride salts with 0.100 M NaOH. 

The pKa was taken as the midpoint of the neutralization curve. 

5.2.5 Preparation and coating of Ca-Alg Beads: 

The Ca-Alg beads and polyelectrolyte-coated capsules were prepared as described by 

Mazumder et al. 14 A syringe pump (Raze! Scientific Instruments Inc., Model A-99) was used to 

deliver an aqueous sodium alginate solution (1.5%(w/v) Keltone LV or Pronova UP MVG) 

through a 27-gauge blunt needle (Popper & Sons, New York) at a rate of 30.1 mL/h into a 
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gelling bath (1.1 % CaCb, 0.45% NaCl) with a concentric airflow used to shear the drops. These 

resulting spherical beads were ca.500-600 µm diameter. Capsules were coated as described 

previously except that the effect of variables such as pH, calcium chloride concentration, and 

ionic strength in the coating solution was examined. Unless otherwise indicated, the coating was 

done at approximately pH 7.5 with exposures of 6 min for PLL and 10 min for any of the 

synthetic polycations. 

5.2.6 Characterization: 

The physical appearance of capsules and polyelectrolyte complexes were examined with 

an Olympus BX51 optical microscope fitted with a Q-Imaging Retiga EXi digital camera and 

Image Pro software. The average diameters of the beads and capsules were determined by 

analyzing three batches of approximately 50-100 beads or capsules each. Phase contrast 

microscope images were taken using a Wild M40 microscope. A confocal laser scanning 

imaging system comprised of an air-cooled Argon-ion laser and a Nikon microscope using EZ

C l software, version 1.50, was used to investigate the distribution of BSA/in the microcapsules. 

5.2. 7 Chemical and Mechanical stress test: 

Concentrated capsule suspensions in saline (100 µL) were placed in 15 mL 

polypropylene conical tubes and exposed to 5% w/v (170 mM, 5 mL) sodium citrate for 5 min. 

The capsules were allowed to settle before the supernatant was removed, and replaced by 5 mL 

of 2 M sodium chloride. The tubes were attached to a wheel tilted 30° from horizontal and 

rotated at 30 rpm for 15 min at room temperature. The beads were allowed to settle, washed once 

with 5 mL distilled water, and treated with 0.06 mL of a 0.4% solution of trypan blue in 0.85% 

saline followed by 2-3 ml distilled water. After 5 minutes the supernatant was removed, and the 
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beads washed once with 5 mL distilled water. The samples were then examined by optical 

microscopy. 

5.2.8 Mechanical Stability: 

The mechanical stability of capsules was tested by agitating the capsules while they were 

exposed to hypotonic solution (the osmotic pressure test (OPT)),36 or by using a Ca chelation 

test. 14
' 
16 Briefly, in the OPT, 100 µL of sedimented capsules ( ~200 capsules) and 10 ml of 

distilled water were placed in a 15 mL polypropylene conical tube and then agitated for 3 h on an 

orbital mixer (REAX 3, Caframo Ltd, Wiarton, ON) at 30 rpm. The capsules were then stained 

by adding 0.12 mL of a 0.4% solution of trypan blue in 0.85% saline, and transferred to glass 

petri dishes on a light box. The percentage of intact capsules was determined by direct visual 

inspection, or from an image taken with a digital camera. In the calcium chelation test, 100 µL of 

sedimented capsules were exposed to 0.003% (0.1mM, 10 mL) EDTA solution in distilled water 

while being agitated for 15 min on an orbital mixer at 30 rpm, before analysis, as described for 

the OPT. Experiments were conducted in triplicate. 

5.2.9 Encapsulation of Cells: 

The C2C12 myoblast cell line (American Type Culture Collection [ATCC]) was used and 

the cells were cultured and encapsulated as described previously. 14 

5.2.10 Cell Viability: 

The number of viable cells per capsule was determined with an Alamar Blue assay. 37 A 

100 µL sample of capsules was loaded in a 24-well plate with 500 µL media. Alamar Blue 

reagent (50 µL) was added to each sample and the plate was incubated at 37 °C for 4 hours. After 

incubation, 100 µL of solution was taken from each well and placed in a microtiter plate. The 
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fluorescence of each sample was read with a Cytofluor II fluorimeter, with an excitation 

wavelength of 530 nm and an emission wavelength of 590 nm. The number of viable cells was 

determined by comparing fluorescence values with a standard curve generated from a known 

number of unencapsulated cells. 

5.2.11 Bovine serum albumin (BSA) uptake by capsules: 

FITC-labeled BSA (BSA}) was dissolved in 0.9% NaCl to form a 0.05% solution, and the 

pH was adjusted to 7.1. A concentrated capsule suspension (0.3 mL) was equilibrated with 3 mL 

of BSA/for 24 hat 20 °C. The capsules were then washed 4 times with 3 mL of 0.9% aCl 

before examination by confocal microscopy. 

5.3 Results and Discussion 

The aim of the present work is to evaluate the ability of several polycations to form cross 

linked coatings on Ca-Alg capsules, in conjunction with the reactive polyanion A 70 described 

earlier. 14 
•
15 

•
16 In particular, the aim is to reduce protein binding and capsule aggregation observed 

previously with the quaternary ammonium ion-rich C70. The properties of the polycations are 

shown in Table 5.1 . 
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Table 5.1: Properties of polycations: 

Polycation MW (kg/mol)a pKab [NaCl], mM at which 
polycation complex 

with Al 00-5.4k 
dissolves 

PLL l 5-30c 10.528 400 
C100-13k 13 - 400 

ClOO 300 - 500 
C70 167 7.0 ± 0.2 650 
co 299 7.6 700 

PAPM 260 8.6 800 
a b· c .
Mw obtamed from viscometry data. From titration m water. given by supplier. 

With the exception of C 100-13k, the synthetic polymers have MWs considerably higher 

than PLL (> 150k vs. 15-30k) and this might be expected to affect the nature of the complex 

formed on the Ca-Alg beads. However, 15-30k PLL has been shown to be trapped at the surface 

of Ca-Alg beads and thus all of the polycations, except perhaps C 1OO-l3k, would also be 

expected to be captured at or near the surface of the Ca-Alg beads. 

The synthetic polymers that contain primary amine groups have pKa values considerably 

lower than PLL, which should afford more free amines during coating and hence more efficient 

covalent cross-linking. Three of the polycations (PLL, PAPM, CO) bear only primary ammonium 

ions but have pKa values ranging from of 10.5 to 7.6, likely caused by changes in the spacing of 

the ammonium ions along the backbone. The value measured for CO agrees well with pKa values 

found in the literature for CO (7.6)30 or a CO block in a block copolymer (7.1). 31 C70 had the 

lowest pKa of all reflecting the high charge density present at half-neutralization due to the 

quaternary ammonium ions. 

One concern with the use of CO is that, like C70, it will be sensitive to intra- and 

intermolecular amidation reactions or hydrolysis . He et al. studied these reactions and found that 

CO was stable for several days at 20 °C in an aqueous solution at pH 9 but that degradation 
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reactions were detected within a few hours at pH 10 or greater. 3°For this reason, CO solutions 

were kept at pH 7.5 or lower during this work. 

Polyelectrolyte complexation between any polyanion (Alg, A 100, A70) and any 

polycation (PLL, CO, C70, C 100, P APM) at 1 % total polymer concentration and pH 7 all gave 

phase-separated materials, but only the polyelectrolyte complexes (PECs) made between primary 

amine-containing polymers and A 70 survived when exposed to 2 M NaCl, demonstrating that 

these complexes had become covalently cross linked. 

5.3.1 Coating of Ca-Alg Beads: 

Ca-Alg beads were coated with the different polycations (CO, C70, ClOO, PAPM, and 

PLL), using concentrations from 0.01 -0.5% w/v in saline at pH 7.5. The ClOO and PLL-coated 

capsules were well dispersed for all polycation concentrations. In contrast, Ca-Alg beads 

exposed to C70 or CO aggregated at polycation concentrations from 0.01 to 0.1 wt%, but stayed 

dispersed at 0.5wt%. Ca-Alg beads exposed to PAPM in saline aggregated (Figure 5.1 ) at all 

PAPM concentrations examined (0.01 -0.5%). This aggregation at low and intermediate 

polycation concentration is likely due to bridging flocculation, and is may be exacerbated by the 

high molecular weight of some of the polycations used. 
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Figure 5 .1: Optical microscope image of aggregated Ca-Alg-P APM capsules formed by exposure 

of Ca-Alg beads to 0.5wt% PAPM solution in saline for 10 min. Points of contact (white an-ows) 

between capsules and detached patches (black arrows) are visible. Scale bar is 300 µm . 

The effects of varying the pH or ionic strength of the coating solution were also 

investigated. Aggregation occurred at all pH values between 5.5 and 8.5 for Ca-Alg beads coated 

with 0.5% P APM in saline. Similarly, aggregation was observed for NaCl concentrations ranging 

from 0-374 mM (Figure 5.2). However, when CaCh was used instead of NaCl aggregation was 

suppressed for concentrations 2: 70 mM as shown in Figure 5.2. This is not simply an effect of 

ionic strength since the final two data points of the CaCh curve (70 and 125 mM) have the same 

ionic strengths as the final two points of the NaCl curve (210 and 374 mM). This points to 

specific interactions between the divalent Ca2
+, PAPM and the Ca-Alg bead and is consistent 

with a number of studies showing that the presence of CaCh in chitosan solutions has a strong 

4effect on chitosan binding to Ca-Alg beads.38.39
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Figure 5.2: Effect of [NaCl] and [CaCh] on capsule aggregation during coating with 0.5% 

PAPM. 
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For all subsequent polycation coatings, a solution containing 1.1 % (100 mM) CaC12 and 

0.45% (77 mM) NaCl solution was used. This solution is known to be reasonably well tolerated 

by the capsules and any encapsulated cells since it i commonly used as a gelling bath. With this 

solution, aggregation was suppressed during coating of Ca-Alg beads with C70, CO and P APM 

solutions at polycation concentrations ranging from 0.01 to 0.5%, leading to well dispersed and 

smooth capsules that were easily stained with the dianionic dye Trypan blue (Figure 5.3) 

showing that the polycation had been bound to the surface of the bead. 

