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Abstract 

Liver diseases are the eighth leading cause of death in North America. Currently, 

liver transplant is the available treatment for patients with liver failure. However, the 

shortage of donors and the requirement of immunosuppressant remain a disadvantage. 

Microencapsulation of living cells is an emerging technology which may serve as an 

alternative therapy for patients requiring organ transplants. One of the limiting factors in 

the progress of such therapy is attaining a biocompatible and mechanically stable 

polymer. In the following thesis, a novel microcapsules combining alginate, poly-I-Iysine, 

chitosan and polyethylene glycol (ACPP A) was designed and evaluated for its use in the 

treatment of liver failure. In vitro studies were also conducted to compare the novel 

membrane, with other microcapsules, including the widely studied AP A microcapsules as 

well as alginate coated with chitosan (AC), AP A with PEG (APP A) and AC with PEG 

(ACP). Results show that the novel membrane can support liver cell proliferation and 

function and is capable of pro vi ding cell immuno-protection. The study reveals that 

chitosan and PEG containing microcapsules can be an alternate material for cell 

microencapsulation to be used for live cell delivery and other biomedical applications. 

Further in-vivo studies are recommended to evaluate the full potentials. 



Résumé 

Les Maladies du Foie sont la huitième plus importante cause de mort en 

Amérique du Nord. Présentement la transplante rénale est le seul traitement pour les 

patients qui ont des maladie du foie. Par contre le manque de dons et la nécessité des 

immunosuppresseurs sont un désavantage à cette méthode. L'encapsulation des cellule 

est une nouvelle technologie qui pourrait servir de thérapie alternative pour les patients 

qui ont recours aux transplantes rénales. Un des facteurs qui limite cette technologie est 

d'atteindre un matériel polymère qui est biocompatible et mécaniquement stable. Dans 

cette thèse, de nouvelles microcapsules composées d'alginate, poly-I-Iysine, chitosan et 

PEG (ACPPA) ont été formulées et évaluées dans l'usage en tant que traitement pour un 

échec du foie. Des études in vitro ont aussi été faites pour comparer les nouvelles micro 

capsules avec d'autres micro capsules telles que l' AP A bien connue, et aussi alginate 

enrobe de chitosan (AC), l'APA avec PEG (APPA) et l'AC avec PEG (ACP). Les 

résultats indiquent que la nouvelle micro capsule peut aider à la prolifération et la bonne 

fonction des cellules du foie. L'étude montre que les microcapsules contenant la chitosan 

et la PEG pourraient être un matériel alternatif pour la micro encapsulation de la cellule 

qui serait livrée vivante et pour d'autres usages médicaux. Des études III VIVO 

additionnelles sont recommandées pour évaluer les possibilités au complet. 
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Preface 

ln accordance with the McGill University thesis preparation and submission 

guidelines, as stated in section I-C, 1 have taken the option of writing the experimental 

section of this thesis as a compilation of original papers suitable for publications. The 

papers are presented in chapters 3, 4 and 5 and are subdivided into sections including 

abstract, introduction, materials and methods, results, discussion and conclusion. A 

common abstract, general introduction, literature review, summary of results, overall 

conclusions and references are included in the thesis as required by the guidelines. 
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1.0 General Introduction 

The liver is the largest organ in the human body and it is responsible for carrying 

out a diverse range of metabolic functions2
. Sorne of the processes controlled and 

performed by the liver include, the removal and neutralization of toxins and bacteria from 

the blood, production of immune agents to control infection, absorption of fats and fat 

soluble vitamins and synthesis of enzymes, plasma proteins and bile. 

Due to the vast role the liver plays in the human body, any damage or disease 

altering the liver function can lead to many severe adverse affects3
-
5

• The major diseases 

affecting the liver include viral hepatitis and liver cirrhosis which occurs when healthy 

liver tissues are replaced by scarred tissues as a result of chronic liver diseases, severe 

physical damage to liver tissues or excess consumption of alcohol. Liver cirrhosis ranks 

as the eighth leading cause of death and it is estimated that the mortality rate for hepatic 

failure ranges between 80-90% 6. The liver is also a target of many inbom errors of 

metabolisms. For example, Wilsons disease in which excess copper accumulates in the 

body due to the livers inability to eliminate it, a-l-antitrypsin deficiency where the liver 

is incapable of producing sufficient AA T proteins which causes severe lung damage and 

potentially cirrhosis, and Type 1 glycogen storage disease which results in an enlarged 

liver and abnormal growth due to a deficiency of the enzyme glucose-6-phosphatase. 

Although sorne of the diseases inflicting the liver such as Wilsons disease may be 

treated using various drugs, most liver diseases, in particular liver cirrhosis, presently 

have no marketed treatment 6,7. Currently, liver transplant is considered to be the only 

effective therapeutic solution for many hepatic disorders including acute liver failure and 

chronic and inbom errors ofmetabolism.6
,7. However, the scarcity of donors continues to 

be a barrier in the treatment of such disorders. It is estimated that 20-30% of patients on 

the waiting list for an organ die before an available organ is found 3,5,8. Many liver 

support systems have developed to supply liver functions as a bridge to transplantation. 

For example, hemoperfusion with adsorbents such as resins or activated charcoal remains 

an option for patients with hepatic failure. The adsorbents purify the patient's blood by 

removing toxins that cause hepatic coma 9,10. Although hemoperfusion is practiced 



clinicaIly, this non biological hapatic support system is incomplete because it does not 

supply the proteins and hormones produced by a functioning liver. 

The diverse function of the liver, therefore, makes it difficult to construct an 

effective hepatic support system. Researchers thus are trying to construct a biological 

artificial liver that is stable, capable of removing toxins and has the ability to supply 

proteins to patients8
. 

One of the most appealing possibilities to treat several liver related diseases 

transplanting isolated hepatocytes as opposed to whole liver transplants 3,5,11,12. 

Investigations of hepatocyte transplantation have been a subject of research for the past 

20 years and may potentially to be used clinically to treat liver diseases. Hepatocytes 

transplanted in the liver or the spleen can support liver function in times of hepatic 

insufficiency. In cases of metabolic diseases, the hepatocytes are capable of expressing 

and providing the enzyme and proteins lacking in the host liver. Although hepatocyte 

transplantation in theory is a sound alternative to whole organ transplant, in practice it is 

not used in most clinics. One of the reasons for the slow progression of the therapy is 

that hepatocyte cells are not always readily available. It is necessary to attain new sources 

of hepatocytes either via replication of cell lines, xenogenic hepatocytes or hepatocytes 

derived from stem cells 7. Additional drawbacks of direct hepatocyte transplantation is 

that the cells do not always engraft successfully and host immuno-suppression is 

required which may not be optimal for patients receiving long term cellular 

transplants3,6,12,13 . 

Immuno-isolation technologies, such as artificial cell microencapsulaton, for the long 

term transplantation of biologically active materials have been a focus of research for the 

treatment of several diseases including liver failure. Microencapsulation of allogenic or 

xenogenic cells within a semipermeable membrane is an emerging technology which may 

overcome the problem of immunogenic reactions during transplantation. The membrane 

allows the diffusion of sm aIl particles such as nutrients, oxygen, wastes and therapeutic 

products however impedes the passage of high molecular weight components such as 

immune cells, antibodies, cytokines, immunoglobulins and complement factors. This 

provides an immunological barrier between the entrapped cells and its surrounding 

environment which can protect the cells from the host immune system when used in 

2 



transplantation. Microencapsulation also protects immobilized cells from damage during 

handling 6,14-19. 

The entrapment of cells within alginate-calcium spheres is a weIl established 

technique which can be used for mammalian cell encapsulation. In the 1960's Chang first 

reported the use of artificial cells to encapsulate biologically active materials. He 

successfully entrapped cells within a cross-linked prote in membrane and proposed the 

potential of microencapsulation for hepatocytes and islet cells 17. Lim and Sun reported 

the first successful transplantation of islet cells in alginate-poly-L-Iysine (APA) capsules 

approximately 23 years ago 20,21. Since this finding, many researchers continue to 

investigate the potential of polymer microencapsulation of live cells as an alternative and 

improvement to transplantation. 

Several factors need to be considered for the clinical implementation of liver cell 

microencapsulation. The primary characteristic for microcapsules used in cell 

immobilization is that the membrane material needs to be completely biocompatible and 

support cell growth without interfering with its differential function. The material must 

not trigger any immune responses from the host and the membrane must exhibit 

sufficient mechanical strength and stability for long term cell transplantation 13,22.23. 

Alginate is the most suitable membrane biopolymer for cell encapsulation with regards to 

biocompatibility. To increase mechanical strength, alginate microcapsules are commonly 

coated with an additional layer of poly-I-Iysine and dilute alginate to form alginate-poly

l-lysine-alginate microcapsules (APA). Although this membrane is widely studied for the 

encapsulation of biologically active materials, previous research has shown the 

membrane to induce necrosis of encapsulated cells and fibrotic tissue growth around the 

membrane surface is observed when transplanted directly in rat models 6,21,24. As a result, 

improvements to this membrane as weIl as the design of new microcapsule membranes 

continue to be studied in order to instigate the technology of microencapsulation. This is 

the main research goal of the presented thesis. 

3 



1.1: Research Objectives: 

The CUITent study investigates the potential of a novel microcapsule membrane 

combining alginate, chitosan, poly-ethylene glycol (PEG) and poly-I-Iysine (PLL) for 

liver cell encapsulation and cell therapy applications. The research objectives are: 

1) To test the use of chitosan for liver cell encapsulation and study its cytotoxicity. 

2) To design a novel microcapsule composed of alginate, coated with chitosan, PEG 

and PLL and test its mechanical stability. 

3) To encapsulate live HepG2 cells in the novel microcapsule and perform in-vitro 

studies on cell proliferation, protein production, immuno-protection and 

cryopreservation. 

4) To compare the novel microcapsules with the widely studied alginate-poly-l

lysine- alginate (APA), alginate-chitosan (AC) and PEG incorporated APA as 

weIl as PEG incorporated AC microcapsules. 

4 



2.0 Literature Review 

2.1 Liver Function and Diseases: 

The liver is the large st organ in the human body and it is responsible for carrying 

out a diverse range of metabolic functions2
• Sorne of the processes controlled and 

performed by the liver include, the removal and neutralization of toxins and bacteria from 

the blood, production of immune agents to control infection, absorption of fats and fat 

soluble vitamins and synthesis of enzymes, plasma proteins and bile. The liver is 

conjugated to two circulatory systems that include the hepatic artery which brings 

oxygenated blood from the heart and the portal vein through which nutrients from the 

intestines are passed through the liver. Approximately 70% of liver cells are hepatocytes 

and the liver has the unique capacity to regenerate itselffollowing various injuries 2,25. 

Due to the vast role the liver plays in the human body, any damage or disease 

altering the liver function can lead to many severe adverse affects to the body 3-5. The 

major diseases inflicting the liver include viral hepatitis and liver cirrhosis which occur 

when healthy liver tissues are replaced by scarred tissues as a result of chronic liver 

diseases, severe physical damage to liver tissues or excess consumption of alcohol. Liver 

cirrhosis ranks as the eighth leading cause of death and it is estimated that the mortality 

rate for hepatic failure ranges between 80-90% 6. The liver is also a target ofmany inbom 

errors of metabolisms. These include Wilsons disease in which excess copper 

accumulates in the body due to the livers inability to eliminate it, Alpha-l-antitrypsin 

deficiency where the liver is incapable of producing sufficient AA T proteins which 

causes severe lung damage and potentially cirrhosis, and type 1 glycogen storage disease 

which results in an enlarged liver and abnormal growth due to a deficiency of the enzyme 

glucose-6-phosphatase. 

Although sorne diseases inflicting the liver such as Wilsons disease may be 

treated using various drugs, most liver diseases, in particular liver cirrhosis, presently 

have no marketed treatment. The prime option for patients inflicted with liver diseases is 

to undergo a liver transplant. 

5 



2.2 Current Treatments for Liver Failure: 

Currently, orthotopic liver transplantation is considered to be the only effective 

therapeutic solution for many hepatic disorders including both acute liver failure and 

chronic and inborn errors of metabolism 2,26. However, the scarcity of donors continues 

to be a barrier in the treatment of such disorders. It is estimated that 20-30% of patients 

on the waiting list for an organ die before an available organ is found 3.5,8,26. Many liver 

support systems have developed as a bridge to transplantation. For example, 

hemoperfusion with adsorbents such as resins or activated charcoal remains an option for 

patients with hepatic failure. The adsorbents purify the patient's blood by removing 

toxins that cause hepatic coma. Although hemoperfusion is practiced clinically, this non 

biological hapatic support system is incomplete because it does not supply the proteins 

and hormones produced by a functioning liver 27,28. 

The diverse function of the liver makes it difficult to construct an effective 

hepatic support system. Therefore, researchers are thus trying to construct a biological 

artificial liver that is stable, capable of removing toxins and has the ability to suppl y 

proteins8
. 

Gene therapy using in vivo and ex vivo liver gene transfer is an option being 

investigated for the treatment of genetic and acquired hepatic diseases 2,25,26. Although 

the application of gene delivery is immense, ethical issues remain a concern. A problem 

observed in studies is that the required transgene expression level to attain therapeutic 

effectiveness in gene transfer to the liver may trigger an immune response2
• 

One of the most appealing options for the treatment of several liver related 

diseases is the transplantation of isolated hepatocytes as opposed to whole liver 3,5,11,12. 

Investigations of hepatocyte transplantation have been a subject of research for the past 

20 years and have the potential to be used clinically to treat liver diseases. Hepatocytes 

transplanted in the liver or the spleen can support liver function in times of hepatic 

insufficiency. In cases of metabolic diseases the hepatocytes are capable of expressing 

and providing the enzyme and proteins lacking in the host liver. Although hepatocyte 

transplantation in theory is a sound alternative to whole organ transplant, in practice it is 

not used in most clinics. One of the reasons for the slow progression of the therapy is 

that hepatocyte cells are not always readily available. It is necessary to attain hepatocytes 
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either via replication of cell lines, xenogenic hepatocytes or hepatocytes derived from 

stem cells 7. Studies have revealed that less than 30% of the hepotocytes engraft and 

integrate with the surroundings after implantation. Transplanted hepatocytes have a lower 

survival advantage in comparison to the host cells 26. An additional drawback of direct 

hepatocyte transplantation is that immuno-suppression of the host is required which may 

not be optimal for patients receiving long tenn cellular transplants 3,6,12,13. 

2.3 Microencapsulation as an Alternative Treatment: 

Microencapsulation technologies for the short and long tenn transplantation of 

biologically active materials has been a focus of research for the treatment of several 

diseases including inbom errors of metabolism, enzyme deficiencies, cancer, CNS 

diseases as weIl as liver failure2o
,23,24,29. Microencapsulation is an emerging technology 

which may overcome the problem of immunogenic reactions as weIl as graft rejection 

and non integration during transplantation. Hepatocytes can be encapsulated within a 

semi-penneable membrane which allows the diffusion of small particles such as 

nutrients, oxygen, waste and therapeutic products however impedes the passage of high 

molecular weight components such as immune ceIls, antibodies, cytokines, 

immunoglobulin and complement factors. This provides an immunological barrier 

between the entrapped cells and its surrounding environment which can protect the cells 

from the host immune system when used in transplantation. Microencapsulation also 

protects immobilized cells from damage during handling 6,14-19. The technology of 

microencapsulation can be applied to treat liver failure by direct transplantation in the 

peritoneal cavity. The peritoneal cavity is an attractive site for transplantation because of 

its location and ease of access26
• Microcapsules can also be used in cell based bioreactors 

for application in bioartificial assist devices 9,10,30. 

The following sections summarize the technology of microencapsulation, its 

properties and limitations. 
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2.4 Microencapsulation Technology: 

The theory of microencapsulation was tirst proposed and termed "artiticial cells" 

by Chang in the 1960's 22,24,31. Chang demonstrated that enzymes, cells, microorganisms 

and various adsorbents can continue to perform their respective functions on their 

surrounding environment while being enc10sed within a protective membrane 22,31-33. The 

semi-permeable membrane is capable of supporting cell proliferation, metabolism and 

differentiation 18,32,34. Microencapsulation therefore has the potential to be used for 

various biotechnological applications. Currently, microcapsules containing adsorbents are 

being used c1inically in hemoperfusion to remove toxins from the bloodstream of patients 

with liver failure or drug poisoning. Live cells and tissues such as islet cells and 

endocrine tissues can be encapsulated to treat diabetes as well as various endocrine 

diseases l
,32,35. Microencapsulated genetically engineered microorganisms have been 

investigated as a means of urea and ammonia removal during kidney failure29
,36,37. 

Artiticial cells containing hemoglobin can act as blood substitutes by being used to 

transport oxygen and microcapsules enc10sing certain enzymes can be used to convert or 

remove substrates and metabolites22
,31. Microcapsules have been studied for either direct 

transplantation, oral delivery or for usage in extracorporeal devices and bioreactors 1,32. 

Table 2.1 summarizes various uses of artiticial cells and modes of application. 

Microcapsules generally range between 0.3-1.5 mm in size. The small size of 

microcapsules provides a large surface area to volume ratio which is advantageous for 

mass transfer 18. The ideal approach for the application of cell microencapsulation would 

be to directly implant encapsulated cells into the body for long term function. The use of 

cells as opposed to immobilized peptides to supply therapeutic proteins off ers the 

advantage of 'de novo' produced proteins and it also enables chemical stability of the 

product 38. Since the membrane is capable of immuno-isolating the enc10sed cells, 

microencapsulation can be applied for both allogenic or xenogenic transplantation 24,31,38. 

However, to implement the technology of microencapsulation it is necessary to attain a 

proper membrane material and delivery procedure that conform to the quality and 

biosafety standards applied to other drug delivery systems 38. 
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Discasc Elicloscd matetlal Mode of AppllcatlOti Refetcnce 

Diabetes 
Islet cells to secrete 

Transplantation 1,35 

insulin 

Renal Failure 
Genetically engineered 

Oral delivery 1,29,37,39 

Ecoli DH5, lactobacillus 

Liver Failure Hepatocytes Transplantation 14,15,31,40 

Phenylketonuria 
Phenylalanine Oral delivery 31 

(PKU) 
IBD and Crohn's lactobacillus and 

Oral delivery 41,42 

Disease bifidobacterium 

Blood 1055 
Hemoglobin and 

Injection 31,32 

Enzymes 
Genetically engineered 

kidney fibroblasts, 
Implantation 

Parkinson's Chromaffin cells, 1,43,44 

Dopamine from PC12 
(gene therapy) 

cells 

Hemophilia 
Genetically engineered Implantation 24,45 

kidney ce Ils (gene therapy) 
Neurodegenerative Genetically engineered 

1,46 diseases ce Ils producing Injection 
glucuronidase 

Table 2.1: Applications ofmicroencapsulation as a mode oftherapy for various diseases 

2.5 Essential Characteristics of Microcapsule Membrane: 

For optimum function of the microcapsules, several factors need to be considered. 

These include membrane permeability, strength and biocompatibility and immuno

protection. 

2.5.1 Permeability: 

The survival of the enclosed cells is dependant primarily on the permeability of 

the capsule membrane which determines the supply of essential nutrients as weIl as the 

elimination of toxic metabolites 18,47. Adequate amount of oxygen must be provided to 

the enclosed cells at a sufficient rate to permit proliferation and metabolic activity 47. The 

space available for cell growth within the capsule is often limited due to substrate and 

oxygen transfer48
. The permeability characteristics of a capsule membrane consist of two 

factors including the molecular size cut-off for the entry and exit of desired and undesired 
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molecules and the diffusion rate of permeating molecules. The rate of diffusion is directly 

dependent on the type and size of solute being transporte d, its interaction with the 

membrane and the membrane thickness 24,38. The water content within the hydrogel used 

for encapsulating also determines the absorption as weil as diffusion of solutes across the 

membrane 20. It is suspected that the molecular transport through the capsule membrane 

is through pores within the microcapsules; however, research and information about the 

actual pore size of the capsules are limited 18,20. Pores may be formed during synthe sis 

by phase separation or they may be present as smaller pores within the hydrogel 

network20
• 

2.5.2 Mechanical Strength: 
The mechanical property of the microcapsule is aiso an essentiai characteristic 

determining the feasibility of cell microencapsulation. The mechanical stability of the 

microcapsule indicates the membrane integrity during application as weil as the 

durability of the capsules during preparation, production and handling 18. Depending on 

the membrane strength, microcapsules containing cells can potentially be preserved at 

low temperatures for long term cell storage 49. The possibility of capsules rupturing when 

exposed to stress is dependant on membrane strength, thickness as weil as the properties 

of the microcapsule core. Microcapsules can be improved in strength by modifying the 

capsule design by varying the pol ymer used for the capsule, integrating different 

polymeric additives and altering the coating time as weil as the extent of membrane 

surface modificationl8
• 

2.5.3 Biocompatibility and Immunogenicity: 

In order to implement the technology of cell microencapsulation it is necessary 

for the microcapsule material to be completely biocompatible and not elicit any immune 

response when exposed to in vivo physiological conditions. The biocompatibility of 

microcapsules is determined by the capsule's ability to support interior cell proliferation 

and prevent any apparent foreign body reaction when implanted. The capsule material 

must not interfere with the function and viability of the encapsulated tissues or cells 18. A 

lack of biocompatibility can result in fibrotic overgrowth around the microcapsule 

surface post surgical transplantation. This restricts the transport of oxygen and nutrients 
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to the enclosed cells which, in turn, results in a decreased cellular function and eventual 

cell necrosis and failure of the microcapsules 18,24,31,33. It is reported that over 40% of 

initially implanted islet grafts are damaged as a result of overgrowth of fibroblasts and 

macrophages 50. 

An important factor to consider for the application of microcapsules in tissue 

transplantation is the assessment of the immuno-protection ability of the capsule. The 

diffusive permeability of the membrane affects the extent of immunogenic barrier and the 

requirements for immuno-protection vary depending on whether the capsules will be used 

for allogenic or xenogenic transplantation. There are several pathways that are involved 

in the rejection of immuno-isolated cells. In allografts, immune response is triggered by a 

direct pathway involving T -lymphocyte sub populations such as C08+ which act on the 

donor cells. This interaction can be prevented if the microcapsule's membrane provides 

sufficient immunological barrier by preventing any cell to cell contact between the 

enclosed cells and the surrounding host cells. If these criteria are satisfied, the implant 

can be accepted by the host 24. For xenogenic transplantations, the immuno-protection 

potential of the microcapsules is primarily determined by the molecular weight cut-off 

(MW CO) of the membrane. It is imperative that the microcapsule prevents the diffusion 

of antibodies reacting to foreign substances as weIl as complement components which are 

cytotoxic to xenogeneic tissues 18,24,32,50. Figure 2.1 represents the different molecular 

weight limitations of different polymers. 

Biocompatibility and the immuno-protection characteristics of microcapsules can 

be improved by the use of highly purified and biocompatible polymers during synthesis. 

The uniformity, spherical shape and size of the microcapsules affects the biocompatibility 

of microcapsules 24,38. Irregularities, such as tails in the microcapsules can affect the 

integrity of the capsule, which may trigger the growth of fibroblasts and macrophages 

after implantation 50. A larger capsule volume generally results in more frequent adverse 

side effects in recipients. The biological acceptance of encapsulated cells can also be 

influenced by the surgi cal procedure, site of implantation, type of cell used and the 

cellular products being secreted. Integrating chemical agents such as vitamins 03 and E 

or other cells that can counter antibodies, may be used to enhance the immuno-barrier 

. f' 1 24 capaclty 0 mlcrocapsu es . 
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APA microcapsules 
(60,000 - 70,000 Da} 

ellulose Nitrate or Poly-amide 
;0,000 Da) 

Lipid-Complexed polymers 
(100-200 Da) 

IgM (950,000 Da) 
CI9 (410,000 Da) 

Fibrinogen (339,000 Da) 
C4 (210,000 Da) 
C5 (195,000 Da) 
IgE (190,000 Da) 

Human leukocyte antigens (180,000-210,000 Da) 
C3 (185,000 Da) 

IgA (170,000-720,000 Da) 
C2 (170,000 Da) 
C8 (163,000 Da) 
IgD (160,000 Da) 
IgG (150,000 Da) 
C6 (110,000 Da) 
C7 (100,000 Da) 

Transferrin (81,000 Da) 
C9 (79,000 Da) 

Albumin (66,248 Da) 
Hemoglobin (64,000 Da) 

Factor X (55,000 Da) 
lNF (21,000 Da) 

IL-Ip (17,000 Da) 
NGF (13,000 Da) 

C3a (9000 Da) 
Insulin (5733Da) 
C5a (4000 Da) 

p-Endorphen (3438 Da) 

MWCOline 

MWCO line 

MWCOline 

Lipid Vesicles 

glucose (180 Da) 
glutamine (128 Da) 
aspagine (114 Da) 
creatine (ll3 Da) ce MWCOline --------.. ------~-------Urea (60Da) 

CO2 (44 Da) 
Ammonia (17Da) 
Oxygen (l6Da) 

Figure 2.1: Molecular weight of various molecules and molecular weight eut-off for 
different microcapsules (MWCO). Microcapsules are permeable to elements below the 
MWCO line and impermeable to elements above the MWCO line. The image is adapted 
from Chang and Prakash. 1 
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2.6 Materials used in Microencapsulation: 

Over the past two decades, many types of microcapsules composed of different 

hydrogels including synthetic and naturally occurring polymers have been developed. 

The biomaterial used for cell encapsulation must be impermeable to high

molecular weight species such as antibodies to avoid immune rejection, be permeable to 

small molecules to allow transport of metabolites and the microcapsule material must be 

able to support cell growth and not interfere with their differentiated function 34. The 

porosity and thereby permeability of microcapsules can also be controlled by varying the 

membrane composition. This permits the diffusion of anabolic compounds such as 

oxygen and glucose, as weIl as cellular products such as hormones and proteins, while 

excluding immunoglobulin. Microcapsules are designed primarily using hydrogels 

because the flexibility of the gel reduces irritation to the surrounding and enclosed 

tissues. Hydrogels offer minimal prote in and cell adhesion to surfaces due to their 

hydrophilic nature and permeability to low molecular mass substances such as nutrients 

and metabolites 18,34. 

The encapsulation of tissue cells within a protective microcapsule has been 

researched as a means to eliminate the problems associated with immune rejection during 

transplantation. Depending on the type of polymer used, their characteristics in terms of 

MWCO varies, making them suitable for separate applications. Table 2.2 summarizes 

sorne of the membranes studied for live cell encapsulation. 
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Microcapsule 
membrane Characteristics References 

material 

Alginate 

APA 

HEMAIMMA 
based 

microcapsules 

Chitosan 

Agarose 

Barium-alginate 

Cellulose sulfate 

Advantages: Biocompatible, mild preparation 
process. 
Limitations: Batch to bath differences affects purity 
and function. Possibility of Ca loss, cell leakage. 
Advantages: Excellent biocompatibility and 
biodegradability. Moderate mechanical strength, weil 
established for encapsulation of many cell types. 
Limitations: Inflammatory response. 
Advantages: High stability, durability and good mass 
transfer properties. 
Limitations: Requires matrix for anchorage 
dependent cells, encapsulation process may not be 
suitable for ail cell types, further studies on 
immunogenicity required. 
Advantages: Increases biocompatibility in 
comparison to APA. Non-toxic and compatible with 
soft tissue. 
Limitations: Requires acidic condition, further studies 
on immunogenicity and cell encapsulation still under 
investigation. 
Advantages: Increased mechanical stability in 
comparison to APA, biocompatible Limitations: No 
distinct MWCO and possibility of becoming 
engrafted with host tissue 
Advantages: Improved mechanical and chemical 
stability in comparison to Ca .. Limitations: Ba cation 
may not be suitable for ail cell types since it is an 
inhibitor of K+ channels. Questionable adequacy of 
immuno-protection 
Advantages: 1 step method preparation, high 
mechanical stability, individual parameters can be 
adjusted to suit application. 
Limitations: Sulfuric acid and n-propanol required as 
an agent. Mechanical strength and permeability still 
under investigation. 

24,51,52 

18,21,24 

18,23,24,53,54 

50,55-57 

58 

18,24 

24,52,59 

Table 2.2: Summary of advantages and limitations of various microcapsule membranes 

used for cell encapsulation 

14 



2.6.1 Synthetic PolymersIHEMA-MMA: 

Synthetic polymers have been investigated for the use in mammalian cell 

encapsulation for various tissue engineering and therapeutic applications 54,60,61. A 

widely studied polymer is known as hydroxyethyl methacrylate-methyl methacrylate 

(HEMA-MMA) and it is formed using a method called interfacial precipitation. These 

microcapsules offer an adequate balance between mechanical strength and 

permeability I8,34. Chinese Hamster Ovary fibroblasts (CHO's) were successfully 

immobilized in HEMA-MMA microcapsules. The cells remained viable and a molecular 

weight cut-off of approximately 100 kDa was observed 34. The encapsulation technique 

was further investigated for the encapsulation of both human and rat hepatoma cells, 

islets cells as well as transfected cells including mouse myoblasts and embryonal kidney 

cells62
• Uludag reports an in vitro study of protein release from encapsulated hepatocytes 

in HEMA-MMA polymers. It is concluded that by using an attachment substrate such as 

matrigel with HEMA-MMA microcapsules, the pol ymer permits the proliferation of 

hepatocytes and does not interfere with the cells differentiated functions 34. 

Several modifications have been studied on the HEMA-MMA capsule including 

the addition of methacrylic acid sodium salt and using a two step encapsulation process to 

form capsules with four layers 13,54,63. The four step design was investigated as an 

improvement to the mechanical strength for immobilizing rat hepatocytes 63. Yin et al. 

reports the use of HEMA-MMA-MAA microcapsules for the application in bioartificial 

liver assist devices 13,64. 

HEMA-MMA microcapsules have the advantage of improved mass transfer, 

stability and durability 24. However, despite the varying applications of synthetic 

microcapsules using HEMA-MMA polymers, there exist several limitations to the 

system. The inherent disadvantage of synthetic polymers is the preparation process 

requires exposure to organic solvents, toxic monomers and possible irradiation which are 

undesirable for the use in sorne cell culturing 53,61. In vivo studies have also demonstrated 

the risk of capsules clumping after implantation 62. 
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2.6.2 Agarose Microcapsules: 
Agarose, a nontoxic polysaccharide derived from seaweed, has also been studied 

for the entrapment of mammalian cells including islet cells, hybridoma cells, fibroblasts 

and myoblasts 65-67. Agarose is composed of alternating units of 3,6-anhydro-a-L

galactopyranosyl and ~-D-galactopyranosyl and it gels at temperatures below 2SoC 18,58. 

Kobayashi et al. reports the use of agarose microcapsules for the transplantation of 

allogenic islet cells in mice models 58. The study concluded that agarose can supply 

sufficient immuno-protection to cells 58. However, other studies performed on the 

transplantation of agarose microencapsulated islet cells transplanted into rats have 

revealed that sorne of the implanted microcapsules triggered an inflammatory response 67. 

One of the drawbacks of using agarose microcapsules for transplantation is that agarose 

does not have a distinct MWCO. Cytokines can potentially permeate through the agarose 

membrane and attack the enclosed cells. Implanted agarose in the peritoneal cavity has 

also been found to become embedded with the host tissues. This makes it difficult to 

remove the graft once transplanted 58. 

2.6.3 Alginate Microcapsules: 

Ionotropic gelation usmg calcium alginate polymers is the most extensively 

studied material for live cell and tissue microencapsulation 53. In regards to 

biocompatibility, alginate is the most suitable membrane biopolymer for cell 

encapsulation 24. Studies have shown the feasibility of alginate-based microcapsules for 

transplantation of mammalian cell lines, recombinant mammalian ceIls, microbial ceIls, 

allogenic and xenogenic tissues as weIl as the application of drug and protein delivery 
48,55,68-72 

Alginate is one of the most abundant naturally occurring polymers. It constitutes a 

family of unbranched anionic polysaccharides mai ni y extracted from brown algae. 