Figure 5.3: Optical microscope image of Ca-Alg beads exposed for 10 minutes to 0.5% PAPM in 

1.1 % CaCh/0.45% NaCl, followed by washing and trypan blue staining. Scale bar 500 µm. 

In some instances the capsules became wrinkled during coating with polycations. This 

has been observed previously 14
•
41 and is presumably caused of osmotic pressure induced 

shrinkage of the Ca-Alg beads where the surface layer is unable to undergo a corresponding 

shrinkage. The wrinkling of hydro gel beads such as Ca-Alg is known to depend on the type, MW 
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and concentration of the polycation, exposure time, the size of the Ca-Alg beads, as well as the 

28 41nature of the solutions used to wash the beads prior to coating. 14
• • 

In the present work, one batch of CaAlg beads that had been stored at 4 °C in saline for 

several weeks prior to coating with the polycations was found to be particularly prone to 

wrinkling, likely due to some loss of Ca2 
+ or breakdown of alginate,42 resulting in weakening of 

the hydrogel core. Coating of this batch of Ca-Alg beads with higher molecular weight 

polycations resulted in different types of wrinkling, depending on polymer composition. Figure 

5.4 shows a representative Ca-Alg capsule coated with 0.5 wt% C70 for 10 min. Appearance of 

such wrinkling is hence an indicator for loss of gel strength, high osmotic pressure or the 

formation of an inflexible shell. 

Figure 5.4: Ca-Alg beads, coated with 0.5 wt% C70 for 10 min, followed by washing and trypan 

blue staining. 

The primary amine-containing polycations, CO, P APM and PLL, as well as C70 were 

used in subsequent encapsulation experiments. Coating with these polycations was conducted 

such that no wrinkling of Ca-Alg beads was observed by using freshly prepared Ca-Alg beads 

and polycation concentrations and exposure times of no more than 0.5% and 10 min, 
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respectively. Each type of polycation-coated bead was then coated with either sodium alginate or 

A70 before being evaluated further. 

5.3.2 Capsule stability: 

Ca-Alg capsules coated with CO, P APM or PLL, followed by either alginate or A 70, were 

evaluated for stability, by challenging them with a) citrate and 2 M NaCl, b) water or c) a dilute 

EDT A solution. 

Exposure of coated Ca-Alg beads to sodium citrate (170 mM) caused the Ca-Alg core to 

dissolve while the PEC shells survived. When the resulting hollow shells were challenged with 2 

M NaCl, those from the non-cross linked APA, A-PAPM-A and A-CO-A capsules (Figure 5.5a, 

b, d) disappeared as the ionic interactions within the PECs were screened. In contrast, the shells 

from the A-PAPM-A70 and A-CO-A70 capsules remained intact (Figure 5.5c, e inset) as they 

were maintained by covalent cross-linking, in addition to the ionic interactions. 
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Figure 5.5: Optical microscope images of a) APA (0.05/0.03), b) A-PAPM-A (0.5/0.03), c) A

PAPM-A 70 (0.5/0.5), d) A-CO-A (0.5/0.03), and e) A-CO-A 70 (0.5/0.5) capsules. After treatment 

with 170 mM sodium citrate and then 2 M NaCl, followed by trypan blue staining a, b, d have 

dissolved, while c and e shells survive and are shown in insets. Polycation/polyanion 

concentrations (wt%) are shown in brackets. Scale bar: 500 µm. The dark circular features within 

the capsules are caused by contact with the slide or the air/liquid interface. 

The capsules were also challenged with an osmotic pressure test (OPT),36 and with a 

related EDTA test involving removal of Ca2 
+ using a dilute EDTA solution. Capsules were 

tumbled in distilled water for 3 hours, or in EDT A solution for 15 minutes, before the fraction of 

intact capsules was determined (Table 5.2). Standard APA capsules prepared with 0.05% PLL 

were completely broken in both tests. APA capsules formed with 0.5% PLL survive the OPT but 

nearly half were broken in the EDTA test. In contrast, all of the capsules prepared with A 70 

survive tumbling in either water or EDT A, reflecting the presence of covalently cross linked 

shells around the capsules, in analogy to the C70/ A 70 and other A 70 reinforced capsules 

15 16 described earlier. 14
' • 

Significantly different A 70 and alginate concentrations were used (compare 2nd and 3rd 

entries in Table 5.2) because these concentrations allowed coating without capsule aggregation. 

If the alginate concentration used for the outer coating was increased to 0.5%, the capsules 

aggregated and coalesced into larger gels, surrounded by alginate, possibly due to calcium 

exchange between the bead cores and the coating solution. Capsule aggregation often occurred 

for A 70 concentrations of 0.01-0.1 but not at 0.5%. Experiments with dye-labelled A70 

suggested that <10% of the A 70 was bound to the capsules at this concentration and thus the 

amounts of alginate and A 70 bound during coating experiments is not significantly different. 

176 


http:0.5/0.03
http:0.5/0.03
http:0.05/0.03


Table 5.2: Performance of empty and cell-containing capsules in the OPT and Ca chelation test. 

Capsules a 

% intact° 
OPT Ca chelation 

Dist.water 
(tumbled for 3 hrs) 

0.003% EDTA in dist. water 
(tumbled for 15 min) 

Empty With cells Empty With cells 

APA (0.05/0.03) 0 0 0 0 
A-PLL-A (0.5/0.03) 100 0 60 0 
A-PLL-A 70 (0.5/0.5) 100 100 100 70 ± 5 

A-PAPM-A 70 (0.5/0.5) 100 100 100 100 
A-CO-A70 (0.5/0.5) 100 0 100 5±5 

a. Concentrations in brackets refer to polyelectrolyte concentrations (%w/v) used for coating. 

Capsules were stored in saline (empty) or serum free media (cell- containing) for 24 h between 

coating and OPT/Ca chelation test. 

b. Percent capsules still intact as per optical microscopy after tumbling for 3h in dist. water, or 

for 15 min in EDT A solution. 

The stability of corresponding cell-containing capsules was also examined. Capsules 

containing myoblast C2C12 cells were incubated in vitro for one day and then tested using the 

OPT and the EDTA tests (Table 5.2). The cell-containing capsules fared more poorly than the 

empty capsules, with the exception of the A-PAPM-A70 capsules. Reduced stability for capsules 

containing cells has been observed previously and was attributed to the disruption of the Ca-Alg 

gel or the polyelectrolyte complex shell by the cells.36 The use of A 70 in conjunction with 

PAPM or PLL gives capsules that show good strength in these tests. The PAPM-A 70 capsules 

performed better than the previously studied C70-A 70 capsules, 14
, which remained 100% intact 

when empty, but were ruptured to some degree if they contained cells. 
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5.3.3 Cell viability: 

The viability ofmyoblast C2C 12 cells in APA, A-PAPM-A, A-PAPM-A70 and A-CO-A70 

capsules, several of which are shown in Figure 5.6, was evaluated using the Alamar Blue assay. 

The encapsulated cells were incubated in vitro and the number of living cells per capsule was 

monitored over time (Figure 5.7). Immediately after encapsulation there was some reduction 

(~25%) in cell number for capsules coated with 0.5% PLL or 0.5% CO compared to APA. The 

PAPM-coated capsules showed initial cell numbers nearly identical to AP A. The cells exhibited 

similar proliferation rates in all types of capsules such that there were comparable numbers of 

cells found in each capsule on Day 7. In addition, switching from 0.03% alginate to 0.5% A 70 as 

the outer coating has no noticeable effect on viability, consistent with previous observations of 

15the good cell compatibility of A70. 14
• Thus, the capsules coated with PAPM or CO in 

combination with A 70 provide a good environment for cell growth. These observations reflect 

the fact that the normally cytotoxic polycations are trapped at the capsule surface away from the 

cells and findings that polycations that are bound to polyanions (electrostatically, or as here, 

covalently) do not seem to show much cell toxicity.26 
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Figure 5.6: Phase contrast microscope image of C2C12 cells encapsulated in a) APA(0.05/0.03), 

b) A-PAPM-A(0.5/0.03), c) A-PAPM-A70(0.5/0.5), and d) A-CO-A70(0.5/0.5) after in vitro 

incubation for 1 week. Polyelectrolyte concentrations are shown in brackets. Scale bar - 500 µm . 
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Figure 5.7: In vitro cell viability for C2C 12 cells encapsulated in a: APA (0.05/0.03), b: A-PLL

A(0.5/0.03), c: A-PLL-A70(0.5/0.5), d: A-PAPM-A (0.5/0.03), e: A-PAPM-A70(0.5/0.5), and f: 

A-CO-A 70(0.5/0.5) capsules. Polyelectrolyte concentrations are shown in brackets. 

5.3.4 Protein Binding: 

44 45Protein binding is an important consideration for biomaterials43
• • • 

46 and is believed to 

play a key role in the immune response observed upon implantation of capsules coated with 

C70. 16 In the same work, A 70 was shown to only weakly bind BSA/ 

In order to examine the ability of polycations on the capsule surface to absorb proteins 

from the culture medium, potentially leading to an immune response after transplantation into the 

host, a qualitative protein binding study was undertaken. The test involves determining the 

relative amounts of BSA bound to capsules coated with the different polycations. It is important 

to note that these protein-binding experiments were conducted with capsules made from a 

different alginate than the other experiments described in this paper. It was no longer possible to 

obtain Keltone L V alginate with same properties as before so the protein binding experiments 

were conducted with capsules made from a high purity alginate (Pronova UP MVG from 

NovaMatrix) that is now commonly used in cell encapsulation studies. Since the alginate 

remained constant while the nature of the polycation was varied, any differences in BSA binding 

will be due to the polycation. 