Alginates are composed of binary copolymers 1-4 linked ~-D-mannuronic acid (M) and 

a-L-guluronic acid (G). The monomers are arranged in a pattern ofblocks along the chain 

with regions of alternating M and G blocks. The composition and sequence varies 

depending on the type of alginate which in turn affects the polymers functionality 

Il,18,70,71. Gelation is induced by cross linking the anionic alginate with oppositely 

charged divalent ions such as Ca2
+ and Ba2

+. Ca2
+ binds preferentially to the G block to 
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form a spherical shape. Figure 2.2 represents an image of alginate molecules interacting 

with Ca2+ ions to form a spherical structure. 

Figure 2.2: Molecular structure of alginate interacting with Ca2
+ ions 

It is reported that beads made of alginate with a G content greater than 70% provide 

high mechanical strength21
,69. Ba2

+ cations can bind with both G and M blocks of 

alginate. Although the long term integrity of capsules is greatly improved when Ba2
+, 

replaces Ca2+ , it is an inhibitor of K+ channels which makes it a difficult alternative for 

cell encapsulation 18,71. 

Alginate immobilization is viewed as a mild process involving non-toxic components 

with a pH, osmolarity and temperature suitable for preserving mammalian cell viability. 

Alginate can form stable gels at tempe ratures ranging from 0 to 100°e. Previous studies 

show that alginate encapsulated hepatocytes can maintain function both in vitro and in 

vivo. Encapsulated rat hepatocytes in calcium alginate membranes can survive and 

function for over 1 week in vitro and is capable of synthesizing urea and albumin which 

indicates the ability of the encapsulated hepatocytes to express liver specific functions. 

However, studies on the long term entrapment within alginate capsules in both in vivo 

and in vitro applications exhibit reduced functionality of the cells as weIl as protrusion of 

cells through the membrane 51. Although alginate capsules are generally inert since they 

are composed of up to 95% water, positively charged proteins can be attracted to the 

carboxylic acid sites on the alginate matrix and compete with the Ca2
+ ions. This may 

reduce the integrity and functionality of the microcapsule 69. Studies on the use of 
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alginate microcapsules for cell culture in a bioreactor show similar results to those 

investigated in transplantation. Cell protrusion and leakage through the alginate 

membrane is observed resulting in the presence of both irnrnobilized and free suspended 

cells within the surrounding solution 51. Modification of the alginate however can create 

a stable gel core which can form a capsule strong enough to keep proliferating cells 

within the capsule over extended time periods 21. 

2.7 Modifications and Alternatives to Alginate Microcapsules for Cell 
Encapsulation: 

The biocompatible and mild preparation process makes alginate an ideal biomaterial 

for cell encapsulation applications. Its properties can be enhanced by surface coating or 

incorporating other materials to its structure. The most commonly investigated alginate 

capsules for the application of transplantation is the use of a 1.5% alginate solution cross

linked in calcium chloride and coated with poly-I-Iysine (PLL) followed by another layer 

of alginate. The PLL layer improves biocompatibility by modifying the molecular weight 

cutoff of the microcapsule membrane 71. Other potential additions to the alginate 

microcapsules include coating with chitosan as weIl as incorporating polyethylene 

glycoI 18,55,61. 

2.7.1 Poly-l-lysine Based Microcapsules: 
Microcapsules with an alginate core and polyanion-polycation membrane to increase 

capsule strength have been widely investigated for various applications of cell 

encapsulation. The most cornrnonly used polycation for capsule formation is poly-l

lysine (PLL) which forms APA microcapsules 55. PLL binds to alginate via electrostatic 

interaction between the positively charged PLL and negatively charged alginate. This 

results in the interfacial adsorption of the PLL which forms a thin polymeric layer on the 

surface of the alginate microcapsules 18. The molecular structure of PLL is shown in 

figure 2.3. 

Coating alginate capsules with a polycation such as poly-I-Iysine (PLL) can enhance 

capsule stability and immunogenicity. Alginate coated with PLL microcapsules are 

usually re-coated with a dilute alginate layer to remove any excess charge remaining on 
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the membrane surface which may attract prote in adhesion. AP A microcapsules have 

been studied extensively for enzyme, prote in, bacteria, mammalian cell and drug 

encapsulation 39,73. Many researchers investigated the use of APA microcapsules for the 

encapsulation of hepatocytes as weIl as other living cells. Chang studied the potential of 

encapsulating rat hepatocytes in APA microcapsules that were treated with calcium 

chelating agents such as phosphate, lactate or citrate to dissolve the calcium alginate gel 

core. It was found that intraperitoneal implanted encapsulated hepatocytes prolonged 

survival time of rats with hepatic failure and can lower bilirubin levels in Gunn rats 14. 

Hepatocyte function within a membrane depends on various parameters. It IS 

reported that alginate coated with high molecular weight PLL results in membranes with 

a greater molecular weight cutoff and a lower alginate content. Alginate coated poly-l

lysine capsules can be permeable to molecules up to 120 000 daltons which is the cutoff 

size for immunoglobulin and most complement molecules 19. Cell stability and liver

specific function is also enhanced when hepatocytes are grown in a three dimensional 

spheroid formation 17. 

Although AP A microcapsules support cellular growth and increases capsule stability, 

recent research reveals sorne major shortcomings of the membrane which include the 

potential for an inflammatory response to capsule fragments upon breakage during 

transplantation and the possible cytotoxic characteristics of PLL. Islet cells encapsulated 

in AP A membranes have been transplanted in rats and survival was observed up to 3 

months. However, the xenograft failed as a result of overgrowth of fibroblast and 

macrophage like cells on the membrane surface 60. 

Research has shown that in the short term between 7-12 days, and in sorne cases up to 

30 days, intraperitoneally transplanted AP A microcapsules are capable of supporting 

metabolic liver functions and increasing the survival of animaIs with hepatic failure 59. 

Long term studies however indicate that beyond 4-6 weeks considerable loss of function 

and viability is observed. Capsule integrity is also reduced and physical breakdown of 

the capsules are apparent. It is suspected that the degeneration of the encapsulated 

hepatocytes causes ionic and pH changes within the microcapsule. The pH changes, in 

tum, weaken the polyelectrolyte membrane which disrupts the membrane stability. The 

same study noted no change in capsule integrity in the control where blank capsules were 
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transplanted into the peritoneal cavity of rats. Microencapsulated cell therapy would 

require repeated transplantation for long term treatment. To improve its potential as a 

more effective method oftreatment, a more suitable membrane would be required 15. 

One study of injecting alginate coated with PLL capsules in the peritoneal cavity of 

rats found no infiltration of inflammatory cells or lymphocytes in the capsules up to 4 

days after implantation. The same study noted that the capsules induced peritoneal 

inflammation and were surrounded by fibroblasts and newly developed blood vessels. 

Therefore, it was concluded that in a clinical setting, the transplantation of alginate-PLL 

capsules can cause an aggravated fibrotic response which could pose a risk to the patient. 

For the safe and effective treatment of acute liver failure in patients, an extracorporeal 

system consisting of microencapsulated hepatocytes certainly has the potential of 

development in the near future. However, studies have shown that alginate-PLL-alginate 

capsules are too fragile to use in a bioreactor environment. In addition, the observation 

of necrosis of hepatocytes in the capsules suggests that alternative materials for the 

capsule layer needs to be investigated 19. 

Rokstad et al performed a study on optimizing microcapsules in terms of mechanical 

stability, cell growth and protein secretion 21. The study compared alginate microcapsules 

with and without a PLL coating. It was found that stability of alginate capsules are 

greatly enhanced by the addition of a PLL coating. As noted in previous studies, 

penetration of cells from uncoated alginate capsules was observed. The study also 

demonstrated that the functional time of microcapsules containing proliferating cells is 

limited due to reduced access to oxygen and nutrients from the accumulation of waste 

products. The use of cell encapsulation for therapeutic protein release requires further 

investigation because a method of controlling and hindering cellular growth would be 

needed. Although alginate microcapsules support cellular growth, the structural stability 

of these capsules needs to be improved for proliferating cells. It is suggested that the 

stability can be improved by increasing the PLL layer. However, this may not be 

advantageous for cell transplantation purposes 21. 

All of these studies indicate that the AP A microcapsules can support tissue 

proliferation and protect implanted tissues against immunoglobulins. However, fibrotic 
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tissue growth around the capsule remains a barrier for this polymer to be used in cell 

transplantation as the tissue growth inhibits the function of the encapsulated cells. 

o 

~HN 

o 

NH: 

NH N~ 
H 

Figure 2.3: Molecular structure of poly-I-lysine 
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2.7.2 Chitosan Based Microcapsules: 
Chitosan is recommended as a potential replacement of PLL. Chitosan is a cationic 

polysaccharide comprised of 1-4 linked N-acterylglucosamin residues. It is a 

biocompatible and biodegradable material which is normally insoluble in aqueous 

solutions with a pH above 7. However, when exposed to dilute acids (pH<6), the free 

amino groups become protonated allowing the molecule to dissolve. The protonated 

amino groups have a high charge density in solution which permits chitosan to form ionic 

complexes with polyanionic substances 12,57,74. At lower pH, chitosan can interact with 

negatively charged ions to form crosslinked hydrogels 75. It has been shown that chitosan 

is bioadhesive, non toxic and compatible with soft tissue 57,74. 

Chitosan can cross-link with anionic alginate by displacing calcium ions, which 

results in the formation of a surrounding membrane 74-78. The protonated amino groups 

have a high charge density in solution which permit chitosan to form ionic complexes 

with the carboxyl group of the alginate molecule12
• Chitosan can form a stronger complex 

with alginate than PLL because the distance between the charges is approximately the 

same for the two molecules. The electrostatic interaction of the carboxyl group of 

alginate with the amine groups of chitosan results in the entanglement of the polymer 

membrane which can act as an enclosure for active substances. The molecular structure 

of chitosan is shown in figure 2.4. Studies have shown that alginates containing a high G 

block content bind more rapidly with chitosan than alginate with a high M block content. 

The presence of calcium ions also facilitate and improve binding 55. The interaction 

between alginate and chitosan is almost irreversible and is optimum when the porosity of 

the alginate capsule is high and the molecular weight of the chitosan is low. This allows 

higher diffusion of the chitosan into the alginate matrix 55,56. Studies on the effect of 

chitosan' s molecular weight on microcapsules reveal that low molecular weight chitosan 

results in microcapsules having a thick and strong membrane that is less prone to 

swelling 79. It is reported that chitosan membranes can range in thickness from 30-50 ~m 

in comparison to 3-l3 ~m for PLL coatings 74. Although there are more positive charged 

amine groups in higher molecular weight chitosan, which results in more binding sites 

available for alginate interaction, diffusion is hindered due to the large size 79. 
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Chitosan had been widely investigated for microencapusulation of drugs and 

proteins as well as sorne animal cells 57,68,77-80. One study observed the potential of 

directly encapsulating two types of fibroblasts in a chitosan matrix and comparing it to 

AP A capsules. The study concluded that chitosan can be used as a cell immobilizing 

matrix that is capable of supporting anchorage-dependent cells. In comparison to PLL 

coated alginate capsules, it was found that chitosan microcapsules resulted in cells 

forming discrete aggregates in the dense core of the gel. For one of the cell line studied 

(R208N.8), it was observed that viable cells were located primarily between the alginate 

and poly-I-Iysine layer. The observation supports earlier studies which indicate that 

anchorage dependent cells prefer cationic surfaces. The author concludes that alginate 

alone may therefore be inadequate for supporting all cell types 75. 

A study on the stability and permeability of chitosan capsules reveals that 

chitosan-alginate forms a high stability complex which provides the membrane the 

potential to be used for artificial organs. It is reported that capsule strength is directly 

correlated with the amount of chitosan that is bound to the interior of the alginate 

matrix56
,80. A similar study on the release of immobilized dextran in chitosan coated 

alginate microcapsules has shown that a higher porosity and diffusion rate is obtained for 

capsules containing calcium ions 55,80. However, other studies have shown that diffusion 

is not affected by the concentration of CaCh used during the encapsulation process 74. 

DeGroot et al. performed a study on the use of alginate coated with chitosan and alginate 

coated with PLL microcapsules for the encapsulation of urease as a model enzyme 74. 

Results from the study revealed that upon exposure to chymotrypsin, enzymatic activity 

in microcapsules coated with intermediate molecular weight chitosan was least affected 

in comparison to PLL coatings. The activity retention is attributed to the fact that a 

thicker membrane may result in reduced permeabilit/4
. 

There have not been many reported studies on the use of microencapsulated 

hepatocytes in chitosan. One of the limiting factors of using chitosan bound 

microcapsules is the long binding time required between it and alginate as well as the 

requirement of a slightly acidic environment for solubility. It is reported that the time 

required for chitosan binding to produce stable beads is at least 30 minutes56
. Research 

has been conducted on the use of chitosan scaffolds to support proliferating liver 
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ceIls I2
,16,59. Chitosan has a structure similar to glycosaminoglycans which are 

components found in the liver extracellular matrix. Since aIl vertebrae cells are known to 

possess unevenly distributed negative charges, chitosan having a high positive charge 

pennits hepatocytes to bind tightly via electrostatic interactions. One research group 

observed the functionality and viability of rat hepatocytes seeded on chitosan-alginate 

scaffolds by monitoring albumin and urea synthesis. It was observed that the ionic 

complex fonned between chitosan and alginate is beneficial to cell attachment and 

pennits hepatocyte proliferation as weIl as maintenance ofmetabolic activity 12. 

Another study on the penneability of alginate-chitosan matrix revealed that multi

layer of chitosan and alginate may be required to ensure that the capsule is impenneable 

to IgO and thereby not elicit an immune reaction if used in transplantation. For the 

application of chitosan-alginate microcapsules it is imperative that the release of 

polycation be as low as possible since both chitosan and PLL in solution may initiate an 

immune reaction 56 

NH2 NH2 NH2 

Figure 2.4: Molecular structure of chitosan 
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2.7.3 PEG 8ased Microcapsules: 
Polyethyelene glycol (PEG) is a biocompatible, hydrophilic and non ionic polymer 

that is protein resistant, biodegradable and has both low toxicity and immunogenicity 81. 

Despite its non aqueous nature, PEG does not exhibit cytotoxicity to live cells and tissues 

and remains relatively inert in body fluids 62,82. It has been observed that PEG can 

eliminate the immunogenicity of proteins while preserving their biological properties. 

The addition of PEG to polymers reduces the adsorption and adhesion of cells and 

proteins. Therefore, PEG can potentially improve the biocompatibility of 

polymers53
,81,83. PEG incorporated microcapsules has been investigated for the use in 

drug delivery, blood cells, proteins as well as mammalian cell encapsulation for tissue 

engineering applications 48,82-86. 

Both alginate-PLL and alginate-chitosan microcapsules contain a high density of 

positive and negative charges which can be exposed in the case of any disturbances of the 

membrane. The exposed charges in turn attract proteins via hydrophobic and coulombic 

interaction with the charged surface. Studies have shown that PEG-poly-I-Iysine 

copolymer coated capsules can eliminate the fibrous tissue growth around the membrane 

surface. This was observed when encapsulated islet cells formed by gelation of alginate

PLL capsules in the presence of PEG were implanted intraperitoneally in mice. Chen et al 

revealed that AP A microcapsules coated with PEG amines can be used for xenogenic 

transplantation since such microcapsules containing rat islet cells prevented cell 

overgrowth on the capsule surface when implanted in mice 83. However, to ensure long 

term stability, the strength of the microcapsules needs to be improved 53,60,61. 

Morphological studies of alginate-PEG microcapsules indicate that with increasing 

PEG concentration, pore size decreases while the number of pores on the membrane 

increases. Therefore, the pore diameter can be optimized for growth of various cell lines 

by modifying the PEG concentration. This in turn would minimize cell leakage because 

voids created by the presence of PEG in the alginate matrix produces areas of 

concentrated alginate which contribute to increasing the strength of the microcapsules 51. 

Chandy et al. studied the use of chitosan and PEG coatings around calcium alginate 

microspheres to increase capsule strength, flexibility and biocompatibility 53. Red blood 

cells were encapsulated in alginate coated with chitosan microcapsules containing 0.1 % 
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PEG and cross linked with glutaraldehyde. Reported SEM studies indicate that PEG is 

incorporated within the alginate gel core membrane. The addition of glutaraldehyde 

during gelation improves surface texture 53. 

The effect of BSA (Bovine Serum Albumin) loading and release through a chitosan

PEG capsule was studied to observe the permeability influence of PEG on microcapsules. 

It was found that BSA release rate is accelerated by the presence of PEG. The 

entanglement of PEG chains with chitosan molecules hinders the packed and rigid 

bonding between chitosan and BSA. Therefore, relatively loose structure of chitosan 

containing PEG microcapsules resulted in a high rate of BSA release. The study 

demonstrates that PEG incorporated capsules can be used for protein delivery or 

therapeutic applications 12. 

2.8 Research Justification: 

As indicated above, although many microcapsules have been investigated for 

various usages including drug, protein and cell delivery, there exist severallimitations to 

the technology. This thesis investigates the design of a novel microcapsule formulation 

combining alginate, PLL, chitosan and PEG, and evaluates its preclinical efficacy as a 

treatment for liver diseases and cell therapy in vitro. 
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Preface for Chapter 3, 4 and 5 

The results from the CUITent study have been presented in the following papers. 

Chapter 3 is an investigation of alginate coated with chitosan microcapsules to verify 

whether chitosan can be used for liver cell encapsulation. Chapter 4 focuses on the design 

and properties of the novel ACPP A microcapsule and Chapter 5 provides a comparative 

study of the novel membrane with other microcapsule membranes containing PEG. In 

accordance with the McGill University regulations, the three manuscripts are presented in 

their original forms as submitted. 

Research Articles Presented in the Thesis Chapters 3, 4 and 5: 

1) Tasima Haque, Hongmei Chen, Wei Ouyang, Christopher Martoni, Bisi Lawuyi, 

Alexandra Urbanska and Satya Prakash. In vitro study of alginate-chitosan 

microcapsules: An alternative to transplant for the treatment of liver failure. 

Biotechnology Letters, 2005. In Press. 

2) Tasima Haque, Hongmei Chen, Wei Ouyang, Christopher Martoni, Bisi Lawuyi, 

Alexandra Urbanska and Satya Prakash. Design of a novel microcapsule membrane 

combining alginate, chitosan, polyethylene glycol and poly-I-Iysine for cell 

transplantation. International Journal of Artifical Organs, 2004. Submitted. 

3) Tasima Haque, Hongmei Chen, Wei Ouyang, Christopher Martoni, Bisi Lawuyi, 

Alexandra Urbanska and Satya Prakash. Superior cell de1ivery features of polyethylene 

glycol incorporated alginate, chitosan and poly-I-Iysine microcapsules. Molecular 

Pharmaceutics. 2 (1), 29 -36, 2005. Published. 

Contributions from the Current Research that are not Included in the Thesis: 

1) Tasima Haque, Hongmei Chen, Wei Ouyang, Terrence Metz, Bisi Lawuyi and Satya 

Prakash. Effect of integrating polyethylene glycol to alginate-poly-I-Iysine and alginate-
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chitosan microcapsules for oral delivery of live ce11s and ce11 transplantation for therapy. 

Proceedings CMBEC28 Conference (Canadian Medical and Biological Engineering 

Conference) 2004. Research was awarded 3rd place for Canadian Medical and 

Biological and Engineering Society Student (CMBES) Paper Competition 

2) Tasima Haque, Hongmei Chen, Wei üuyang, Christopher Martoni, Bisi Lawuyi, 

Alexandra Urbanska and Satya Prakash. Investigation of a new microcapsule membrane 

combining alginate, chitosan polyethylene glycol and poly-I-Iysine for ce11 

transplantation applications. International Journal of Artificial ürgans. 2004. Under 

Revision. 

Abstracts: 

1) Tasima Haque, Hongmei Chen, Wei üuyang, Christopher Martoni, Bisi Lawuyi, 

Alexandra Urbanska and Satya Prakash. Design of a nove! microcapsule membrane 

combining alginate, chitosan, polyethylene glycol and poly-I-Iysine for ce 11 

transplantation. Abstract. XXXI Annual ESAü Congress, 8-11 September 2004, 

Warsaw-Poland. 

2) Tasima Haque, Hongmei Chen, Wei üuyang, Terrence Metz, Bisi Lawuyi and Satya 

Prakash. Effect of integrating polyethylene glycol to alginate-poly-I-Iysine and alginate

chitosan microcapsules for oral delivery of live cells and cell transplantation for therapy. 

28th CMBES Conference, September 9-11,2004. Quebec City, Canada 

3) Tasima Haque, Hongmei Chen, Wei üuyang, Terrence Metz, Christopher Martoni 

and Satya Prakash. Investigation of a nove! microcapsule membrane integrating 

polyethylene glycol to alginate, poly-I-Iysine and chitosan microcapsules for the 

application of liver cell transplantation. XXth International Congress of the 

Transplantation Society September 5-10, 2004, Vienna, Austria. 
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Chapter 3: In Vitro Study of Alginate-Chitosan Microcapsules: An Alternative to 
Liver Cell Transplant for the Treatment of Liver Failure 

3.1 Abstract: 
The application of alginate-chitosan (AC) microcapsules to liver cell 

transplantation has not been investigated. In the CUITent in-vitro study, we investigate the 

potential of AC microcapsules for the encapsulation of liver cells. Results show that the 

AC membrane supports the survival, proliferation and protein secretion by entrapped 

hepatocytes. The AC membrane provides cell immuno-isolation and has the potential for 

cell cryopreservation. The study reveals that the AC microcapsule has several advantages 

compared to the widely investigated alginate-poly-Iysine (APA) microcapsules for the 

application of cell therapy. 

Keywords: Alginate, Chitosan, Cell viability, Hepatocytes, Microencapsulation 

3.2 Introduction: 

The diverse function of the liver makes it difficult to construct an effective 

hepatic support system. As a result, research continues to be performed on constructing a 

biological artificial liver that is stable, capable of removing toxins and has the ability to 

supply proteins to patients 8. An appealing possibility to treat liver failure without the 

requirement of immunosuppressants is the use of cell microencapsulation. Allogenic or 

xenogenic cells entrapped within a semi-permeable membrane are protected and 

immuno-isololated from its surroundings. This prevents the direct contact of the cells 

with immune cells, cytokines, immunoglobulins and complement factors when directly 

used in transplantation. Microencapsulation also protects immobilized cells from damage 

during handIing 18,22,87. 

Most research to date on encapsulating hepatocytes are based on alginate-poly-l

lysine-alginate (AP A) membranes; however, previous research has shown AP A 

microcapsules to be inadequate for long term transplantation. Although AP A capsules 

can support hepatic function when transplanted in rats, the polymer may cause fibrotic 

reactions and exhibit cytotoxic effects in sorne cases 21,56. Therefore, finding a 
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biocompatible polymer enabling the long-term entrapment and growth of hepatocytes 

without causing adverse host immune responses is still an undergoing area of research. 

Aiginate-Chitosan (AC) microcaspules have been studied as an alternate microcapsule 

membrane, however details regarding its use in cell encapsulation have not been reported 

extensively 12,53,55,75. The CUITent research investigates the potential and properties of AC 

microcapsules as an alternative membrane for encapsulating liver cells and a new 

direction for cell encapsulation technology. 

3.3 Materials and methods: 

Chemicals: 

Sodium Alginate (MW 80 000-120 000, catalogue # A2033), Polyethylene glycol 

(PEG) (MW 10000, catalogue #P6667), MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 

tetrazolium bromide or Thiazolyl blue, catalogue #M-5655), Poly-I-Iysine hydrobromide 

(MW 27,400, catalogue # P-7890) and Bradford Reagent (catalogue #B-6196) were 

purchased from Sigma Chemicals (St. Louis MO, USA). Chitosan 10 (Iot# ELE2169) 

was obtained from Wako Chemicals, Japan. 

Cell lines and Growth conditions: 

Cell lines HepG2 and lymphocyte leukemia cells were purchased from A TCC and 

routinely sub-cultured in MEM (minimum essential eagle media) supplemented with 10% 

FBS and 1 % penicillin-streptomycin obtained from Sigma Aldrich. The cells were 

grown in 75 cm2 culture flasks and incubated at 37 Oc with an air atmosphere of 5% C02. 

Method for Cell Encapsulation: 

HepG2 cells were encapsulated m alginate microcapsules using previously 

established procedures 14,17. Briefly, HepG2 cells were trypsinized and then centrifuged at 

1000 rpm for 10 minutes at 20 oC. The media was decanted and the cells were 

resuspended in 30 ± 10 mL of sterile filtered 1.5% sodium alginate solution in order to 

attain a final cell concentration of 1.5x 1 06 ceIls/mL. The solution was extruded through 

an INOTECH microencapsulator using a 60 mL syringe and a 300 !lm nozzle. The 
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parameters applied to the encapsulator machine in order to form spherical capsules 

include: A volatage of 0.577k V, a voltage of 21 V was supplied to the pump motor to 

maintain the syringe flow and a frequency of 710Hz. The gelation process took place in a 

0.1 M CaClz solution for 10 minutes. APA microcapsules were prepared by immersing the 

alginate capsules in a 0.05% (w/v) poly-I-Iysine solution dissolved in 0.45% (w/v) NaCI 

for 10 minutes and recoating with a layer of 0.1 % alginate for 5 minutes. AC 

microcapsules were prepared by coating the alginate capsules with a 0.5% (w/v) chitosan 

solution dissolved in dilute acetic acid at a pH of 5.2 for 30 minutes. The pH of 5.2 was 

the highest pH possible that the glven conentration of chitosan 

can form a homogenous solution without comprimising cell viability. The microcapsules 

were stored in complete growth media (MEM supplemented with 10% (v/v) FBS and 1 % 

(v/v) penicillin-streptomycin) used for culturing free cells at 37 Oc and 5% C02. The 

media was changed once every 2 days. The entire procedure was performed under sterile 

conditions in a Microzone Biological Containment Hood (Microzone Corporation ON, 

Canada) and ail solutions were autoclaved with the exception of chitosan, PLL and the 

alginate solution which were 0.22 Ilm sterile filtered prior to usage. 

Method of Monitoring Metabolic Activity and Viability of Encapsulated Cells: 

The microcapsule membranes were tested for cytotoxicity and suitability for live 

cell encapsulation using an MTT based colorimetric assay. Previously established 

procedures as described by Uludag 23 was used with sorne modifications. Approximately 

30±2 capsules were incubated with 100 ilL of media and 25 ilL of an MTT solution (1 % 

thyiazolyl blue in PBS) for 24 hours in 96 weil plates. The media and MTT solution were 

removed from the wells and the formazan crystals formed by the reaction of MTT with 

the live cells was dissolved in 100 ilL of DMSO. After 30 minutes of incubation, the 

absorbance was measured using a IlQuant multiwell spectrophotometer purchased from 

Bio-Tek Instruments Inc. at a wavelength of 570 nm. The cell number was obtained using 

a calibration curve of cell quantity versus absorbance. 

Protein Secretion by Encapsulated HepG2 cells: 
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The Bradford Assay was used to detect the amount of protein secreted by 100±5 

microcapsules containing HepG2 cells grown in serum free media for 48 hours. The 

quantity of protein secreted by the cells was measured by taking 15 JlL of the media in 

which the microcapsules were stored in, and adding 0.3 mL of Bradford reagent into 96 

weIl plates. The absorbance was measured at 595 nm after 20 minutes of incubation. The 

prote in concentration was attained using a calibration curve of albumin concentration 

versus absorbance. 

Method for Testing Immunogenicity of Microcapsules: 

To investigate the ability of the nove1 membrane to provide cell required immuno

protection, approximately 200±5 AP A and AC microcapsules containing HepG2 cells 

were grown in 1 mL of media containing an initial concentration of 9X104 ± 500 

ceIls/mL of lymphocytes in 24 weIl plates. Lymphocytes secrete cytokines, therefore, the 

viability of the encapsulated hepatocytes would depend on the immuno-protection 

potential of the microcapsule membrane. Samples were withdrawn every 48 hours for a 

period of7 days. The viability of the HepG2 was determined using an MTT assay. 

Cryopreservation Studies: 

The possibility of long terms storage of encapsulated HepG2 cells in the 

membranes was tested. 150± 1 0 capsules were washed with media and transferred to a 2 

mL cryovial containing 1 mL of complete growth media supplemented with 0.10 mL 

DMSO. The vials were placed at -20 Oc for 1 hour prior to being stored at -80 oC. After 

30 days of storing, the microcapsules were thawed by immersing the vials in a 37 oC 

water bath and re-cultured in media. The MTT assay was used to obtain the number of 

viable cells remaining. 

3.4 Results and Discussion: 

AP A microcapsules have been previously studied for the encapsulation of 

hepatocytes to be used for therapy 14,15,31. Several studies however have revealed that 

improvements to the membrane in terms of mechanical strength and biocompatibility are 

34 



required for its application 14,15,21,40. The CUITent research demonstrated that chitosan 

coated microcapsules may be an alternative membrane for the encapsulation of 

hepatocytes. 

Morohological Studies: 

APA and AC microcapsules were prepared. Microscopic analysis revealed no 

significant difference in the images of the two types of membranes (fig. 1). The capsule 

diameter was found to be 450 ± 30 !lm for both membranes and the encapsulated HepG2 

cells appeared to grow in clumps distributed within the membrane. 

Viability of Encapsulated CeIls: 

To test whether the AC microcapsule can support the proliferation of hepatocytes 

and observe how it compares with APA capsules, the cell viability was monitored for a 

period of 25 days using an MTT assay. Figure 2 represents the cell number for 30±2 

capsules at various time intervals. Alginate coated chitosan microcapsules were able to 

support the proliferation of liver ceIls; however, according to the results, a reduction in 

viability is apparent in comparison to the AP A membrane. After 1 week of 

encapsulating, the APA membranes display an increase in HepG2 activity resulting in a 

maximum cell number of 1.40xl06 ±1.02x105 at 9 days. After the 9th day of 

encapsulating, a graduaI decrease in cell activity is observed for the remainder 25 day 

study. The AC microcapsules behaved slightly differently. AC microencapsulated cells 

reveal a maximum cell number of 1.21 x 1 06 ± 8.80x 1 04 which is attained after the fourth 

day of encapsulation. 

The differences observed may be due to the longer coating procedure required by 

the chitosan. Chitosan requires at least 30 minutes of exposure in order to complete 

crosslinking with the alginate molecules 55. Despite the harsher conditions, cell 

proliferation and metabolic activity remained apparent throughout the 25 day study. Both 

the AP A and AC membranes showed fluctuations in the viability. The fluctuations in cell 

viability may be a result of mass transfer of either nutrients or the MTT itself across the 

membrane to the cells. Since hepatocytes are anchorage dependent ceIls, the clusters of 

cells within the microcapsules can cause a delay or decrease in the rate of diffusion 23. 
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Total Protein Secretion from Encapsulated CeIls: 

Despite a significant difference observed in the cell viability of the APA and AC 

microcapsules, the total protein secreted by the membranes did not differ significantly 

(Fig. 3). A peak in protein secretion is apparent between the 5th and Il th day after which 

a decrease is observed implying reduced functionality of the HepG2 cells. A maximum 

protein concentration of 1.31 ± 0.030 mg/mL is attained for the APA. The maximum 

concentration of proteins secreted by the AC encapsulated HepG2 ceIls was 1.29 ± 0.044 

mg/mL. The quantity of protein secretion is dependent on the diffusion and permeability 

properties of the membrane 18,47. The permeability of the membrane is in turn dependant 

on several properties including charge distribution, porosity, hydrophilicity as weIl as the 

properties and size of the substance being transferred across the membrane. These 

characteristics would vary depending on the interaction of PLL with alginate 

microcapsules as weIl as the interaction of chitosan with alginate 47,69,76. A higher surface 

concentration of alginate improves PLL binding 88 and the prote in release rate is 

generaIly reduced by increasing the molecular weight of the chitosan 56. Further studies 

on the permeability characteristics of both APA and AC microcapsules would need to be 

performed to assess their properties of protein secretion from hepatocytes. 