Empty Ca-Alg beads coated with 0.5% polycation (C70, CO, PAPM or PLL) followed by 

Alg (0.03%), were incubated with 0.05% BSA/for 24h at 20 °C, washed four times with saline 

and then examined by confocal microscopy (Figure 5.8). All of the samples show a stronger 

signal at the capsule surface than in the interior. This is consistent with some binding of BSAf by 

the polycations which are localized at the surface. The fluorescence is quite weak for A-CO-A, 
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A-PAPM-A and A-PLL-A capsules (Figure 5.8 b, c, d) indicating minimal binding of BSAf 

However, A-C70-A capsules showed very strong BSA/binding (Figure 5.8a), suggesting that the 

quaternary ammonium ion-containing polymer (C70) is a major contributor to binding proteins 

to the capsule surface. In contrast, PLL and the primary amine-containing polymers CO and 

P APM showed much less protein binding. 
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Figure 5.8: Top: Confocal microscopy optical sections in the equatorial region of A-C70-A, A

CO-A, A-PLL-A, and A-PAPM-A capsules, all prepared from Novamatrix alginate, and 

incubated in 0.05% BSA/at 20 °C for 24h. Bottom: line intensity profiles of capsules shown at 

top. Concentration of coating solutions: 0.5% polycation, 0.03% alginate. Exposure time: 10 

mm. 

Work is in progress to examine some of these capsules with a more comprehensive 

protein-binding assay to identify whether there is preferential binding of certain proteins and to 

test if the BSA/screen provides a useful gauge of overall protein binding. 
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5.4 Conclusion 

These results indicate that P APM is comparable to PLL in terms of shell strength, cell 

viability and protein binding, in shell cross-linked Ca-Alg capsules formed with the reactive 

polyanion A 70. Both PAPM and PLL show low BSA/binding compared to polymers containing 

quaternary ammonium ions. They also show better capsule strengths compared to CO, the other 

all-primary amine polymer studied here. Due to the amide linkages near or in their backbone, 

P APM as well as PLL are protected from the undesirable hydrolysis and transamidation 

reactions seen for C70 and for CO. 

Addition of calcium chloride to the coating baths was shown to prevent capsule 

aggregation despite the high molecular weight P APM used in this study. 

This positions PAPM as a promising alternative to PLL in cross-linking coating of Ca

Alg beads. In future we will report on APM homopolymers with controlled molecular weight, 

and APM copolymers with non-ionic comonomers, currently being developed with the aim of 

increasing strength while further improving cell and host compatibility compared to PLL. 
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Abstract 

Self-cross-linkable polyelectrolyte pairs comprised of poly(methacrylic acid, 

sodium salt-co-2-[methacryloyloxy]ethyl acetoacetate) (70:30 mol ratio, A70) and poly

L-lysine are incorporated into CaAlg beads to form either a covalently crosslinked shell 

or a core-cross linked bead. In both cases the reactive polyanion is added to a solution of 

sodium alginate that may contain live cells, and dropped into a calcium chloride gelling 

bath. Subsequent exposure to poly-L-lysine (15-30 kDa) leads to formation of a 

crosslinked shell, while exposure to lower molecular weight poly-L-lysine (4-15 kDa) 

leads to formation of an interpenetrating matrix of covalently crosslinked polymer within 

the CaAlg template. The resulting spherical composites are resistant to chemical and 

mechanical stress yet remain cyto-compatible. This approach to cell-encapsulation may 

be useful for cell immuno-isolation m therapeutic cell transplants. 
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6.1 Introduction 

Transplantation of encapsulated allogeneic cells expressmg therapeutic 

compounds or peptides is a promising approach for the treatment of diseases such as 

neurological disorders, dwarfism, hemophilia, lysosomal storage disorders and cancer. To 

avoid immune rejection by the host, the transplanted cells are typically protected by a 

semi-permeable membrane, which allows the exchange of oxygen, nutrients and 

metabolites, while obscuring the encapsulated cells from the host's immune system '-5 

The most common cell encapsulation system involves the alginate/poly-L

lysine/alginate (AP A) microcapsules derived from the original protocol of Lim and Sun. 5 

These capsules are primarily composed of alginate, a naturally occurring polysaccharide 

composed of ~ -D-mannuronic acid (M) and a-L-guluronic acid (G) residues. Calcium 

ions are used to cross-link G-rich regions of the alginate chains, and the resulting calcium 

alginate (CaAlg) hydrogel beads are coated with poly-L-lysine (PLL) to strengthen the 

bead surface and control permeability. A final coating with alginate is applied in order to 

hide the PLL from the host4 and make the capsules biocompatible. 

While AP A capsules meet many of the requirements for immuno-isolation of cells 

when implanted into mice, they show insufficient strength when implanted into larger 

animals such as dogs. 6 This may be due to weakening of the hydro gel core by exchange 

of calcium with other physiological ions and/or the loss of the protective polyelectrolyte 

coatings. 

A number of studies have attempted to address the challenge of long-term 

mechanical stability by varying the molecular weight (MW) or G/M ratio of the 

7 9 0 14alginate,4
• - the cross-linking ion9

· ' • and/or the polyelectrolytes' 1- used to coat the 
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been investigated. 

Another approach has been to examine the use of alternate hydrogel cores,2• 
23 

including those made of composite materials. Reinforcement of the alginate core through 

the formation of an interpenetrating network or composite may lead to improved 

mechanical properties while maintaining most of the desirable properties of alginate. In 

addition, it may be easier to adjust capsule properties such as strength and permeability 

independently of each other. One requirement would be to maintain the ability of the 

alginate to form calcium complexes through its extended G blocks. 

A number of alginate composite materials have been explored for cell 

encapsulation.24 Compounds added to the alginate forming the bead core were designed 

to be thermally (agarose25
), ionically (carrageenan26

) or photochemically gelled,27 or 

designed to modify viscosity or water content ( carboxymethylcellulose28 
), act as wall 

forming materials (cellulose sulphate,29 heparin28
), control permeability or provide an 

improved environment for cell growth (chitlac - lactitol-functionalized chitosan30
). For 

example, capsules designed for longer-term cell implantation have been prepared with 

alginate-cellulose sulfate composite cores where the cellulose sulfate acted as a viscosity 

modifier and was thought to be a better wall builder than alginate when forming 

polyelectrolyte complexes with the polycations used to coat the capsules.29 Still other 

composite cores have been formed by the in-diffusion of polymeric or monomeric species 

followed, in some cases, by cross-linking or polymerization. Gaserod et al found that the 

in-diffusion of low MW chitosan into CaAlg beads resulted in the formation of an 

alginate-chitosan gel in the core of the capsule that was able to withstand the loss of 
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calcium. 31 Childs and coworkers formed a composite capsule composed of alginate and 

poly(sodium acrylate-co-N-vinylpyrrolidone) formed by photopolymerization of 

monomers allowed to diffuse into the CaAlg beads.32 

We recently described polyelectrolytes bearing complementary reactive groups 

that underwent a covalent cross-linking reaction to produce a cross-linked polyelectrolyte 

complex coating on CaAlg capsules.33 In contrast to photochemical crosslinking 

approaches, the described crosslinking by condensation reaction occurs spontaneously 

upon contact. 

These materials and their cross-linking reaction might also be used to reinforce 

the core of the capsules. This paper describes the addition of the reactive polyanion, 

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

p(MAANa-co-MOEAA), 70:30 A70, to the CaAlg core followed by exposure to PLL. 

This could lead to two scenarios, depending on the relative ability of the two reactive 

polyelectrolytes to diffuse through the CaAlg matrix: 

1. Larger PLL chains (MW ?: 15-30 kDa) should penetrate no further than 30 µm into the 

composite bead, the norm for APA-type capsules,33 covalently crosslinking with the A 70 

chains that they encounter. If the A 70 present in the core has some mobility in the CaAlg, 

it should diffuse to the capsule surface to further reinforce the shell, which has a 

thickness largely defined by the penetration depth of the PLL. 

2. Smaller PLL chains (MW < 15 kDa) should be able to diffuse into the hydrogel bead, 

and react with A 70 at deeper levels. Given appropriate concentrations and stoichiometry 

of the polyelectrolytes, it might be possible to form a covalently crosslinked network 

throughout the core. 
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The potential benefits of this counter-diffusion of the two reactive 

polyelectrolytes include a different control mechanism over wall thickness and location, 

compared to the usual sequential layer-by-layer deposition of polyelectrolytes. The first 

scenario would lead to covalently crosslinked analogs to the conventional AP A capsules. 

The second scenario should lead to covalently core-crosslinked beads, for which loss of 

alginate due to calcium-sodium exchange or oxidative breakdown34 would be less critical. 

In both cases the beads would receive a final coat of alginate (Scheme 6.1 ) . 

PLL 
4-15kDa 

crosslinked shell crosslinked core •
1. PLL 15-30kDa 
2. PLL 4-15kDa 1


cross linked shell + core • 
Scheme 6.1: Schematic representation of the capsule morphologies formed when 

embedding reactive polyanion within the CaAlg capsule, followed by reaction with high 

MW PLL, low MW PLL, and sequentially with high and low MW PLL. 

Interaction of the synthetic polyanion, A 70, with calcium, diffusion of these 

polyanions within CaAlg hydrogel matrices and interaction with polycations at both the 

capsule surface and within the capsule core were investigated. The internal morphology, 

mechanical strength, permeability of the capsules, and the viability of encapsulated 

murine cells are described. 
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6.2 Experimental 

6.2.1 Materials: 

Sodium alginate (Keltone L V) was a gift from the Nutrasweet Kelco Company 

(San Diego, California, USA). Methacrylic acid (MAA, 99%), 2-[methacryloyloxy]ethyl 

acetoacetate (MOEAA, 95%), fluorescein 0-methacrylate (97%), poly-L-lysine 

hydrobromide (PLL, Mn = 15-30 kDa, 4-15 kDa and 1-4 kDa), fluorescein isothiocyanate 

(FITC, 90%), FITC-conjugated bovine serum albumin (BSA-FITC, M11 = 66 kDa), FITC

conjugated dextran (dextran-FITC, Mn = 10, 70, 150, 250 and 500 kDa), Rhodamine B 

isothiocyanate (RITC, mixed isomers), 2-(N-cyclohexylamino )ethanesulfonic acid 

(CHES, 99%) and trypan blue stain (0.4% in 0.85% saline) were purchased from Sigma

Aldrich, Oakville, ON, and were used as received. 2,2'-Azobis(isobutyronitrile) (AIBN, 

99.95%) was purchased from Dupont (Mississauga, ON) and used as received. Sodium 

chloride (reagent), sodium nitrate (reagent), N,N-dimethylformamide (DMF, reagent) and 

anhydrous ethyl ether were obtained from Caledon Laboratories Ltd (Caledon, ON). 