Immunogenic Properties of Microcapsules: 

According to the results, the AC membrane gave a lesser immunogenic response 

than the APA microcapsules (fig 4). Throughout the 7 day analysis the ceIl count for 

APA encapsulated HepG2 ceIls decreased from 9.60x105±1.17xl05 to 6.59x105± 

1.44x105
• Encapsulated HepG2 ceIls in AC microcapsules grown in the presence of 

lymphocytes showed no reduction in cell viability for the 7 day study. These results 

suggest that chitosan is better at providing immuno-protection and may be a better 

direction to investigate for the use in xenogenic transplantation. The hydrophobic nature 

of chitosan may be what causes the HepG2 cells within the microcapsules to be 

unaffected by the surrounding lymphocytes 53,79. 

Cryopreservation Properties: 
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The AC and AP A microcapsules were stored at -80 Oc for a period of 30 days. 

Results show the HepG2 viability to reduce from 5.94 x105± 8.2 x104 cells prior to 

freezing to 5.18 x105 ± 5.8 x104 cells after re-growing for the AC membranes (Fig. 5). 

APA microcapsules had a greater reduction from 9.47x105 ± 1.0 x 104 cells to 5.07x105 ± 

5.5 x 104 after re-growing. Morphological studies of the APA membranes revealed the 

membranes to lose its spherical and uniform shape. The membrane surface formed 

wrinkles as presented in figure 6. The viability was most likely compromised as a result 

of the freezing and re-growing process, implying a weaker mechanical strength. Chitosan 

forms stronger complexes with alginate than PLL 56,75. This may be what contributes to 

the better cryopreservation properties of AC capsules. The mechanical failure of 

microcapsules may be attributed to osmotic swelling of the alginate core 89. Future 

investigations on the mechanical strength of both membranes will need to be performed 

to verify the reason why chitosan microcapsules resulted in better cryopreseravation of 

the cells. 

3.5 Conclusion: 

The CUITent study revealed that AC microcapsules may be an alternative 

membrane to encapsulate cells for therapy. The AC microcapsules support liver cell 

proliferation and function and excels the widely studied AP A membrane in terms of both 

immunogenicity and cryopreservation properties. The AC microcapsules may thus be a 

forefront for an alternative membrane to be investigated for cell encapsulation. In order to 

determine its complete application however, further studies on its permeability, 

mechanical stability as weIl as its in-vivo behaviour will require future investigation. 
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Figure 3.1: Photomicrograph of Alginate-Poly-I-lysine-Alginate (APA) and 

Aiginate-Chitosan (AC) microcapsules containing HepG2 cells. Magnification: lOX; 

capsule size: 450±30 ~m. la: AP A, 5 days after eneapsulation, lb: APA, 12 days 

after eneapsulation. le: AC, 5 days after eneapsulation, Id: APA, 12 days after 

eneapsulation. 
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Figure 3.2: Study of cell viability for Alginate-Poly-l-lysine-Alginate (APA) and 

Alginate-Chitosan (AC) microcapsules containing HepG2 cells. 
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Figure 3.3: Study of prote in secreted by encapsulated HepG2 cells in Alginate-
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Figure 3.6: Photomicrograph of Alginate-Poly-I-lysine-Alginate (APA) and Aiginate

Chitosan (AC) microcapsules containing HepG2 cells after 30 days of storage at -80 oC. 

Capsule size: 450 ±30 Ilm. la: APA, magnification: lOX, lb: AC, magnification 6.5X 
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Chapter 4: Design of a novel microcapsule membrane combining alginate, chitosan, 
polyethylene glycol and poly-I-Iysine for cell transplantation 

4.1 Abstract: 
Microencapsulation of living cells has been limited due to the need for a 

biocompatible polymer capable of sustaining cell viability while maintaining mechanical 

strength and immunoprotection. The CUITent study investigates a novel membrane 

combining alginate, chitosan, polyethylene glycol (PEG) and poly-I-Iysine (PLL) with the 

objective of proposing a membrane suitable for cell entrapment that may overcome sorne 

of the shortcomings of the widely studied alginate-poly-I-Iysine-alginate (APA) 

microcapsules. Results show that using a 1.5% alginate solution coated with 0.5% 

chitosan, 0.1 % PEG, 0.05% PLL and 0.1 % alginate solutions, stable, uniform shaped 

novel membrane ACPP A microcapsules can be prepared. The mechanical stability of the 

ACPP A microcapsule membrane was comparable to the AP A microcapsule membranes. 

HepG2 cells, encapsulated within the membrane, reveal the novel microcapsules to be 

non toxic, capable of sustaining cell proliferation, and can provide sufficient immuno

protection. This study demonstrates that the membrane has the potential to be used for 

cell encapsulation for developing bioartificial organs. 

Keywords: Microencapsulation, alginate, poly-ethylene-glycol, chitosan, transplantation, 

immuno-isolation. 

4.2 Introduction: 
Immuno-isolation technologies for the short term and long term transplantation of 

biologically active materials such as tissues and cells has been a focus of research for the 

treatment of several diseases including inbom errors of metabolism, enzyme deficiencies, 

cancer, as well as CNS diseases 20,23,24,29. A potential method of protecting living cells 

and tissues without causing adverse host response includes microencapsulation. The 

concept of microencapsulation involves enclosing a biologically active material within a 

polymeric semi-permeable membrane. The membrane allows the diffusion of small 

particles such as nutrients, oxygen, wastes and therapeutic products, however, impedes 
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the passage of high molecular weight specles such as immune ceIls, antibodies and 

leukocytes. This prevents any direct contact between the entrapped cells and its 

surrounding environment, which may eliminate the requirement for immunosuppressant 

when used in transplantations 20,24. Microencapsulation of cells and tissues thus 

represents an exciting approach for organ replacement. 

Several factors need to be considered for the clinical implementation of cell 

microencapsulation. The primary characteristic for microcapsules used in cell 

encapsulation is that the membrane material needs to be completely biocompatible and 

support cell growth without interfering with its normal differential functions. The 

material must not trigger host immune responses and the membrane must exhibit 

sufficient mechanical strength and stability for both short term and long term cell 

transplantation 13,18,90. Alginate is the most suitable membrane biopolymer for cell 

encapsulation with regards to biocompatibility, however it lacks suitable mechanical 

stability 24. To increase mechanical strength, alginate microcapsules are commonly 

coated with an additional layer of poly-I-Iysine and dilute alginate to form alginate-pol y

l-lysine-alginate microcapsules (AP A). Although this membrane is widely studied for the 

encapsulation of biologicaIly active materials, previous research has shown the 

membrane to induce necrosis of encapsulated cells and fibrotic tissue growth around the 

membrane surface is observed when transplanted directly in rat models 6,21,38. As a result, 

improvements to this membrane as weIl as the design of new microcapsule membranes 

continue to be studied in order to instigate the technology of microencapsulation. 

This study investigates the potential of a microcapsule incorporating alginate 

capsules coated with chitosan, PLL and PEG to verify whether it can lead to an improved 

microcapsule membrane material to be used for ceIl encapsulation. 

4.3 Material and Methods: 
Chemicals: 

Sodium Alginate (viscosity 2%), Polyethylene glycol (PEG) (MW 10000), MTT 

(Thiazolyl blue), Poly-I-Iysine hydrobromide (MW 27,400) and Sodium citrate were 

purchased from Sigma Chemicals (St. Louis MO). Chitosan 10 was obtained from Wako 

Chemicals, Japan. 
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Microcapsule Preparation: 

To prepare alginate microcapsules, 50mL of a 1.5% low viscosity sodium alginate 

solution in deionized H20 was sterile filtered through a 0.22 ~m filter. The solution was 

extruded through an INOTECH microencapsulator using a 60 mL syringe and 300 ~m 

nozzle. The gelation process took place in a O.IM CaCh solution for 10 minutes. The 

novel microcapsule (ACPPA) was prepared by coating the alginate capsules with a 0.5% 

chitosan solution dissolved in dilute acetic acid at a pH of 5.2 for 30 minutes. The 

capsules were washed twice with physiological solution and immersed in a 0.5% solution 

of PEG dissolved in 0.45% NaCI for 10 minutes. The microcapsules were then washed 

once and transferred to a solution of 0.05% PLL solution dissolved in 0.45% NaCI for 10 

minutes. They were washed twice with physiologica1 solution and finally coated with 

0.1 % alginate for 5 minutes prior to being washed and stored in physiological solution. 

Microcapsule Stability Tests: 

The mechanical stability of the ACPP A microcapsule membrane was determined 

using a rotational stress test. Cell-free ACPPA microcapsules were treated with a 0.05 M 

sodium citrate solution for 4 minutes to dissolve the alginate core. 200±10 capsules were 

placed in 25 mL volumetric flasks containing 3 mL of physiological solution. The flasks 

were rotated in an ENVIRON shaker at a speed of 150 rpm at 37 oC. The number of 

damaged capsules was observed and counted under a light microscope at various time 

intervals. 

Microcapsule Stability in Fetal Bovine Serum (FBS): 

The stability of the microcapsule membrane In a transplantation setting was 

analyzed using fetal bovine serum as a model for the interior physiological environment. 

100±5 cell-free microcapsules were immersed in FBS solution and incubated at 37 Oc for 

3 days. The integrity of the membranes was observed using light microscope. 

Cell tines and Growth conditions: 
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Celllines HepG2 and lymphocyte leukemia cells were purchased from ATCC and 

routinely sub-cultured in MEM (minimum essential eagle media) supplemented with 10% 

FBS and 1 % penicillin-streptomycin obtained from Sigma Aldrich. The cells were 

grown in 75 cm2 culture flasks and incubated at 37 Oc with an air atmosphere of 5% C02 

in a Sanyo MCO-18M multi-gas incubator. HepG2 were epithelial hepatocellular 

carcinoma tissues derived from human organisms. The cells were detached and 

subcuItured every 10 days usmg Trypsin 0.53 mMIEDT A (purchased from A TCC). 

Lymphocyte leukemia cells were derived from mus-musculus host and its cellular 

products consist of interleukin. Fresh media was added every 2 days for cell cuIturing. 

Method for Cell Encapsulation: 

HepG2 cells were encapsulated m alginate microcapsules using previously 

established procedures 14,17. Briefly, HepG2 cells were trypsinized and then centrifuged at 

1000 rpm for 10 minutes at 20 oC. The media was decanted and the cells were mixed with 

0.5 mL of fresh media and 30 ± 10 mL of sterile fiItered 1.5% alginate solution to attain a 

concentration of 1.5x106 cells/mL. The encapsulation process foIlowed the same 

procedure as described for alginate microcapsule preparation. The alginate capsules were 

coated to form ACPP A microcapsules which were stored in complete growth media used 

for cuIturing free ceIls at 37°C and 5% CO2. The media was changed once every 2 days. 

AIl the procedure was performed under sterile conditions in a Microzone Biological 

Containment Hood (Microzone Corporation ON, Canada) and aIl solutions were 

autoclaved with the exception of chitosan, PEG, PLL and the alginate solution which 

were 0.22 /lm sterile fiItered prior to usage. 

Method of Testing ACPP A Membrane Cytotoxicity and Metabolic Activity of ACPP A 

Encapsulated CeIls: 

The ACPP A membrane cytotoxicity and its suitability for live ceIl encapsulation 

was determined using an MTT colorimetrie assay. The MTT was also used to detect 

metabolic activity of ceIls within the microcapsules. The test was performed following 

the procedure described by Uludag with sorne modifications 23. The MTT assay is based 

on the ability of mitochondrial dehydrogenase enzymes present in viable ceIls to convert 
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MTT into insoluble, purple formazan crystals. The amount of formazan formed can be 

quantified and used to detect the level of cellular activity 91. Approximately 30±2 

capsules were incubated with 100 JlL of media and 25 JlL of an MTT solution (1 % MTT 

in PBS) for 24 hours in 96 weIl plates. The media and MTT solution were removed from 

the wells and the microcapsules were washed once with physiological solution. The 

formazan crystals formed by the conversion of MTT was dissolved in 100 JlL of DMSO. 

After 30 minutes of incubation, the absorbance was measured using a multiwell 

spectrophotometer at a wavelength of 570 nm. 

Method for Testing Immunogenicity of Cells: 

To investigate the ability of the novel membrane to provide cell required 

immunoprotection, approximately 200±5 ACPPA microcapsules containing HepG2 cells 

were grown in ImL of media consisting of9Xl04 ± 500 cells/mL of lymphocytes in 24 

weIl plates. Samples were withdrawn at every 48 hours for a period of 1 week. The 

volume in each weIl was kept constant by adding fresh media after taking the sample. 

The viability of the HepG2 was determined using an MTT assay and the viability of 

lymphocytes was assessed using a trypan blue dye test. The microcapsule membrane was 

analyzed microscopically using a light microscope. 

Comparative study between ACPPA and APA membranes: 

The properties of the novel ACPPA membrane were compared with the 

conventionally studied AP A microcapsules. AP A membranes were prepared by 

immersing alginate capsules in a 0.05% poly-I-lysine solution dissolved in 0.45% NaCI 

for 10 minutes and then recoating with a layer of 0.1 % alginate for 5 minutes after 

washing twice with physiological solution. HepG2 cells were immobilized within the 

microcapsule and cell metabolic activity, immunogenicity and membrane stability were 

tested using the same procedure as described above for the ACPP A capsules. 

4.4 Results: 
ACPPA Microcapsules: 
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The biomatrix used for developing microcapsules are of primary importance for 

addressing the complex problems associated with cell encapsulation for therapy. They 

should provide mild conditions for live cell encapsulation, be non toxic to the cell and 

ho st, be biocompatible, have sufficient membrane permeability to allow passage of both 

cell nutrients and cell products but be impermeable to antibody-size molecules. The 

microcapsule membrane must also have the ability to sustain the exterior environment 

that it will be exposed to. This study investigated the potential of a novel ACPP A 

microcapsule incorporating alginate capsules coated with chitosan, PLL and PEG. The 

membrane was designed based on the known fact that alginate can form strong 

complexes with poly-cations inc1uding chitosan, polypeptides such as PLL and synthetic 

polymers such as PEG 18,24,53,83,90. To prepare the microcapsule membrane, alginate beads 

were coated with a layer of 0.5% chitosan followed by a 0.1 % PEG solution and a 0.05% 

solution of PLL. A final layer of 0.1 % alginate was added to remove any positive charge 

residues. Results show that using this combination of biomaterials, a novel ACPP A 

microcapsules of approximately 450±30/lm can be prepared (Fig. 1). Light microscopic 

analysis reveals the membrane to retain a uniform, spherical shape with a smooth surface. 

The novel ACPPA membrane was tested for its stability in Fetal Bovine Serum (FBS). 

The FBS was used for as a model condition for the interior physiological environment 

that the capsules may be exposed to when used for cell transplantation. Results show that 

microcapsules remained stable in FBS for over 48 hours and exposure to FBS did not 

lead to any changes in the capsule integrity or shape. 

Rotational stress test: 

The membrane strength of the ACPP A microcapsules was tested. This was 

performed by treating ACPP A microcapsules with citrate and then subjecting the citrate 

treated microcapsules to mechanical rotational stress in a shaker flask at 37°C at a 

rotational speed of 150 rpm. Upon citrate treatment, the ACPP A microcapsules remained 

intact and sustained its uniform, spherical shape and size. When subjected to the 

mechanical stress of rotation, however, 19.8 ±2% of the ACPPA membranes were found 

to have ruptured within 2 hours. After 10 ho urs of rotational test exposure, a total of 39 

± 1 % ACPP A microcapsules had ruptured (Fig. 2). 
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Encapsulated HepG2 viability: 

To assess whether the ACPPA membrane is suitable for cell encapsulation and 

whether it can sustain cellular growth, HepG2 cells were encapsulated in ACPP A 

microcapsules as shown in figure 3. Metabolic activity of the cells within the membrane 

was tested by an MTT assay using 30±2 microcapsules containing live HepG2 cells 

following the procedure described by Uludag 23 The absorbance was correlated with a 

calibration plot of cell number verses formazan absorbance to attain a viability 

measurement of the cells within the capsules. Results are shown in figure 4. The results 

reveal that cells remained viable indicating that the membrane does not exert any toxicity 

to the cells and can support proliferation. During the entire study period of 48 hours, it is 

apparent from the graph that the cell viability within the capsules increases with time. 

The cell number increased from 5.86xl05±6.5xl04 after 5 hours of incubation to 1.05xl06 

± 1.71 xl05 after 2 days. 

Encapsulated HepG2 cells with lymphocytes: 

In order to test if the membrane can provide immunogenic protection, HepG2 

were encapsulated (Fig 5) and grown in media containing lymphocytes that pro duce 

interleukin 92. To perform the test, 30±2 microcapsules were incubated in the presence 

and absence oflymphocytes in 100 ilL of media and 25 ilL of MTT solution. Results (Fig 

6) show similar viability between encapsulated HepG2 cells grown in the presence and 

absence of lymphocytes for the first 3 day period. The study revealed that free HepG2 

cells grown in the presence of lymphocytes resulted in complete loss of viability of the 

lymphocyte cells. ACPPA membrane encapsulated HepG2 cells shows a reduction in 

metabolic activity only after the third day of incubation compared to free cells. 

Throughout the 7 day analysis, HepG2 cell number in ACPP A membranes reduced from 

9.28xl05± 7.1 X 104 to 6.73 x105± 5.4 xl04
. 

Experiments were also designed to evaluate the viability of lymphocytes in the 

presence of encapsulated HepG2 cells. Results are presented in figure 7, which compares 

the loss of viability with respect to time for free lymphocyte cells and for lymphocytes 

grown with encapsulated HepG2 cells. The results present the percent of non-viable 
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lymphocyte cells after 1,3,5 and 7 days of incubation. The fraction of dead lymphocyte 

cells grown with ACPPA encapsulated HepG2 cells increased from 4±3% after the first 

day of incubation to 15±1.8% and 22±1.3% for the third and fifth day respectively. After 

the seventh day of incubation, a totalloss of viability of 24 ±0.02% was found due to the 

presence of encapsulated HepG2 cells in the growth media. 

Comparison between ACPPA with AP A microcapsules: 

The potentials and advantages of the novel ACPPA membrane was analyzed by 

comparing its performance with the widely used AP A microcapsules. AP A 

microcapsules having a diameter of 430±30 ~m were prepared. The mechanical stability 

of ACPPA microcapsules compared to APA microcapsules was tested using the 

rotational stress test by challenging these capsules to a 150 rpm rotational test in an 

environ shaker at 37°C. Results, presented in figure 8, show both membranes to have 

similar mechanical stability trends. After 1 hour, 4.4±7.6 % ACPPA compared to 

3.3±5.7% of APA had ruptured. Within 6 hours, 36±2.9% of ACPPA and 3l±2.9% of 

APA were found to have broken. Within the 10 hour study, a total of 39 ±1% ACPPA 

microcapsules in comparison to 34 ±5% of AP A microcapsules were found ruptured from 

the mechanical impact of shaking. 

To compare the biocompatibility of the membranes, HepG2 cells were 

encapsulated in both ACPP A and in AP A microcapsule membranes. The MTT assay was 

performed to compare the cell viability efficacy of these two membranes. Results are 

presented in figure 9. As apparent from the graph, both microcapsules membranes 

support cell proliferation. After 48 hours of incubation, the HepG2 cell count for the AP A 

microcapsule membrane was 1.19Xl06 ± 1.53 xl05 compared to 1.05x106 ± 1.71 xl05 for 

the ACPP A microcapsules. 

The immunogenicity of the membranes was tested by growmg immobilized 

HepG2 cells in media containing lymphocytes. Figure 10 displays results for the viability 

of AP A encapsulated HepG2 cells. Similar to the ACPPA membrane, a reduction in 

metabolic activity of the HepG2 cells is apparent after the third day of incubation. During 

the 7 day analysis, the quantity of HepG2 cells in APA membranes reduced from 9.6xl05 

± 1.17 xl05 to 6.59 x105 ± 1.44 x105
, while for ACPPA membranes it reduced from 9.29 
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xl05 ±7.1 xl04 to 6.73 x105±5.4 x104
• The percent of non viable lymphocyte cells grown 

with encapsulated HepG2 cells in the AP A membrane increased from 14.5±4.8 after one 

day of incubation to 29±1.8% on the third day (fig 11). At the same time interval, 

ACPPA membranes had a percent cell death of 3.5±3.0% which increased to 14.5±1.8% 

after the 3 day incubation. Results, presented in figure Il, show that the lymphocyte 

viability of AP A encapsulated cells resulted in the greatest loss of viability at 34 ±4% in 

comparison to the ACPPA membrane which had a totalloss of 24 ±2%. 

4.5 Discussion: 
The AP A microcapsules are the most widely studied membrane for the 

entrapment of living cells in the application of transplantation 90. Although the 

membranes exhibit ideal properties for cell encapsulation including mechanical stability 

and mild preparation procedures, in vivo studies have revealed the membrane to have 

insufficient biocompatibility. AP A membranes can potentially cause an inflammatory 

response and studies in transplanting AP A microcapsules in rodents have revealed 

fibrotic overgrowth leading to cell necrosis 12,15,21,83. As a result, the development of a 

biocompatible and immunosuppressive material for the encapsulation of mammalian cells 

to be applied in either xenogenic or allogenic transplantation remains to be developed. 

Many authors have investigated potential alternatives and improvements to the membrane 

which include the use of chitosan membranes and the incorporation of PEG to alginate. 

Chitosan is a biocompatible, biodegradable and non-toxic polymer that has been 

shown to be compatible with soft tissues 16,75. Although it is normally insoluble in 

aqueous solutions having a pH above 7, when exposed to dilute acids (pH<6), the free 

amino groups become protonated allowing the molecule to dissolve. The protonated 

amino groups have a high charged density in solution which permit chitosan to form ionic 

complexes with the carboxyl group of the alginate molecule 12. It is predicted that 

chitosan can form a stronger complex with alginate than PLL because the distance 

between the charges is approximately the same for the two molecules 55,75. Chitosan has 

been explored for the microencapsulation of drugs, however, very few studies on the use 

of chitosan for mammalian cell entrapment have been reported 53. 
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It is essential for the microcapsule surface to be free of charges in order to prevent 

foreign body reactions in the case of transplantation 24. PLL binds to alginate via 

electrostatic interaction between the positively charged PLL and negatively charged 

alginate. This results in the interfacial adsorption of the PLL which forms a thin 

polymeric layer on the surface of the alginate microcapsules 18. Incomplete coating or 

the use of low quality alginate may result in cationic charges remaining on the surface of 

the AP A microcapsules. The addition of a PEG coating has been studied as an attempt to 

reduce surface charges 83. PEG is a hydrophilic, non-ionic compound that is relatively 

inert in body fluids 82. Previous studies have revealed PEG to improve biocompatibility 

by reducing surface protein adhesion and exhibiting higher resistance to fibrous 

overgrowth in vivo 53,61,90. The exact mechanism of how PEG interacts with chitosan and 

PLL remains to be studied. It is hypothesized that the PEG pol ymer may form an 

interpenetrating network near the microcapsule membrane surface. Other studies reveal 

that PEG incorporates itself directly into the alginate matrix 51,53. Although PEG displays 

many advantages, preparing a PEG incorporated membrane that preserves the 

immunogenic quality, mechanical strength and mild processing procedures as the APA 

remains a challenge 83 

Results of the present study demonstrate the potential application of a novel 

membrane combining PLL with chitosan, a naturally-derived compound which can form 

strong bonds with alginate, and PEG, a compound previously shown to improve 

biocompatibility by reducing surface protein attraction and thrombogenicity of material 

surfaces 53,83. 8ased on the properties ofthese compounds, the new membrane (ACPPA) 

may provide mechanically stable microcapsules with greater immunoprotection and 

biocompatibility with reduced surface charges. 

Results revealed mechanical strength of the new membrane to be almost identical 

to AP A membranes as presented in figure 2. When the capsules were subjected to 

sodium citrate, which dissolves the alginate core, ACPP A membrane remained stable and 

intact implying a stable interaction between the chitosan, PEG and PLL layer. Figure Il 

shows a picture of liquefied ACPP A capsules. Further studies however need to be 

conducted in order to determine the exact chemical interaction between chitosan, PEG 

and PLL. 
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The metabolic activity of encapsulated HepG2 cells in both APA and APPA 

membranes were monitored for a period of 48 hours to ensure the membrane does not 

exert any toxicity to the cells. The ACPPA membrane revealed slightly reduced viability 

in comparison to AP A. This may be a result of the longer coating procedures needed for 

the chitosan layer. Chitosan requires at least 30 minutes of exposure in order to complete 

crosslinking with the alginate molecules 55. Despite the harsher conditions required for 

coating with chitosan, results still express the ability of the membrane to sustain cell 

proliferation and viability. No cell leakage or capsule breakage was apparent for both 

membranes. 

The most important characteristic of microcapsules to be used for both allogenic 

and xenogenic transplantation is host immunoprotection and biocompatibility. The 

microcapsule membrane must be able to sustain cell viability without causing any 

adverse host immune responses which may not only limit microcapsule cell function but 

also hinder normal cell activity in the host 24. ACPPA membranes containing HepG2 

cells, grown in the presence of lymphocyte leukemia cells derived from mice, revealed 

positive cell viability. As apparent from the graph on figure 6, the metabolic activity of 

HepG2 cells in the ACPP A membranes were less affected by the presence of 

lymphocytes than HepG2 cells encapsulated in the APA membranes (figure 10). The 

viability of both lymphocytes as well as the encapsulated liver cells was analyzed. 

Lymphocytes grown in the presence of free HepG2 cells showed no signs of viability 

after 1 day of culturing. In comparison to AP A, the ACPP A membrane was found to 

reveal a higher viability of lymphocyte cells than AP A membranes as shown on figure 

Il. These results emphasize the possibility of the novel membrane to provide better 

immunoprotection than the widely studied AP A membranes. However, the observed 

reduction in lymphocyte cell number may be due to competition for nutrients in the 

media between the two types of cells. Further investigations would be needed to 

determine this. 

4.6 Conclusion: 
This study has demonstrated that alginate-chitosan-PEG-PLL-alginate (ACPPA) 

microcapsules may be used for the entrapment of live cells for the development of 

56 



bioartificial organs. The ACPP A membranes provide mechanically stable and smooth 

microcapsules that are capable of supporting cell growth and may result in reduced host 

immune responses when compared to AP A membranes. This microcapsule design 

provides a new direction for live cell encapsulation which can be applied to either 

xenogenic or allogenic transplantation to be used for human therapy. In order to test its 

full potentials however, further detailed studies on the biocompatibility of the membrane 

in-vivo remain to be tested. 
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Figure 4.1: Photomicrograph of Alginate-Chitosan-PEG-PLL-Alginate 

(ACPPA) microcapsules in physiological solution. Capsule size: 

450±30 !lm. (Magnification: 10X) 
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Figure 4.3: Photomicrograph of HepG2 cells encapsulated ln 

Alginate-Chitosan-PEG-PLL-Alginate (ACPPA) microcapsules in 

MEM media 5 days after coating. Cells were encapsulated at 1.5 xl 06 

cells/mL. Capsule size: 450±30 Ilm. (Magnification: 10X) 
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Figure 4.5: Photomicrograph of encapsulated HepG2 cells in 

Alginate-Chitosan-PEG-PLL-Alginate (ACPPA) microcapsules 

grown in the presence of lymphocyte leukemia cells for 3 days. 

Magnification 10X. 
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Figure 4.12: Photomicrograph of liquefied Alginate

Chitosan-PEG-PLL-Alginate (ACPP A) microcapsules after 

citrate treatment. Diameter: 450±30llm. Magnification lOX. 
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Chapter 5: Superior Cell Delivery Features of Poly-ethylene glycol Incorporated 
Alginate, Chitosan and Poly-I-Iysine Microcapsules 

5.1 Abstract: 
Microencapsulation is an emerging technology in the development of bioartificial 

organs for drug, protein, and delivery systems. One of the advancements in establishing 

an appropriate membrane material for live cell and tissue encapsulation is the 

incorporation of polyethylene glycol to the widely studied alginate microcapsules. The 

CUITent study investigates the properties of integrating polyethylene glycol to 

microcapsules coated with poly-I-Iysine and chitosan as weIl as a novel microcapsule 

membrane which combines both poly-Iysine and chitosan. Results show that 

microcapsules containing PEG can support cell viability and prote in secretion. The 

addition of PEG to PLL and chitosan coated microcapsules improves the stability of 

microcapsules when exposed to a hypotonic solution. We also compared the novel 

microcapsule with other two previously used microcapsules including alginate-chitosan

PEG and alginate-PLL-PEG-alginate. Results show that aIl three membranes are capable 

of providing immuno-protection to the cells and have the potential for long term storage 

at -80 oC. The novel membrane containing PEG, chitosan and PLL, however, revealed 

the highest cell viability and mechanical strength when exposed to extemal rotational 

force, but it was unable to sustain osmotic pressure. The study revealed the potential of 

us mg poly-ethylene glycol incorporated alginate, chitosan and poly-I-Iysine 

microcapsules for encapsulating live cells producing proteins and hormones for therapy. 

Keywords: Microencapsulation, alginate, poly-ethylene-glycol, chitosan, transplantation, 

immuno-isolation, crypreservation. 

5.2 Introduction: 
Microencapsulation of live cells and tissues within a protective membrane is 

being widely studied as a method of eliminating the problems associated with immune 

rejection during allogenic and xenogenic transplantation 14,22,31,32,34,38. The microcapsules 

provide a large surface area to volume relationship which allows the rapid diffusion and 
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passage of oxygen, nutrients, metabolites and waste products. However, the polymeric 

semipermeable membrane blocks the ex change of leukocytes, antibodies and tryptic 

enzymes across the microcapsules which prevent any direct contact between the 

entrapped cells and its surrounding environment. The concept of microencapsulation may 

therefore eliminate the requirement for immuno-suppressants when used in 

transplantations 18.20.24.31.34.38. 

Several polymers have been studied for encapsulating biologically active 

materials including synthetic and naturally occurring polymers. The preparation of 

synthetic polymers such as poly (HEMA-MMA) copolymer and acrylamide can require 

exposure to organic solvents, toxic mono mers, high temperatures and irradiation which 

may be undesirable for sorne applications 53. On the contrary, naturally occurring 

polymers such as alginate provide suitable biocompatibility and mi Id preparation 

procedures. Calcium alginate beads have been widely researched and utilised for the 

encapsulation of animal tissues. The mechanical strength of alginate microcapsules is 

often increased by the addition of a poly-I-Iysine (PLL) coating to form alginate-PLL

alginate microcapsules (APA) 8.11.18.65. Although this membrane has been shown to 

support tissue growth, previous research has demonstrated that it may induce necrosis of 

encapsulated cells and fibrotic tissue growth around the membrane surface is observed 

when transplanted directly in rat models 6.21.38. Chitosan, a naturally occurring 

polysaccharide is an alternative to the conventionally studied AP A microcapsules, and 

has been studied for the encapsulation of drugs 56.68.75.79. More recently, the addition of 

poly-ehtylene-glycol (PEG), a water soluble polymer, has been suggested as a means of 

increasing biocompatibility of microcapsules 48.51.53.61.82. 

Improvements to the AP A membrane as weIl as the design of new microcapsule 

membranes continue to be studied in order to implement the technology of 

microencapsulation. This study investigates the feasibility of using PEG integrated into 

poly-I-Iysine and chitosan coated microcapsules for cell encapsulation therapy. 

5.3 Material and Methods: 
Chemicals: 
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Sodium Alginate (viscosity 2%), Polyethylene glycol (PEG) (MW 10000), MTT 

(Thiazolyl blue), Poly-I-Iysine hydrobromide (MW 27,400) sodium citrate and Bradford 

Reagent were purchased from Sigma Chemicals (St. Louis MO). Chitosan 10 was 

obtained from Wako Chemicals, Japan. 