Calcium chloride (Fisher), trisodium citrate dihydrate (Analar, EMD Chemicals, 

Gibbstown, NJ) and sodium dihydrogen orthophosphate (BDH, ON) were used as 

received. Ethanol from Commercial Alcohols (Brampton, ON) and serum free media 

(SFM) from Gibco (Mississauga, ON) were used as received. Sodium hydroxide and 

hydrochloric acid solutions were prepared from concentrates (Anachemia Chemical, 

Rouses Point, NY) by diluting to 0.100 M or 1.000 M with deionized water. The 

preparation of A70, its FITC-labelled analog A70/and AlOO were described previously.33 
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6.2.2 Synthesis of Fluorescent version of PMAANa, A 1 OOf: 

MAA (1.91 g; 22 mmol), fluorescein 0-methacrylate (89.7 mg; 0.22 mmol), and 

AIBN (73.6 mg, 44.7 mmol) were dissolved in 18 mL ethanol and heated at 60 °C for 21 

h. The polymer was isolated by precipitation in ethyl ether (200 mL), and washed three 

times with 50 mL ethyl ether to remove the unreacted fluorescein methacrylate, and dried 

to a constant weight under vacuum at 50 °C. Yield: 1.36 g (68%). The fluorescence 

labeling of AlOO/was determined to be 0.42-molo/o based on total monomer groups, by 

UV-Vis spectroscopy. 

6.2.3 Poly(methacrylic acid, sodium salt-co-2-[methacryloyloxy]ethyl 

acetoacetate) (p(MAA-co-MOEAA), 70:30 (A70) of different molecular 

weights: 

A70 with different MWs were obtained by copolymerization of methacrylic acid 

(MAA) and 2-(methacryloyloxy)ethyl acetoacetate (MOEAA) in ethanol at 60°C, with 

isolation by precipitation into ethyl ether, as described previously. 33 Reported reactivity 

ratios of MOEAA and methylmethacrylate (MMA) in toluene of about 1 and 135 
, and of 

MAA to MMA (in iPrOH) of 0.33 and 0.7836 suggest there should not be an unacceptable 

drift of copolymer composition from the initial comonomer feed ratio, especially given 

the low percentage of MOEAA of 30%. Monomer to initiator (AIBN) ratios 20: 1, 100: 1 

and 800:1 were used, and resulted in A70 of 22, 42 and 149 kDa, respectively. 

Fluorescein-labelled versions of A70-22k, A70-42k and A70-149k were prepared using 

FITC as described,33 and resulted in degrees of labelling of 0.22, 0.34 and 0.32 mol% of 

the total monomer units, respectively, determined by UVNis spectroscopy. The polymers 

were neutralized with IM NaOH to form the sodium salt of A70. 
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6.2.4 Rhodamine-labelled Poly-L-lysine (PLLr): 

PLL with MW of 1-4 kDa, 4-15 kDa, or 15-30 kDa (55.5 mg, 0.265 mmol of 

lysine units) was dissolved in 5 mL O. lM NaHC03 buffer solution at pH 9 in a 20 mL 

glass vial. Rhodamine isothiocyanate (2.7 mg, 0.005 mmol) dissolved in 0.5 mL DMF 

was added to the PLL solution and the mixture was stirred for 1 h at 20 °C. The resulting 

solution was dialysed against deionized water using a cellulose tubing (Spectrum 

Laboratories, 3.5 kDa MW cut-off for 4-15 and 15-30 kDa PLL and 1 kDa MW cut-off 

for 1-4 kDa PLL). The dialysed polymer solution was freeze-dried, and the polymer 

dried further to constant weight in a vacuum oven at 50 °C. Final yields of isolated, 

labelled polymer were 10% for the 1-4 kDa, 56% for 4-15 kDa and 40% for the 15-30 

kDa PLLr, with degrees of labelling of 0.76, 0.77 and 0.62 mol%, respectively. 

6.2.5 Characterization: 

Molecular weights of AlOOf, A70 and dextran-FITC samples were determined by 

gel permeation chromatography (GPC) with a system consisting of a Waters 515 HPLC 

pump, Waters 717 plus Autosampler, three Ultrahydrogel columns (0-3 kDa, 0-50 kDa, 

2-300 kDa), and a Waters 2414 refractive index detector. Samples were eluted with a 

flow rate of 0.8 mL/min and the system was calibrated with commercially available 

narrow dispersed molecular weight polyethylene glycol (PEG) standards (Waters, 

Mississauga, ON). 

Dextran-FITC samples were eluted with O.lM NaN03, while for AlOOf the 

mobile phase was 0.3 M NaN03 in 0.05 M phosphate buffer (pH 7). AlOOfwas prepared 
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for GPC analysis by the addition of a stoichiometric amount of 1 M NaOH to the MAA

containing precursor polymer followed by dilution with the mobile phase. 

Polymer compositions were determined by 1H NMR using a Bruker AV 200 

spectrometer for samples dissolved in DMSO-d6. 

6.2.6 Preparation of Ca(A/A70) composite beads: 

The Ca(A/A70) beads were prepared following the procedure described by Ross 

et al.37 Sodium alginate (0.045 g), and A70 or A70f (0.015 g) were dissolved in 3.0 g 

saline (0.9% NaCl) to form a solution containing 1.5 wt% sodium alginate and 0.5 wt% 

A70 or A70f The pH was adjusted to 7 with O.lM NaOH. The solutions were filtered 

with sterile filters (0.45 µm, Acrodisc Syringe Filter, Pall Corporation, USA). 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 York) at a rate of 30.1 mL/h. A 

concentric airflow ( 4 L/min) passing by the needle tip is used to induce droplet 

formation. The droplets were collected in 30 mL of 1.1-wt% calcium chloride, 0.45% 

sodium chloride gelling bath. Twenty minutes after the completion of bead formation, the 

supernatant was removed, and the resulting concentrated Ca(A/ A 70) composite bead 

suspension (about 3 mL) was washed in sequence with four-fold volumes of a) 1.1 % 

CaCh, 0.45% NaCl for 2 minutes; b) 0.55% CaCh, 0.68% NaCl for 2 minutes; c) 0.28% 

CaCh, 0.78% NaCl for 2 minutes; d) 0.1% CHES, 1.1% CaCh, 0.45% NaCl for 3 

minutes; and then e) 0.9% NaCl for 2 minutes and stored in saline. 

Analogous cell-containing composite capsules were prepared by preparing a core 

solution containing 1.5% sodium alginate, 0.5% A70, and 2 million C2C12 cells per mL. 

This suspension was extruded to form capsules as described above, except for the use of 
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an Orion sage pump, model # M362 located in a sterile laminar flow hood, and a liquid 

flow rate of 99.9 mL/hour. The cell containing capsules were washed as above, and 

stored in serum free media for further use. 

6.2. 7 Coating of Ca( A/A 70) composite beads with poly-L-Lysine and 

sodium alginate to form (A/A70)PA capsules (typical procedure) : 

A dense suspension of Ca(A/A70) composite beads (3 mL) was exposed to 10 ml 

of 0.05% or 0.5% (w/v) PLL (pH= 8, saline) for 6 minutes and washed once each with 

12 ml of a) 0.1 % CHES, 1.1 % CaClz, 0.45% NaCl for 3 minutes, b) 1.1 % CaClz, 0.45 % 

NaCl for 2 minutes and c) 0.9% saline for 2 minutes. The resulting (A/A70)P capsules 

were then coated with 10 ml of 0.03% (w/v) sodium alginate for 4 minutes, followed by 

three washes with 12 mL of 0.9% saline. The final (A/A70)PA composite capsules were 

stored in the last saline solution. 

6.2.8 Capsule Characterization: 

Capsules and polyelectrolyte complexes were examined with an Olympus BX51 

optical microscope fitted with a Q-Imaging Retiga EXi digital camera and ImagePro 

software. The average diameters of the beads and capsules were determined by analyzing 

three batches of approximately 50-100 beads or capsules each. 

Phase contrast microscope images were taken using a Wild M40 microscope, and 

confocal images were taken with a confocal laser scanning microscope (CLSM) 

consisting of air-cooled Argon and HeNe lasers (LASOS; LGK 7628-1), ZEISS LSM 

510 and LSM Image browser software (version 3.5). 
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6.2.9 Chemical and Mechanical Stress Test: 

Dense microcapsule suspensions in saline (100 µL) were placed in 15 ml 

polypropylene conical tubes and exposed to 5% w/v (170 mM, 5 mL) sodium citrate for 5 

minutes, followed by exposure to 5 mL of 2M sodium chloride. The tubes were attached 

to a wheel tilted at 30° from horizontal and rotated at 30 rpm for 15 minutes at room 

temperature. The capsules were then washed with water, stained with trypan blue and 

observed by optical microscopy. 

6.2.10 Cell culture: 

The cell line used was the C2C12 cell line (American Type Culture Collection 

[ATCC], Rockville, MD; Catalogue No. CRL-1772). The cells were maintained in 

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine 

serum (Gibco, Grand Island, NY) and 100 U/mL penicillin-100 µg/rnL streptomycin 

(Gibco, Grand Island, NY) in the presence of 5% C02 with 100% humidity at 37 °C in a 

water-jacketed incubator. 