Microcapsule Preparation: 

To prepare alginate microcapsules, 50 mL of a 1.5% low viscosity sodium 

alginate solution in deionized H20 was sterile filtered through a 0.22 !lm filter. The 

solution was extruded through an INOTECH microencapsulator using a 60 mL syringe 

and 300 !lm nozzle. The gelation process took place in a O.lM CaClz solution for 10 

minutes. AP A microcapsules were prepared by immersing the alginate capsules in a 

0.05% poly-I-Iysine solution dissolved in 0.45% NaCI for 10 minutes and then recoating 

with a layer of 0.1 % alginate for 5 minutes after washing twice with physiological 

solution. PEG was incorporated into APA microcapsules to form alginate-poly-I-Iysine

PEG-alginate (A PP A) microcapsules by subjecting the microcapsules in a 0.5% solution 

of PEG dissolved in 0.45% NaCl for 10 minutes after being coated with PLL and washed 

with physiological solution. After washing, a final layer of 0.1 % alginate was added for 5 

minutes. Aiginate-chitosan (AC) microcapsules were prepared by coating the alginate 

beads with a 0.5% chitosan solution dissolved in di lute acetic acid at a pH of 5.2 for 30 

minutes. The AC microcapsules were then exposed to a solution of PEG to form 

Aiginate-chitosan-PEG (ACP) microcapsules. The novel microcapsule (ACPPA) was 

prepared by coating the alginate capsules with a 0.5% chitosan solution. The capsules 

were washed twice with physiological solution and immersed in the 0.5% solution of 

PEG for 10 minutes. The microcapsules were then washed once and transferred to a 

solution of 0.05% PLL solution for 10 minutes. After being washed with physiological 

solution, the microcapsules were finalIy coated with 0.1 % alginate for 5 minutes. AlI 

microcapsules stored in physiological solution prior to being used for testing. 

Microcapsule Stability Tests: 

The mechanical stability of the microcapsules was determined using an osmotic 

pressure test and a rotational stress test. The osmotic pressure test was performed by 
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subjecting 100±5 microcapsules which were previously stored in 0.85% saline solution to 

2 mL of deionized water in 35xlO mL petri dishes. The effect of osmotic pressure on the 

microcapsules membrane was observed microscopically and the number of damaged 

capsules was recorded. To assess the microcapsules ability to sustain the mechanical 

stress of rotation, cell-free microcapsules were treated with a 0.05 M sodium citrate 

solution for 4 minutes to dissolve the alginate core. 200± 1 0 capsules were placed in 25 

mL volumetric flasks containing 3 mL of physiological solution. The flasks were rotated 

in an ENVIRON shaker at a speed of 150 rpm at 37°C. The number of damaged capsules 

was observed and counted under a light microscope at various time intervals. 

Celllines and Growth conditions: 

Celllines HepG2 and lymphocyte leukemia cells were purchased from A TCC and 

routinely sub-cultured in MEM (minimum essential eagle media) supplemented with 10% 

FBS and 1 % penicillin-streptomycin obtained from Sigma Aldrich. The cens were 

grown in 75 cm2 tissue culture flasks and incubated at 37 Oc with an air atmosphere of 

5% C02 in a Sanyo MCO-18M multi-gas incubator. HepG2 were epithelial hepatocellular 

carcinoma tissues derived from human organisms. The cens were detached and 

subcultured every 10 days using Trypsin 0.53mMIEDT A (purchased from A TCC). 

Lymphocyte leukemia cens were derived from mus-musculus host and its cellular 

products consist of interleukin. Fresh media was added every 2 days for cell culturing. 

Method for Cell Encapsulation: 

HepG2 cells were encapsulated III alginate microcapsules using previously 

established procedures 14,17. Briefly, HepG2 cells were trypsinized and then centrifuged at 

1000 rpm for 10 minutes at 20 oC. The media was decanted and the cells were mixed with 

0.5 mL of fresh media and 30 ± 10 mL of sterile filtered 1.5% alginate solution to attain a 

concentration of 1.5x 106 cens/mL. The encapsulation process followed the same 

procedure as described for alginate microcapsule preparation. The alginate capsules were 

coated to form APPA, ACP and ACPPA microcapsules which were stored in complete 

growth media used for culturing free cells at 37°C and 5% CO2• The media was changed 

once every 2 days. The entire procedure was performed under sterile conditions in a 
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Microzone Biological Containment Hood (Microzone Corporation ON, Canada) and aIl 

solutions were autoclaved with the exception of chitosan, PEG, PLL and the alginate 

solution which were 0.22 ~m sterile filtered prior to usage. 

Method of Testing Membrane Cytotoxicity and Metabolic Activity of Encapsulated 

Cells: 

The microcapsule membranes were tested for cytotoxicity and suitability for live 

cell encapsulation using an MTT colorimetric assay. The MTT was also used to detect 

metabolic activity of cells within the microcapsules. Previously established procedures as 

described by Uludag 23 was used with sorne modifications. The MTT assay is based on 

the ability of mitochondrial dehydrogenase enzymes present in viable cells to convert 

MTT into insoluble, purple formazan crystals. The amount of formazan formed can be 

quantified and used to detect the level of cellular activity 91. Approximately 30±2 

capsules were incubated with 1 00 ~L of media and 25 ~L of an MTT solution (1 % MTT 

in PBS) for 24 hours in 96 weIl plates. The media and MTT solution were removed from 

the wells and the microcapsules were washed once with physiological solution. The 

formazan crystals formed by the conversion of MTT was dissolved in 1 00 ~L of DMSO. 

After 30 minutes of incubation, the absorbance was measured using a multiwell 

spectrophotometer at a wavelength of 570 nm. The cell number was obtained using a 

calibration curve correlating cell quantity with absorbance. 

Prote in Secreted by Encapsulated HepG2 cells: 

The ability of the microcapsule membrane to permit the outflow of necessary 

proteins produced by liver cells was determined by monitoring albumin secretion using a 

Bradford Assay. The Bradford Assay is based on the ability of Brilliant Blue G dye to 

form complexes with proteins which causes a shift in colour depending on the quantity of 

protein present. The amount of protein can then be quantified using an absorbance reader. 

Approximately 100±5 microcapsules encapsulating HepG2 cells were washed 3 times 

with physiological solution to remove any traces of media remaining on the membrane 

surfaces. The capsules were placed in 96 weIl plates and 100 ~L of serum-free media was 

added. The serum-free media contained no proteins in order to ensure that any protein 
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detected in the media were solely from the entrapped cells. The microcapsules were 

incubated for 48 ho urs prior to being tested. The quantity of proteins secreted by the cells 

was measured by taking 15 J..lL of the media in which the microcapsules were stored and 

adding 0.3 mL of Bradford reagent into 96 well plates. The absorbance was measured at 

595 nm after 20 minutes of incubation. The protein concentration was attained using a 

calibration between albumin concentration and absorbance. 

Method for Testing Immunogenicity of Cells: 

To investigate the ability of the PEG integrated membranes to provide cell 

required immuno-protection, approximately 200±5 APPA, ACP and ACPPA 

microcapsules containing HepG2 cells were grown in 1 mL of media consisting of9XI04 

± 500 cells/mL of lymphocytes in 24 well plates. Samples were withdrawn at every 48 

hours for a period of 7 days. The volume in each well was kept constant by adding fresh 

media after taking the sample. The viability of the HepG2 cells was determined using an 

MTT assay. The micro capsule membrane was analyzed microscopically using a light 

mIcroscope. 

Cryopreservation Studies: 

The possibility of long terms storage of encapsulated HepG2 cells in the 

membranes was tested. Approximately 150± 1 0 capsules were washed with media and 

placed in a 2 mL cryovial containing 1 mL of complete growth media supplemented with 

0.10 mL DMSO. The vials were placed at -20 Oc for 1 hour prior to being stored at -80 

oC. After 30 days of storing, the microcapsules were thawed by immersing the vials in a 

37°C water bath and re-cultured in media. The MTT assay was used to obtain the 

quantity of viable cells remaining. 

5.4 Results: 
Morphological Studies: 

APPA, ACP and ACPPA microcapsules were prepared. The capsule diameter 

ranged from 450 ± 30 J..lm for each membrane. Optical microscopy of encapsulated 
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HepG2 cells revealed the hepatocytes to grow in clumps distributed within the membrane 

(figure 1). 

Mechanical Stability test: 

The microcapsule membranes ability to maintain integrity after being subjected to 

the mechanical impact of rotation was tested using a rotational stress test on sham 

capsules. The microcapsules were treated with citrate to dissolve the alginate core and the 

membrane integrity was monitored for all five membranes. Results are shown on figure 

2. The AC and ACP membranes were unable to sustain the mechanical impact. 

Microscopic analysis revealed that the citrate treatment itself caused the membrane to 

weaken and lose its spherical shape. After 2 ho urs of rotation at 150 rpm, a total of 85 ± 1 

% and 40 ± 2 % had ruptured for AC and ACP microcapsules respectively. After 10 

hours of treatment a total of 100 % and 96 ± 1 % of the AC and ACP membranes had 

ruptured. The addition of PEG to the chitosan coating therefore, seemed to slightly 

improve the membrane stability. The addition of PEG to the poly-I-Iysine coating 

revealed contrary results. Within 2 hours, 34 ± 2 % of capsules were broken. At the 

completion of the 10 hour study, 48 ± 7 % were found broken. The membrane integrity 

was strongest for the AP A and ACPP A membranes. Both membranes retained their 

spherical and uniform shape after citrate treatment. After 2 hours of exposure to 

rotational impact, 19 ± 3 % of AP A microcapsules had ruptured while a total of 20 ± 2 % 

of the ACPPA membranes had broken. Within 10 hours, the number of broken capsules 

of APA and ACPPA membranes was 34 ± 4 % and 39 ± 1 % respectively. 

Results for the membrane integrity after exposure to osmotic pressure were 

significantly different from the mechanical rotation test. The addition of PEG to PLL and 

chitosan coatings greatly improved the stability of microcapsules in hypotonic solutions. 

Results are presented in figure 3. Within the 60 minute analysis, it was observed that over 

32 ± 0.3 % of chitosan coated microcapsules were broken. AP A micro capsules displayed 

a higher stability with a total of 26 ± 1 % of broken capsules. In both cases, the addition 

of PEG greatly enhanced mechanical stability. PEG incorporated in the chitosan 

membrane resulted in all of the capsules to remain intact. Within 60 minutes, a total of Il 

± 0.7 % of APP A microcapsules were ruptured, which is a reduction of over 50 % of 

77 



broken capsules observed for the poly-I-Iysine membrane without PEG. The ACPPA 

membranes were unable to sustain prolonged osmotic pressure. Within 5 minutes of 

exposure, 5 ± 0.3 % of microcapsules had ruptured. At the completion of the 60 minute 

analysis 95 ± 0.0001 % had broken. 

Metabolic Activity and Cell Viability of encapsulated HepG2 ceIls: 

To test if the PEG incorporated membranes can support liver cell proliferation and 

activity, HepG2 cells were encapsulated in ACP, APPA and ACPPA membranes and 

their cell viability was monitored for a period of 25 days using an MTT assay. Figure 4 

represents the cell number for 30±2 capsules at various time intervals. AlI microcapsules 

revealed an increase in cell number and thereby metabolic activity within the first 5 days 

after encapsulating. Proceeding the 5 days, a decrease in cell number is observed. After 1 

week of encapsulating, the ACPP A and APP A membranes once again display an increase 

in HepG2 activity resulting in a maximum cell number of 1.26xl06 ± 1.27x105 and 

l.13x 106 ± 5.65x 1 04 respectively at 9 days. After the 9th day of encapsulating, a graduaI 

decrease in cell activity is observed for the remainder 25 day study. The ACP membrane 

continue to result in a decrease in cell number and HepG2 activity until the Il th day after 

encapsulating where a slight increase in cell number is observed. A maximum cell 

number of 1.11 x 1 06 ±9 .16x 1 04 is attained after the fourth day of encapsulation. AlI of the 

membranes, however, express viability for the complete 25 days studied. 

Protein Secretion by CeIls: 

The amount of protein produced and secreted by the encapsulated cells to the 

surrounding media was tested using the Bradford Assay. Results are presented in figure 

5, which presents the protein secreted by 100±5 microcapsules at various time intervals. 

No significant difference is observed for the microcapsules studied. A peak in protein 

secretion is apparent between the 5th and Il th day after which a decrease is observed 

implying reduced functionality of the HepG2 cells. A maximum concentration of 1.30 ± 

0.006 mg/mL is attained for the APP A microcapsules. The protein secreted by the ACP 

encapsulated cells was slightly lower at 1.28 ±0.05 mg/mL. HepG2 cells encapsulated in 

the ACPP A membranes showed a different pattern of prote in expression. Although the 
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total concentration of protein secreted was slightly lower, the quantity remained 

consistent for a longer period of time ranging from the 5th to 17th day. A maximum 

protein concentration of 1.22 ± 0.04 mg/mL was attained. 

Immunogenic properties of membranes: 

The ability of the membranes to provide immunogenic protection to the 

encapsulated cells was tested by growing HepG2 microcapsules in media containing 

lymphocytes derived from mouse origin. Results are presented in figure 6. The APP A 

and ACPPA show similar behaviour. No change between the cells grown with 

lymphocytes and those grown without is apparent within the first 3 days. Following the 

third day a slight decrease in HepG2 activity is noted. There were no significant changes 

in the cell count for encapsulated HepG2 cells grown without lymphocytes. Throughout 

the 7 day analysis, the cell count for APP A encapsulated HepG2 cells showed a decrease 

in cell number from 7.51x105± 8.18x104 to 6.01xl05± 6.50x104
• ACPPA encapsulated 

HepG2 cells decreased from 9.29x105±7.13x104 to 6.73xl05 ± 5.30xl04
• The ACP 

membranes revealed different results. Encapsulated HepG2 cells in ACP membranes 

grown in the presence of lymphocytes showed no significant changes in cell viability. 

Cryopreservation Studies: 

The possibility of the membranes to be used for long term storage of liver cells 

was analyzed at -80 oC. The viability of the cells was only slightly reduced for the 

APPA, ACP and ACPP A membranes. AlI of the membranes reveal positive metabolic 

activity after the freeze-thaw procedure (fig. 7) 

5.5 Discussion: 
AP A microcapsules are the most commonly studied membrane for live cell 

encapsulation. They provide sufficient immunogenicity and support cell viability. 

However, due to the problems associated with direct transplantation resulting in cell 

necrosis, an alternate membrane continues to be studied 15.21.83. 

Results from the CUITent study investigated the potential of adding PEG to APA and 

AC membranes. The osmosis test showed the addition of PEG can greatly improve the 
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integrity of both the APA and the AC microcapsules. These results are counter to 

expectations since PEG tends to increase the hydration and swelling characteristics of 

microcapsules due to hydrophilic segments in PEG which interacts with water. As a 

result, PEG generally would lead to greater swelling of the microcapsules and hence 

eventual rupture 48. The observed increased stability may be a result of the 

interpenetrating network formed by PEG near the microcapsules membrane surface. It is 

also suggested that PEG incorporates directly into the alginate matrix which may be a 

possible reason for the improvement in integrity observed for microcapsules exposed to 

hypotonic solutions 51,53. The novel membrane, ACPPA, however, was unable to sustain 

osmotic pressure. Although not investigated in the CUITent study, this may be due to the 

interaction between the PLL and chitosan. Incorporating PLL to chitosan which is 

generally hydrophobic increases the hydrophilicity of the pol ymer 93. The osmotic 

pressure causes rapid swelling of the membrane resulting in rupture. 

The ACPP A membrane, in terms of strength, was similar to the AP A in the rotational 

stress test. The addition of PEG to the chitosan membrane slightly improved the strength 

of the AC membrane however, reduced the strength of the AP A membrane. The 

integration of PEG may therefore lead to improvements of the membrane to sustain 

exterior physiological changes however, does not improve mechanical strength of the 

microcapsules. The molecular weight and concentration of chitosan affects the 

mechanical properties of chitosan microcapsules 48.79.93. Therefore, varying the 

concentration of chitosan used to coat the micro capsules may increase its strength. 