6. 2.11 Cell viability: 

The number of viable cells per capsule was determined with an Alamar Blue 

assay. 38 100 µL of capsules were loaded in a 24-well plate with 500 µL media. 50 µL of 

Alamar Blue reagent was added to each sample and the plate was incubated at 37 °C for 4 

h. After incubation, 100 µL of supernatant was taken from each well and placed in a 

microtiter plate. The fluorescence of each sample was read with a Cytofluor II 

fluorimeter, with an excitation wavelength of 530 nm and an emission wavelength of 590 
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nm. The number of viable cells per capsule was determined by comparmg the 

fluorescence intensity with a standard curve generated from a known number of cells. 

The effect of the encapsulation procedure itself on cell viability has been 

measured in our lab a number of times for APA capsules, by crushing freshly formed 

capsules, staining them with trypan blue and counting both live and dead cells. On day 1, 

the percentage of live cells is consistently above 95%. The number of cells/capsule can 

be compared to that of APA, assuming similar capsule volumes, to get a measure of the 

viability in the new capsules. 

6.2.12 Permeability Measurements: 

Capsule permeability was evaluated usmg dextran-FITC or BSA-FITC. The 

procedure with dextran-FITC was a modified version of a published procedure39 and 

employed samples having nominal MWs of 10, 70, 150, 250 and 500 kDa. In the case of 

dextran-FITC, the capsules (0.2 g) were suspended in saline (0.2 mL) and exposed to 1.0 

mL of 0.0015 or 0.05% dextran-FITC for 24 h at room temperature. When BSA-FITC 

was employed, the capsules (0.5 g) were suspended in a minimum amount of saline (- 0.1 

mL), exposed to 5 mL of 0.05% BSA-FITC for 24 h at room temperature, and then 

washed 5 times with saline (5 mL) to remove free protein. 

The microcapsules were then examined by CLSM. A microcapsule suspension 

(100 µL) was placed on a microscope slide within a Teflon ring (7 mm diameter, 3 mm 

depth) and images were obtained at the capsule equator. Intensity profiles were obtained 

from the CLSM images with a 25-pixel wide line using UTHSCSA Image Tool software 

(version 3.0). 
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6.3 Results and Discussion 

The aim of this work is to explore covalent reinforcement of CaAlg beads with a 

crosslinked interpenetrating network formed by reaction between a polyanion present in 

the core, and a polyamine diffusing in from the outside. We had shown earlier that 

aqueous solutions of electrophile-containing polyanions such as A 70 form crosslinked 

polyelectrolyte complexes upon contact with polyamines such as PLL, due to the facile 

reaction between the acetoacetate groups on the polyanion and the primary amines on the 

polycations. 33
,4°,

4 1 We also showed that this reaction can be used to form persistent, cross 

linked shells around CaAlg beads.33 
•
40 

Here, we explore the ability of these polyelectrolytes to form crosslinked 

networks throughout the bead, leading to formation of a permanent three-dimensional 

support structure for cell transplantation and other uses. 

This involves adding the reactive polyanion, A 70, to the sodium alginate solution, 

prior to gelling with calcium chloride. The resulting primary CaAlg beads thus contain 

A 70 homogeneously distributed throughout. Subsequent exposure of these beads to 

aqueous solutions of PLL should lead to formation of crosslinked A 70 - PLL networks 

near the bead surface, with thicknesses dependent on the molecular weights and 

mobilities of the two polyelectrolytes used. 

The commonly used 15-30 kDa PLL should not be able to penetrate the CaAlg 

matrix more than a few tens of micron,33
,4°,

42 and hence should result in formation of a 

thin crosslinked shell similar to those formed in the conventional layer-by-layer 

approach.33
.4° On the other hand, use of lower MW PLL should facilitate diffusion into 
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the beads, resulting in thicker crosslinked layers or even core-crosslinked networks, 

depending on polyelectrolyte stoichiometry and concentrations. 

The MW and mobility of the A 70 is similarly expected to play an important role. 

The mobility of A 70 inside the CaAlg should depend both on its molecular weight and on 

its calcium binding strength. Accordingly, PLL and A 70 with a range of molecular 

weights have been explored. 

The synthetic polyanions are described in Scheme 6.2 and Table 6.1. Monomer to 

initiator ratios of 20:1, 100:1 and 800:1 were used to obtain A70 having number average 

MWs of 22, 42 and 149 kDa, respectively. Attempts to prepare higher MW polymer 

resulted in gellation, attributed to covalent crosslinking during polymerization. 

Fluorescently-labelled versions of the polymers were prepared by reaction with FITC 

(A70f) or rhodamine B isothiocyanate (PLLr), or via copolymerization with fluorescein 

0-methacrylate (AlOOJ). Unless specifically noted, A70 or A70f with a MW of 42 kDa 

was employed. 

Table 6.1: Polymer properties 

Po!Ymer Mn (kDa)/PDI a MAA:MOEAAb 
AlOO 38 I 2.6 -
AlOOf_ 29 I 2.8 -

A70-22k 22 I 3.1 70:30(±3) 
A70-42k 42 I 2.4 70:30 (±3) 
A70-149k 149 I 1.7 70:30(±5) 

a) Mn determined by Gel Permeation Chromatography. 

b) Copolymer composition in mol% determined by 1H NMR. 
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Scheme 6.2: Natural and synthetic polyelectrolytes used in this study. 

6.3.1 (A (1 .5%)/A70 (0.5%))PA Composite Capsules, (AIA70)PA : 

As the initial step in the capsule formation would be the gellation of the 

alginate/polyanion mixture in CaCh, model experiments were carried out to understand 

the interaction between CaCh and both A70 and AlOO. 

CaAlg is a solid gel that can resist moderate mechanical stresses, while AlOO 

forms a liquid coacervate in presence of CaCh. A 70 (22, 42 or 149 kDa) showed no 

macroscopic phase separation in the presence of CaCh, suggesting that these complexes 

may retain some mobility even within CaAlg beads. 
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CaAlg beads containing the synthetic polyanions were prepared by dripping saline 

solutions containing 1.5wt% sodium alginate and 0.5wt% polyanion, adjusted to pH 7, 

into a CaCh bath.37 The resulting composite beads were exposed to 0.05% PLL (15-30 

kDa), washed with saline and then coated with a 0.03% sodium alginate solution. The 

final capsules had an average diameter of 650 µm and appeared identical to the initial 

Ca(A/ A 70) beads but their surface was easily stained by trypan blue indicating the 

presence of the polycation. In addition, the surface appeared pink when PLLr was used. 

To determine the fraction of A 70 trapped in the capsules, the supernatant 

solutions used during the preparation of capsules containing A70/were analyzed by UV

Vis spectroscopy. This showed that 60 ± 5% of the original A 70f-22k or A 70f-42k, and 

40 ± 5% of the A70f-149k were lost from the beads, predominantly to the gelling bath 

(Figure 6.1 ). No additional A 70/ loss was observed during the subsequent PLL coating 

process. Uncoated Ca(A/A70j) beads stored in a 6-fold excess of saline at 4 °C lost an 

additional 3% of the original A70/ after 2 days, and 16% after 3 months. In contrast, 

(AIA70j)PA capsules did not lose a significant amount of A70fto the supernatant over 8 

months of storage. 

Thus, A 70/ is lost principally in the gellation step during which the droplets were 

found to shrink to about 60% of their original volume, a value consistent with a number 

of other studies.43
'
44 Core liquid is expelled from the gelling beads along with any 

polymer chains that are not physically entangled or ionically bound within the CaAlg gel. 

Use of higher MW A 70 increases the retention of the polymer, possibly due to enhanced 

entanglement. 
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Figure 6.1: Percentage of A70f remaining in the composite microcapsules at different 

stages of the capsule preparation. Error bars show the standard deviation for select 

experiments performed in triplicate. 

CLSM showed that A?Of is initially homogeneously distributed within the 

Ca(NA70.fJ beads (Figure 6.2a). Images obtained 1-2 hours after coating these beads 

with PLL and sodium alginate (Figure 6.2b ), show in addition a very thin outer shell, 

presumably formed by concentration of some of the A ?Of in the form of a PLL/ A ?Of 

cross linked shell. 
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Figure 6.2: CLSM equatorial optical section of Ca(A/A70f) composite capsule: a) 

uncoated and b) coated with PLL (15-30 kDa) (0.05%, 6 min) and then alginate (0.03%, 

4 min) . Images were taken within 1-2 h of capsule preparation. The scale bar is 500 µm. 

When the coated capsules were treated with excess 170 mM (5% w/v) sodium 

citrate for 18 h to liquefy the CaAlg core, the capsules retained the fluorescently labelled 

A70f, but swelled (40-50% diameter increase), indicating the absence of significant core 

crosslinking. Model studies suggested that formation of a crosslinked A 70/PLL network 

requires equimolar or greater amounts of PLL relative to A70. Accordingly, fluorescently 

labelled PLL was used to track the in-diffusion of the polycation and determine the 

fraction that reaches the core of the beads. 

CLSM images of capsules coated with 0.05% solutions of PLLr show that higher 

MW PLLr (15 - 30kDa) is concentrated near the capsule surface, while the lowest MW 

PLLr (1-4k) is evenly distributed throughout the composite microcapsules (Figure 6.3a 

46 47 48 and c), in agreement with a number of earlier reports.45
' ' ' The intermediate MW 

PLLr ( 4-15 kDa) showed both formation of a distinct shell, and significant in-diffusion to 

the core of the bead (Figure 6.3b). The shell formed by 4-15 kDa PLLr was thicker (36 

µm width at half-height of the line-out shown in Figure 6.3d) than that formed by the 15

30 kDa PLLr, (23 µm), which is consistent with the deeper penetration of expected of 

this intermediate MW polycation. Hence, reacting Ca(A/A70) beads with PLL of 

appropriate MW and concentrations, could lead to capsules that are reinforced both 

internally and externally. 
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Figure 6.3: Top: CLSM equatorial optical sections of (AlA 70)P A capsules made with 

PLLr of a) 15-30 kDa; b) 4-15 kDa; and c) 1-4 kDa. Bottom: 25 pixel wide line profiles 

taken from the images. Coating conditions: PLLr (0.05 %w/v in saline, 6 min); Alg 

(0.03% w/v, 4 min). 

The integrity of uncoated and PLL(15-30k)-coated Ca(A/A70) composite beads in 

the presence of sodium citrate and sodium chloride was examined by optical microscopy 

and compared with that of classical AP A microcapsules. Uncoated beads composed of 

Ca(A/A70) or CaAlg dissolve when exposed to 170 mM (5% w/v) sodium citrate, a good 

calcium chelator. In contrast, addition of sodium citrate to PLL(l 5-30k)-coated capsules 

such as AP A or Ca(A/ A 70)P A caused the core of the beads to dissolve, while the shells 

consisting of the polyelectrolyte complex survived. One test for covalent crosslinking of 

the shell is to expose citrate-treated capsules to 2 M NaCl while vigorously agitating, 

which dissolves (in the case of 1-4 and 4-15k PLL) or noticeably weakens (in the case of 
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15-30k PLL) shells held together by just ionic interactions, compared to their crosslinked 

analogs. A better test, especially for the higher MW PLL, involves exposing the shells to 

0.1 M sodium hydroxide, which neutralizes the ammonium ions of PLL leading to rapid 

and almost complete dissociation of all electrostatic PECs used here, as described earlier 

by Dusseault et al. 17 

Figure 6.4: Fluorescence microscopy images (greyscale) of (A/A70.f)P(4-15 kDa, 0.05%) 

A(0.03%) capsules; a) as formed, and b) after being exposed to citrate (170 mM) and 

NaCl (2 M), and manually cut with a micro-knife. Scale bar: 300 µm 

Figure 6.4a shows a composite bead coated with 0.05% PLL (4-15kDa). After 

exposure to sodium citrate followed by 2 M sodium chloride, the capsule was manually 

cut (Figure 6.4b ), revealing both a thin crosslinked shell and A 70/ diffusing out through 

the hole in the shell. The shell is self-supporting, but it is clear that the core of the bead is 

not crosslinked, likely due to the presence of insufficient amounts of PLL. These 

capsules hence resemble the crosslinked-shell capsules prepared earlier using sequential 

exposure of CaAlg beads to polycation and A 70,33
•
40 except that the reactive A 70 is here 

supplied from the interior of the capsule. The outer surface of the capsule, after coating 

with alginate, then resembles the conventional AP A capsules. 
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Composite beads coated with low MW PLL (1-4 kDa, 0.05%), which were shown 

in Figure 6.3c to have PLLr homogeneously distributed throughout the beads, dissolved 

within seconds upon exposure to sodium citrate (70 mM). This indicates that although 

this low MW PLL readily penetrates the interior of the beads, at the present concentration 

of 0.05% it is unable to crosslink the A70 to the extent necessary to give a crosslinked 

shell or core. The chains may be too short to effectively bridge between A 70 chains. A 

sodium citrate concentration of 70 mM was found to be sufficient to extract calcium from 

both CaAlg and composite beads, and was used henceforth. 

6.3.2 Core-Cross/inked (A/A70)PA Capsules: 

For Ca(A/A70(42 kDa)) beads that retain roughly 40% of their original A70 

loading, exposure to 0.05 w% PLL corresponds to a ratio of crosslinking groups 

(amine/acetoacetate) of about 2:1. UVNis analysis of a supernatant PLL (15-30 kDa) 

solution after coating showed that only half of this PLL was actually absorbed by the 

capsules and, thus, the PLL-coated beads have an overall amine/acetoacetate ratio of 

approximately 1: 1. However, much of this bound PLL is involved in electrostatic 

complexation and is concentrated in the dense shell at the surface as shown in Figure 

6.3(a). This indicates that the effective amine/acetoacetate ratio in the core is much lower, 

and explains the absence of core-crosslinking in the resulting capsules. 

Analysis of the in-diffusion patterns (Figure 6.3) indicated that the intermediate 

MW PLL ( 4-15 kDa) might represent a good compromise between ease of in-diffusion 

and a MW high enough to crosslink the A 70 in the core, provided it is available in 

sufficiently high concentration to compensate for incomplete capture and preferential 

binding to the shell. 
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Accordingly, we explored increasing the PLL (4-15k) concentration from 0.05% 

to 0.5 and 1 %. Coating using 1 % PLL solution resulted in wrinkling of the bead surface, 

while 0.5% PLL ( 4-15 kDa) resulted in smooth bead surfaces. Figure 6.5a shows 

(AIA70f)PA capsules coated with 0.5% PLL (4-15k), followed by alginate (0.03 %). The 

resulting capsules were manually cut, and exposed to 70 mM citrate (Figure 6.5b) and 

then 2 M sodium chloride (Figure 6.5c). The capsules undergo little swelling and there is 

minimal loss of A70f demonstrating that sufficient PLL has diffused into the core to 

crosslink the bead throughout. The crosslinked beads also survived subsequent treatment 

with O.lM NaOH (not shown). 

Figure 6.5: Fluorescence microscopy images of a) (A/A70f)P(4-15k, 0.5%)A(0.03%) and 

d) (A/A100f)P(4-15k, 0.5%)A(0.03%); b, e) the beads were manually cut, and then 

exposed to excess 70 mM sodium citrate; c, f) after further treatment with 2 M NaCL The 

scale bar is 300 µm. 
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When the A70f (42 kDa) was replaced with AlOOf (29 kDa), rendering covalent 

crosslinking impossible, the resulting (A/Al 00.f)P( 4-15k, 0.5%)A(0.03%) capsules 

(Figure 6.5d) swelled considerably when exposed to 70 mM citrate for about 5 min. The 

outer layer, consisting of an electrostatic complex of PLL with alginate and AlOOf, 

appears to swell more than the inner core, revealed when the shell is cut (Figure 6.5e). 

Subsequent exposure to 2 M sodium chloride completely dissolved both shell and core 

within three minutes (Figure 6.5f), confirming again that the permanent structure shown 

in Figure 6.5(a-c) for the A70-containing capsule is indeed based on covalent 

cross linking. 

As interesting is the location of the PLL, since it will be important for both 

crosslinking and biocompatibility. Accordingly, Ca(A/ A 70) beads were coated with 0.5% 

PLLr ( 4-15 kDa) and then examined by fluorescence microscopy and CLSM (Figure 

6.6) . As observed in Figure 6.5, capsules exposed to citrate and manually crushed; 

followed by the addition of 2 M NaCl underwent only some swelling and showed minor 

loss of PLLr, confirming the role of PLL in the covalent crosslinking of both shell and 

core. The presence of a distinct PLLr shell in addition to core crosslinking suggests that 

the higher MW fraction of PLLr( 4-15kDa) is limited to forming a surface network, while 

the lower MW fraction can diffuse into the core to crosslink with A 70. The presence of 

the distinct shell in Figure 6.6c, after exposure to 2 M NaCl, indicates that it does not 

involve electrostatic binding of excess PLL to alginate, but rather covalent bonding, to 

A70. 
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Figure 6.6: Fluorescence microscopy images of core-crosslinked (A/ A 70)PLLr ( 4-15k, 

0.5%)A (0.03%) composite capsules to show the location of PLLr (4-15 kDa). a) As 

formed; b) after addition of excess 70 mM sodium citrate and crushing; c) following 

addition of excess 2 M NaCl. The scale bar is 500 µm. d) CLSM middle optical section, 

and intensity line profile, of a capsule such as in a). 

CLSM analysis of a (A/A70)PLLr (4-15k, 0.5%)A (0.03%) capsule such as that 

shown in Figure 6.6a shows the concentration of PLL falling more gradually moving 

from shell to core (Figure 6.6d), compared to the analogous beads coated with 0.05% 

PLLr (4-15 kDa) shown in Figure 6.3b. The width at half height is now close to 100 

micrometer. The confocal image in Figure 6.6d was taken at reduced gain settings 

compared to Figure 6.3b, to avoid saturating the CCD detector. 

Gaserod et al.47 had reported that presence of a competing cation such as calcium 

can enhance in-diffusion of chitosan, but not of PLL, into CaAlg beads. We similarly 
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found that exposure of the Ca(A/A70) beads to PLL(0.5%) in 1.1 % CaCh, 0.45% NaCl 

instead of the standard 0.9% saline, did not lead to significantly increased in-diffusion of 

PLL (images not shown). 

The capsule shell plays important roles in permeation and biocompatibility and, 

thus, it may be advantageous to be able to carry out shell formation independent of the 

core-crosslinking process. In order to test the scope for separately controlling core

crosslinking and shell formation, CaAlg beads were sequentially coated with two PLL 

solutions of different MWs, a variation of the approach described by Prokop et ai24 of 

coating simultaneously with a blend of low and high MW polycations. The expectation 

was that sequential coating would ensure that the higher MW PLL could coat the outside 

of the bead, without competition from the more mobile low MW PLL. Subsequently, the 

lower MW PLL would be able to diffuse through the outer PEC shell to crosslink inner 

regions not accessible to the high MW PLL. Hence, Ca(A/ A 70j) beads were first 

exposed to 0.05% PLL (15-30k) for 1 min, followed without washing by another 

exposure to 0.5% PLL (4-15k) for 6 min, and after a wash step, by the usual final coat 

with 0.03% Alg for 4 min. The resulting capsules, after manual cutting and exposure to 

citrate and 2 M NaCl, show both the presence of an outer shell formed by reaction of the 

higher MW PLL with A 70/ near the surface, and core-crosslinking between the lower 

MW PLL and A70/ in the core (Figure 6.7, a-c). In contrast, the capsules prepared using 

only 0.5% PLL (4-15k) did not show a distinct outer shell (Figure 6.5c). This 

demonstrates the ability of the two-stage approach to give some independent control over 

shell and core crosslinking, and may enable tuning of the MW cut-off as required for 

specific cell immuno-isolations. 
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Figure 6.7: Fluorescence microscopy images of (AIA70f)PA capsule prepared by 

exposure to both high and medium MW PLL. Ca(A/ A 70.f) composite beads were coated 

with 0.05% PLL (15-30k) (1 min), and then with 0.5%PLL (4-15k) (6 min), followed by 

0.03 % Alg (4 min) . a. As formed, b. After challenge with citrate and manual cutting. c. 

After exposure to excess 2 M NaCL The scale bar is 300 µm . 

6.3.3 In-vitro cell viability: 

Figure 6.8: Phase contrast microscope image of C2C12 mouse cells 7 days after being 

encapsulated in a) AP A and b) (AlA 70)P A microcapsules. Coating conditions: PLL (15

30 kDa, 0.05%)/6 min; Na-Alg (0.03%)/4 min. Scale bar: 400 µm. 

C2C12 mouse cells were encapsulated in AP A capsules, the shell-crosslinked 

(A/A70)P(l5-30k, 0.05%)A capsules and the core-crosslinked (A/A70)P(4-15k, 0.5%)A 

capsules. Cell-containing APA and shell-crosslinked (A/A70)P( l 5-30k, 0.05%)A 
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capsules are shown in Figure 6.8. The capsules were cultured in vitro for one week and 

the numbers of living cells per capsule were determined with the Alamar Blue assay. 

Note that the cell viability tests on the two new types of capsules were performed at 

different times each with an AP A control, to take into account variables affecting cell 

growth that are unrelated to the presence of the new materials. Figure 6.9a shows that the 

average live cell numbers in these shell-crosslinked capsules are similar to those in APA 

capsules over the week long incubation, indicating that the A 70 in the core of the 

(A/ A 70)P A capsules is not detrimental to cell viability. 
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Figure 6.9: In vitro cell viability of C2C12 cells encapsulated in APA and (A/A70)PA 

capsules over time. a) APA and shell-crosslinked (A/A70)P(l5-30k, 0.05%)A capsules 
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and b) APA and core-crosslinked (NA70)P(4-15k, 0.5%)A capsules. Error bars show the 

standard deviation. Coating conditions: APA - PLL(15-30k, 0.05 % w/v, 6 min), 

Alg(0.03% w/v, 4 min); shell-crosslinked (NA70)PA: PLL(15-30k, 0.05 % w/v, 6 min) 

Alg(0.03% w/v, 4 min); core-crosslinked (NA70)PA: PLL(4-15k, 0.5 % w/v, 6 min) 

Alg(0.03% w/v, 4 min. 

The cell viability results for the core-crosslinked (NA70)P A capsules are shown 

in Figure 6.1 Ob. The AP A capsules show higher cell numbers throughout the incubation 

although similar relative increases in cell numbers (50-60%) are seen for the two types of 

capsule. Comparison with the higher cell numbers observed in the case of analogous 

shell-crosslinked capsules prepared using only 0.05% PLL(15-30 kDa) (Figure 6. lOa) 

suggests that the lower initial cell viability in the present capsules is due to the larger 

amount of lower MW PLL used. 

It was initially surprising that the diffusion of PLL into the capsule core does not 

have a more negative effect on cell viability. The preferred location of PLLr ( 4-15 kDa) 

in the shell, compared to the homogeneous distribution of A70/ (Figure 6.5) obviously 

reflects the fact that PLL is applied from the outside, while A 70 is found throughout the 

core. PLL in the bead core may exhibit reduced toxicity towards the encapsulated cells, 

as verified by the data in Figure 6.9b, because most of the PLL diffusing in from the 

outside should rapidly react with the A 70 present throughout the core. Any residual 

unreacted PLL would likely be complexed by alginate, and thus rendered much less 

cytotoxic, as reported previously for the complexes formed between polystyrenesulfonate 

and polycations.49 
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On the other hand, the presence of excess PLL near the surface may require more 

than the standard final coating with 0.03% alginate to prevent undesirable interactions 

with the host. One option will be to apply a coat of A 70 to covalently bind this surficial 

PLL. 

6.3.4 MW cut-off ofAPA and shell-cross/inked microcapsu/es: 

It is important that capsules containing cells allow the diffusion of nutrients and 

metabolites, while preventing the ingress of components of the host immune system. The 

good cell viabilities observed for both shell- and core-crosslinked capsules demonstrate 

reasonable permeability of nutrients into the capsules. The ideal MW cut-off of the 

microcapsule membrane is one that provides immunoprotection of transplanted cells 

while allowing release of therapeutic protein. This will depend on the transplant type, 

with values of about 100 - 200 kDa commonly considered to be suitable for 

allografts . 50
'
51 

The MW cut-off of these new shell- and core-crosslinked capsules was estimated 

using a series of commercial dextran-FITC samples with nominal MWs of 10, 70, 150, 

250 and 500 kDa.39
'
52 GPC analysis showed that the samples had broad MW 

distributions, with polydispersity indices of 4.7 for the 150 kDa sample and 

approximately 2 for the other samples, and thus in-diffusion of the low MW fraction may 

occur with each of the samples, In addition, dextran may behave differently than globular 

proteins in solution, and as such the use of dextran-FITC provides only a rough indication 

of the MW cut-off. 

Shell-crosslinked (NA70)P(15-30k, 0.05%)A capsules exposed to 0.0015% 

dextran-FITC solutions for 24 h and then examined by CLSM showed increasing in
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diffusion with decreasing MW (data not shown). Similarly, core-crosslinked (NA70)P(4

15k, 0.5%)A capsules containing C2C12 mouse myoblast cells exposed to dextran-FITC 

(0.05%) for 24 h (Figure 6.10) showed that dextrans of 500 and 250 kDa are almost 

completely excluded, while dextrans having MW's of 10 and 70 kDa can diffuse in 

freely. At least some fraction of the polydisperse 150 kDa dextan also diffuses into the 

capsules (Figure 6.1 Oc). Both the shell- and core-crosslinked capsules have MW cut-offs 

that are roughly 100 to 200 kDa, similar to APA capsules (data not shown), and in line 

53 54 55 56with data reported for other capsules. 31 
• • • • Work is in progress to find additional 

means of determining the MW cut-off and to explore decreasing this MW cut-off by 

varying the A 70/PLL ratio, and adding additional layers of reactive polymers. 
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Figure 6.10: Top: CLSM middle sections of cell containing (NA70)P(4-15k, 

0.5%)A(0.03%) capsules exposed for 24h at room temperature to 0.05% dextran-FITC 
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with nominal MWs of a) lOk, b) 70k, c) 150k, d) 250k, and e) 500k. Coating conditions 

PLL (0.5 % w/v, 6 min); Alg (0.03% w/v, 4 min). Bottom: Line profile from images as 

above. 

The permeability of APA and shell-crosslinked (A/A70)P(15-30k)A 

microcapsules containing cells was also assessed by looking for the uptake of BSA-FITC 

(MW 66 kDa) (Figure 6.11 ). Both types of microcapsules were permeable to BSA-FITC, 

indicating a MW cut-off greater than 70 kDa, consistent with the dextran-FITC results. 

Figure 6.11: CLSM equatorial optical sections of a) APA and b) (A/ A 70)P(l 5-30k, 

0.05%)A microcapsules exposed to BSA-FITC. The scale bar is 200 µm. 

Close inspection of Figure 6.11 reveals that some cells protrude from the surfaces 

of both APA and shell-crosslinked composite capsules, making them liable to recognition 

and attack by the host's immune system. This concern has been recognized, and can be 

addressed by using a double coaxial encapsulation approach that deposits a second, cell

free shell of CaAlg over the cell-containing capsules. In the case of core-crosslinked 

beads, the inner matrix could provide continued immuno-isolation in capsules whose 

outer shell has been breached by such surficial cells. 

217 




Ph.D. Tht>sis- M. A. Jafrrr Mazurnder Mdv1astcr- Cht>rnistry 

Research is in progress to optimize the amounts of A 70 and PLL in such capsules, 

and to explore their strength and host compatibility. 

6.4 Conclusion 

We have shown that internally and externally cross-linked networks can be 

formed in CaAlg beads by inclusion of A 70 in conventional AP A microcapsule cores. 

The distribution of the polyelectrolytes in the microcapsules was studied using 

fluorescently labeled analogs. While a portion of the A 70 was lost during gelling, the 

remainder was distributed evenly throughout bead. The depth of PLL penetration was 

controlled by varying the PLL MW, which allowed the formation of capsules in which 

just the shell or both the shell and core were covalently cross-linked. The resistance of 

these capsules to citrate and high ionic strength demonstrated the cross linked nature of 

the core as well as the shell. The use of two MW s of PLL can give independent cross 

linking of core and shell, which should give access to core-cross linked capsules with 

shells exhibiting MW cut-offs suitable for cell encapsulation. Murine C2C12 cells were 

viable within CaAlg composite capsules. 

This study describes a promising approach to cell encapsulation and may 

ultimately be useful for immuno-isolation in cell-based therapies . Research is in progress 

to optimize the amounts of A 70 and PLL in these capsules, and to explore their strength 

and host compatibility. Studies of the in vivo use of these and related capsules are being 

conducted and will be reported shortly. 
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Chapter 7 Summary and Future Work for Cell Encapsulation 

7.1 Summary 

Cell encapsulation is a technique suitable for the delivery of therapeutic proteins 

to a patient from transplanted cells. One approach to cell sourcing involves either ex vivo 

or in vivo modification of a patient's own cells with viral or plasmid vectors such that the 

patient' s cell will be able to secrete a specific therapeutic protein upon re-implantation. 

Our collaborators 1 are developing a potentially safer approach that involves 

immunoisolating standard cell lines that have been engineered to secrete a therapeutic 

protein within alginate-based microcapsules. These microcapsules protect the cells from 

the patient's immune system, and the success of this approach depends on the long-term 

structural stability of the microcapsules, as well as their ability to maintain an 

environment suitable for the long-term survival of the encapsulated cells. In order to 

increase the structural stability of the microcapsules, this thesis developed a number of 

synthetic polyelectrolytes capable of forming covalent cross-links, and to form a self

cross-linkable skin either around, or throughout, Ca alginate microcapsules containing 

viable cells. The encapsulation processes and microcapsule properties were described, 

including collaborative work on cell viability and host-immune response. The resulting 

contributions are summarized as follows : 

1. Copolymers of [2-(methacryloyloxy) ethyl] trimethylammonium chloride 

(MOETAC) with 0 to 100% 2- aminoethylmethacrylate hydrochloride (AEM.HCl), the 

homopolymer of N-(3-aminopropyl) methacrylamide hydrochloride (APM), and 
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copolymers of methacrylic acid (MAA) with 0 to 70% 2-(methacryloyloxy) ethyl 

acetoacetate (MOEAA), were prepared by free radical polymerization. NMR, 

Potentiometric titration, GPC, UV-Vis and Viscometric techniques were used to 

characterize the polyelectrolytes. Polyelectrolyte complexes of these polyanions and 

polycations were studied in some detail. They form gel, liquid coacervate or soluble 

complexes depending on variable such as charge ratio, total polymer loading, polymer 

molecular weight, and ionic strength. Liquid coacervates were favoured by higher ionic 

strength, whether from added NaCl or from higher polymer loading, and by using 

polyelectrolytes of lower molecular weight. The encapsulation of oils with a two

polyelectrolyte system forming a complex coacervate was demonstrated, as was the 

feasibility of cross-linking the resulting capsule walls. The polyelectrolyte complexes and 

the encapsulation process were studied in some detail by optical microscopy. 

2. We have investigated the feasibility of using the synthetic copolymers of 

methacryloyl oxyethyl trimethyl ammonium hydrochloride with ammo ethyl 

methacrylate, 70:30 (C70) as a polycation, and copolymers of methacrylic acid sodium 

salts with methacryloyl oxyethyl acetoacetate, 70:30 (A 70) as polyanion to replace the 

conventional poly-L-lysine and outer alginate, respectively, for the preparation of 

mechanically stronger microcapsules for therapeutic cell encapsulation. Sequential 

deposition of these polyelectrolytes on calcium alginate films or beads led to a shell 

consisting of covalently cross-linked polyelectrolyte complex that resisted osmotic 

pressure changes as well as challenges with citrate and high ionic strength. Optical, phase 

contract and confocal laser scanning microscopy characterized the resultant 

microcapsules. Confocal laser scanning microscopy revealed that both polyelectrolytes 
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were concentrated in the outer surface of the calcium alginate beads. The thickness of this 

cross-linked shell increased with exposure time. GPC studies of solutions permeating 

through flat analogous model membranes showed molecular weight cut offs between 150 

and 200 kDa for poly( ethylene glycol) samples, suitable for cell encapsulation. The 

encapsulated cells were shown to be viable within calcium alginate capsules coated with 

the new polyelectrolytes, even though some of the capsules showed fibroid overcoats 

when implanted in mice, due to an immune response. In addition, preliminary studies 

have shown that C70 undergoes intra/intermolecular amidation in aqueous solution 

leading to the formation of cross-linked gels over time, and that C70 coated capsules are 

more prone to aggregation during the coating process than PLL-coated capsules. 

The feasibility of using methacrylate (AEM) or methacrylamide (APM) based 

homopolymers containing primary amines (CO, PAPM) to replace C70 (and/or PLL) in 

Ca alginate based capsules was examined in some detail. These results indicate that 

P APM is comparable to PLL in terms of shell strength, cell viability and protein binding, 

in shell cross-linked Ca-Alg capsules fo rmed with the reactive polyanion A 70. They also 

show better capsule strengths compared to CO and C70. It also showed that PAPM as 

well as PLL are protected from the undesirable hydrolysis and intra/intermolecular 

amidation reactions during storage as seen for C70 and for CO. 

3. The in vivo study of self cross-linked microcapsules in mouse model showed 

that there is a reaction of the host to the microcapsules or microencapsulated cells after 

implantation. As C70 and A 70 are on the capsule surface, we suspected that C70 and/or 

A70 might bind to the cell protein or to the component of the culture media. To address 

this issue, we modified the cross-linked C70-A 70 microcapsules by hiding these synthetic 
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polyelectrolytes (C70, A 70) from the capsule surface to improve the in vivo performance 

of the Ca alg-C70-A 70 capsules. Four layer-coated capsules were prepared using layer

by-layer method, where calcium alginate beads were sequentially coated with C70, A 70, 

PLL and Alginate. Confocal laser scanning microscopy confirms the location and 

stability of C70, A 70, and PLL polyelectrolyte network within the microcapsules. 

Interaction between the FITC labelled BSA (analogous to media protein) and the 

multilayer capsules was studied by CLSM. C70 showed significant protein binding to the 

microcapsules surface, while A 70 had a lesser effect. Reducing the concentration of C70 

and A 70 lessened this effect. Using serum-free media to culture the microcapsules post 

fabrication instead of regular medium eliminated this host reaction. Ionic stress test 

indicates that the 4 layer capsules are covalently cross-linked and are stronger than 

classical Alginate-poly-L-lysine-Alg (APA) microcapsules. The permeability of 

multilayer capsules was determined by CLSM and GPC using FITC labelled BSA and 

narrow dispersed PEG standards, respectively. The pore size of the multilayer capsules 

was shown to be similar to that of the control AP A microcapsules, and is suitable for cell 

encapsulation. The in vitro and in vivo biocompatibility of modified capsules was simi lar 

to that of AP A microcapsules. The multilayer capsules show improved mechanical 

strength, while maintaining good biocompatibility and permeability 

4. The feasibility of using A 70, added to the sodium alginate prior to droplet 

formation, to reinforce the calcium alginate core by forming an interpenetrating network 

through covalent cross-linking with polyamines was studied in detail. As in conventional 

AP A capsules, the composite cores containing A 70 were exposed to PLL to form a 

covalently cross-linked network with A 70 within the Ca alginate composite bead. 
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Depending on PLL molecular weight, this cross-linked network could be restricted to the 

capsule surface, or be formed throughout the core. In this context, the interaction between 

calcium ions and synthetic polyanions was examined. In case of Al 00, A90 and A80 

immediate phase separation occurs to form a liquid coacervate. However, A70 

(irrespective of MW) does not phase separate in presence of calcium chloride but forms a 

soluble complex. The distribution of A70 and PLL in the composite capsules were 

studied by CLSM using FITC labelled A70 (A70f) and rhodamine labelled PLL (PLLr). 

A 70 and PLL form covalent cross-linked network, which is demonstrated by their 

resistance to citrate, sodium chloride and sodium hydroxide. The molecular weight cut

off of composite microcapsules was examined by CLSM using FITC labelled protein 

(BSAf) and different molecular weight of FITC labelled saccharides (FITC-Dextran). 

The permeability of composite capsules was shown to be similar to those of control APA 

capsules. Cytocompatibility of composite microcapsules was similar to the control AP A 

microcapsules. 

7.2 Future work: 

7.2.1 Study New Series of Polyelectrolytes: 

The present series of polyelectrolytes form liquid coacervate at 325-450 mM 

added NaCl , and in screening of the polyelectrolytes, C70 showed significant undesirable 

protein binding to the microcapsules surface. In addition, C70 undergoes hydrolysis and 

intra/intermolecular amidation in aqueous solution leading to the formation of cross

linked gels over time and likely for CO. One of the thesis goals was to develop 
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polyelectrolytes that can form liquid coacervates at physiological salt concentrations (150 

mM NaCl), and to use them in cell encapsulation. 

In order to address this issue, copolymers with (10, 20, 30%) HEMA or PEO will 

be prepared which may reduce the electrostatic interactions between chains of a series of 

polyelectrolyte such as P APM and A 70, and give liquid coacervate at 150 mM added 

NaCL These polymers will allow continued exploration of the efficiency of 

polyelectrolyte complexation, the nature of polyelectrolyte complexes (liquid, gel , solid) 

and the factors that control them. 

Our coacervation research to date involved polyethyleneimine as cross linker to 

achieve cross-linked coacervate microcapsules. However, polyethyleneimines (PEis) , in 

linear or branched form showed significant cellular toxicity .2 We will continue to explore 

the possibility to prepare cross-linked coacervate microcapsules using the reduced charge 

density polyelectrolytes by varying the molecular weight and polymer composition 

(random, gradient, block), and explore them for cell encapsulation. 

7.2.2 Optimization of Composite Capsules: 

Our research has shown that synthetic polyelectrolytes (A 70) can coexist with 

alginate in the Ca alginate core, and by varying the molecular weight of PLL, we able to 

localize the cross-linking reaction at the capsule surface or in the interior for the 

formation of an interpenetrating network within the classical AP A microcapsules. 

However, PLL, the most widely used polycation is expensive. It has been shown to 

induce inflammation,3 and also has a pKa (10.5)4 well above physiological pH, which is 

not suitable for covalent cross-linking interactions at physiological conditions. In order to 
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address this, 3-aminopropyl methacrylamide (APM) copolymers with non-10mc co 

monomers such as HEMA will be prepared by controlled polymerization such as atom 

transfer radical polymerization (A TRP) and reversible addition-fragmentation chain 

6transfer (RAFT) polymerization. 5•

Previous stud/ showed that acrylic acid based polymer adequately binds with 

PLL, provide a smoother surface and reduce the tissue response when compared with the 

alginate-coated capsules. To prepare a smoother surface containing capsules, we will use 

A70 for outer coating, and then optimize the strength of core cross-linked microcapsules 

by varying the MW and concentration of A 70 that will aid to develop smooth surface and 

doubly cross-linked network (A 70-PLL-A 70) around or throughout the microcapsule. 

After optimization of strength of the core cross-linked microcapsules, the permeability 

and biocompatibility of the doubly cross-linked composite microcapsules will be studied . 
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