The ACPP A membrane revealed the highest cell viability as apparent from the 

MTT study. The behaviour of APPA and ACPPA were similar, while that of ACP 

differed. The slight fluctuations in cell viability may be a result of mass transfer either of 

nutrients or the MTT itself. Since hepatocytes are anchorage dependent ceIls, the clusters 

of cells within the microcapsules can cause a delay or decrease in the rate of diffusion 

23.34. AlI of the microcapsules, however, retained metabolic activity and viability of cells 

for a prolonged period oftime. 

The three membranes allowed the outflow of secreted proteins from the cells to its 

surroundings. Despite the differences observed between the membranes in cell viability 

the amount ofprotein secreted did not differ significantly. The reason for this observation 
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is not evident from the CUITent study. The novel membrane ACPPA resulted in the least 

amount of protein secretion; however, the duration was longer which may be 

advantageous for cell transplantation. The reduction may be due to slower diffusion as a 

result of the additional layers 34,47. This however will require further investigations. On 

the other hand, the use of chitosan and PEG may lead to improved perrneability, better 

cell attachment, increased strength and reinforced immuno-protection in comparison to 

the widely investigated AP A microcapsules. This, in turn, would lead to a better 

microcapsule for cell encapsulation techonology. 

It has been previously shown in literature that PEG can reduce protein adhesion 

and cell adhesion. As a result, the addition of PEG may minimize the interaction between 

the sUITounding lymphocytes with the microcapsules leading to better immuno-protection 

53,61. Results show that the chitosan containing membrane provides the greatest protection 

against foreign cells. The hydrophobic nature of chitosan may be what causes the HepG2 

cells within the microcapsules to be unaffected by the sUITounding lymphocytes 48.53. 

5.6 Conclusion: 
Results from the CUITent study reveal that the incorporation of PEG may be a 

potential improvement to microcapsule membranes for use in cell encapsulation. PEG 

incorporated into alginate microcapsules coated with either or both PLL and chitosan 

provides a new direction for live cell encapsulation which can be used for therapy. The 

novel membrane, (ACPP A), in comparison to the ACP and APPA microcapsule resulted 

in the highest cell viability. In order to test its full potentials, however, further detailed 

studies on the biocompatibility and cell delivery features of the membrane in-vivo remain 

to be tested. 
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Figure 5.1: Photomierograph eneapsulated HepG2 eells in Alginate-Chitosan-PEG, 

(ACP), AIginate-PLL-PEG-AIginate (APPA) and Alginate-Chitosan-PEG-PLL

Alginate (ACPPA) mieroeapsules. 1 a) APP A mieroeapsules 1 day after 

eneapsulating; magnification: J Ox, size: 450±30 pm. 1 b) ACP mieroeapsules 1 

week after eneapsulating; magnification: JOx, size: 450±30 pm. le) ACPPA 

mieroeapsules 2 weeks after eneapsulating; magnification: 6.5X, size: 450 ±30 pm. 
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Figure 5.6b: Viability of encapsulated HepG2 cells in Alginate-Chitosan-PEG-PLL

Alginate (ACPPA) microcapsules grown with and without the presence of lymphocytes. 
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6.0 Summary of Observations 

The study analyzed five different microcapsule membranes for the application of 

liver cell encapsulation. Previously established membranes, APA (alginate-poly-I-Iysine

alginate) and AC (alginate-chitosan) were compared and the feasibility of incorporating 

polyethylene glycol (PEG) to these membranes was also analyzed. A novel membrane 

combining alginate microcapsules coated with chitosan, polyethylene glycol (PEG) and 

poly-I-Iysine was designed and prepared. The study can be summarized as the following: 

1) Design and Preparation of the Novel Microcapsule: 

A novel membrane (ACPP A), composed of alginate capsules coated with chitosan for 30 

minutes followed by additional coatings of PEG for 10 minutes, PLL for 10 minutes, and 

a final layer of dilute alginate for 10 minutes was prepared. The chitosan was added to 

this novel membrane in order to allow better cell attachment and increase immuno

protection and capsule strength. PEG was incorporated to improve biocompatibility and 

the PLL was added to reinforce immuno-protection. The final alginate layer was added to 

allow optimum biocompatibility. Upon microscopic analysis, smooth, spherical 

microcapsules with a diameter of 450±30 ~m were obtained using this combination and 

order of layers. (fig. 4.1 and 4.3) The novel membrane was capable of supporting cell 

proliferation and did not exert any toxicity to the encapsulated liver cells. 

2) Mechanical Stability and the Impact of Rotational Stress: 

The ACPP A and the AP A microcapsules revealed the strongest mechanical 

strength when exposed to a mechanical rotational stress test with the ACPPA 

microcapsules having strength similar to the AP A. At the completion of 10 hours of 

exposure to the mechanical impact of rotation at 150 rpm, a total of 34 ± 4 % AP A and 

39 ± 1 % of ACPPA capsules had broken. The AC and ACP microcapsules had the 

weakest stability. After the citrate treatment and rotational impact, a total of 100 % and 

96 ± 1 % of the AC and ACP membranes ruptured. At the completion of the 10 hour 

study, 48 ± 7 % ofthe APPA microcapsules were found broken (fig. 5.2). 
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3) Mechanical Stability and the Impact ofOsmotic Pressure: 

The novel membrane was unable to sustain osmotic pressure from exposure to a 

hypotonic solution. At the completion of the 60 minute analysis 95 ± 0.0001 % had 

broken. The addition of PEG to the AP A and AC microcapsules greatly enhanced 

stability (fig. 5.3). AlI of the ACP microcapsules remained intact after 60 minutes of 

exposure to a hypotonic solution compared to a total of 32 ± 0.3 % AC microcapsules 

that were found broken. Within 60 minutes, a total of Il ± 0.7 % of APP A 

microcapsules were ruptured, which is a reduction of over 50 % of broken capsules 

observed for the AP A membrane without PEG which had a total of 26 ± 1 % 

microcapsules that had ruptured. 

4) Cell Viability: 

Results indicate that all of the five membranes, AP A, AC, APPA, ACP and 

ACPP A, do not exert any toxicity to the cells and cell viability and proliferation is 

apparent for the duration of the 25 day study. APA microcapsules provide the highest cell 

viability and metabolic activity of encapsulated liver cells followed by the ACPP A 

microcapsules membrane. A maximum cell number of 1.40x106 ± 1.02xl05 and 1.26x106 

± 1.27x105 are obtained after the ninth day of encapsulating for both respectively. A 

maximum cell number of l.13xl06 ± 5.65x104 was observed for the APPA 

microcapsules. The AC and ACP microcapsules followed a slightly different pattern of 

proliferation reaching a peak of 1.21 x 106 ± 8.80x 1 04 and 1.11 x 106 ± 9 .16x 104 

respectively on the 4th day after encapsulating (fig. 3.2 and 5.4). Results indicate that 

alginate microcapsules containing chitosan and PEG can be used to support cell 

proliferation. 

5) Protein Secretion: 

Results show that although the cell viability varied for the 5 microcapsules, no 

significant difference is apparent for the protein secreted by the encapsulated HepG2 

cells. A peak in prote in secretion is observed between the 5th and Il th day after which a 

decrease is observed implying reduced functionality of the HepG2 cells. A maximum of 

1.31 ± 0.030 mg/mL is attained for the APA microcapsules and 1.30 ± 0.006 mg/mL is 
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attained for the ACP microcapsules. The maximum concentration of proteins secreted by 

the AC encapsulated HepG2 cells was 1.29 ± 0.044 mg/mL. The proteins secreted by the 

ACP encapsulated cells were slightly lower at 1.28 ±0.05 mg/mL. HepG2 cells 

encapsulated in the ACPPA membranes showed a different pattern of prote in expression. 

Although the total concentration of protein secreted was slightly lower, the quantity 

remained consistent for a longer period of time ranging from the 5th to 17th day. A 

maximum protein concentration of 1.22 ± 0.04 mg/mL was attained (fig. 3.3, 5.5). 

6) Immunogenicity: 

The microcapsules supported the proliferation of encapsulated HepG2 cells grown 

in the presence of lymphocytes in the surrounding culture media, however, a reduction in 

HepG2 viability is observed. Even though the reduction was greatest for the AP A 

microcapsules, this was also observed for the ACPP A and APPA membranes. Results 

show that membranes containing chitosan provide the highest protection against foreign 

cells since the viability of AC and ACP encapsulated HepG2 cells remained unaffected 

by the presence of lymphocytes. HepG2 viability within the ACPPA capsules decreased 

slightly after the third day of exposure to media containing lymphocytes. A reduction 

from 9.28x105 ± 7.1xl04 to 6.73x105 ± 5.4 X104 HepG2 cells is observed and 24 ± 0.02% 

lymphocytes had lost viability (fig. 3.4a, 3.4b, 4.11, 5.6a, 5.6b and 5.6c). 

7) Cryopreservation: 

The possibility of the microcapsules to be used for long term storage of liver cells 

was analyzed at -80 oC. Results showed that the APA membrane had the greatest 

reduction of cell viability after re-growing. The cell viability had reduced from 9.47x105 

± 1.0 x 104 per 30 micro capsules to 5.07x105 ± 5.5 x 104 per 30 capsules after storage at 

-80 Oc for 30 days (fig. 3.5). The cell viability was slightly reduced for the remaining 

membranes which was most likely due to strain from the handling and the freeze-thaw 

process. Morphological studies of the AP A and APP A membranes revealed the 

membranes to lose their spherical and uniform shape. 
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7.0 Conclusions 

APA microcapsules have been found to have several disadvantages including the 

promotion of fibrotic overgrowth, protein adhesion and cell necrosis during 

transplantation. In the present project alternative microcapsule membranes for the 

encapsulation of liver cells for cell therapy was investigated. A novel membrane 

formulation using alginate capsules coated with chitosan, PEG and poly-I-Iysine was 

designed as one of the potential alternatives. It was hypothesized that using these 

materials, a stronger and more biocompatible material may be designed for cell 

transplantation. The objectives of the project was to assess the stability, biocompatibility 

and cryopreservation properties of various microcapsule membranes using alginate, PLL, 

PEG and chitosan in order to propose an alternate direction to consider for cell 

encapsulation therapy. 

After reviewing the results, the following conclusions can be drawn: 

1) AP A microcapsules provide the best cell viability, and good mechanical strength, 

however, their immunogenicity and cryopreservation properties are poor. 

2) Microcapsules containing chitosan may be an alternative microcapsule for liver cell 

encapsulation. Chitosan does not exert any toxicity to the cells and provides excellent 

immuno-protection to the encapsulated live cells. However, its cell viability is lower than 

the AP A membrane and it has poor mechanical strength. 

3) The addition ofPEG to chitosan and APA microcapsules greatly improves mechanical 

stability when subjected to osmotic pressure. PEG added to chitosan membranes does not 

alter cell viability and functional properties. PEG added to AP A microcapsules result in 

reduced viability, however, better immunogenic and cryopreservation properties are 

observed. 
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4) The novel microcapsule (ACPPA) had the highest cell viability following the APA 

microcapsules. The membrane can support cell proliferation and metabolic function, as 

weIl as provide immunogenic protection and cryopreservation potentials. However, its 

stability when exposed to a hypotonic solution is poor and will require improvements 

which may be attained by modifying the chitosan content. 

5) The CUITent study demonstrates that chitosan and PEG containing microcapsules have 

several advantages; however, the results are drawn only from in vitro analysis. In order to 

attain a more complete understanding of the microcapsule properties, permeability 

studies of the membranes, SEM and FTIR studies on the interaction between the 

microcapsule layers and the effect of modifying the concentration and molecular weights 

of chitosan and PEG to improve mechanical stability need to be investigated. In addition, 

in vivo studies will need to be performed to verify their full potentials. 
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8.0 Recommendations and Future Applications 

1) The liver is an important organ in the body where a number of metabolic functions are 

regulated and protein secretion is performed. Inherited hepatic disorders and liver failure 

are often treated with a complete liver transplant. The shortage of healthy liver donors as 

weIl as immunosuppressant requirements makes this type of treatment very limited 5. 

Transplantation of encapsulated hepatocytes may be an alternative treatment for liver 

failure. The microencapsulated cells provide immuno-isolation from the host thereby 

eliminating the requirement of immunosuppressants as weIl as problems associated with 

immuno-rejection 22. Although APA microcapsules have been tested for this purpose, it 

has previously been shown that despite being able to support liver function, after 

prolonged period of time, the microcapsule fails 21. The CUITent study has shown the 

feasibility and potential advantages in terms of immuno-protection for membranes 

containing PEG and chitosan for the application of liver cell transplantation. 

Microcapsules containing chitosan were least affected by the presence of lymphocyte 

cells indicating better immunogenic properties and possibility for xenogenic 

transplantation applications. 

2) Hemoperfusion is a method by which blood is detoxified by passing through a reactor 

column containing biologically active materials that can supply the necessary functions 

of a failed organ. Although hemoperfusion is usually performed using adsorbents such as 

charcoal, a more complete bioartificial organ can be simulated by the use of live 

encapsulated cells 1,22. The CUITent study has shown the possibility of applying five types 

of microcapsules membranes to this system. Alginate coated with various combinations 

of chitsoan, PLL and PEG are capable of supporting liver cell proliferation and function. 

Their potential in hemoperfusion will require further investigation by incorporating 

microcapsules in a packed bed bioreactor and testing their integrity as weIl as their 

potential to purify toxins and supply proteins to a flowing media. 

3) Cell microencapsulation is an emerging technology which can be applied to controlled 

drug delivery systems, oral administration of probiotics as a protection from gastric fluids 
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and immuno-isoloation of cells during transplantation 80. The implementation and 

advancement of this technology however requires the necessity to acquire an adequate 

biomaterial for encapsulating. The CUITent study reports the formulation of a novel 

membrane which revealed high cell viability, mechanical strength, immuno-isoloation 

properties as well as potential for cryopreservation. Although the study investigated its 

potential for liver cell encapsulation, the membrane design can be tested for various other 

applications including oral or drug delivery. 

97 



Reference List 

1. Chang T.M.S and Prakash Satya. Therapeutic uses ofmicroencapsulated 
genetically engineered cells. Molecular medicine today , 221-227.2004. 

2. Nguyen TH and Ferry N. Liver gene therapy: advances and hurdles. Il, s76-s84. 
2004. 

3. Ambrosino, G.; Varotto, S.; Basso, S. M. M.; Cecchetto, A; Carraro, P.; Naso, 
A; De Silvestro, G.; Plebani, M.; Abatangelo, G.; Donato, D.; Cestrone, A; 
Giron, G.; D'Arnico, D. F. Hepatocyte transplantation in the treatment of acute 
liver failure: Microencapsulated hepatocytes versus hepatocytes attached to an 
autologous biomatrix. Cell Transplantation 2003, 12, 43-49. 

4. Davis, M. W.; Vacanti, J. P. Toward development of an implantable tissue 
engineered liver. Biomaterials 1996, 17, 365-372. 

5. Ohashi, K.; Park, F.; Kay, M. A Hepatocyte transplantation: clinical and 
experimental application. Journal of Molecular Medicine-Jmm 2001, 79, 617-630. 

6. Sun, A. M.; Cai, Z.; Shi, Z.; Ma, F.; Oshea, G. M. Microencapsulated 
Hepatocytes - An Invitro and Invivo Study. Biomaterials Artificial Cells and 
ArtificialOrgans 1987, 15, 483-496. 

7. Strom, S.; Fisher, R. Hepatocyte transplantation: New possibilities for therapy. 
Gastroenterology 2003, 124, 568-571. 

8. Miura, Y.; Akimoto, T.; Kanazawa, H.; Yagi, K. Synthesis and Secretion of 
Prote in by Hepatocytes Entrapped Within Calcium Alginate. Artificial Organs 
1986,10, 460-465. 

9. Di Campli, C.; Gaspari, R.; Andrisani, M.; DaI Verme, L. Z.; Stifano, G.; 
Piscaglia, AC.; Proietti, R.; Gasbarini, G.; Gasbarrini, A Use ofhemodialysis 
with album in (MARS) for liver antibiotic toxicity in a patient with systemic 
tubercolosis. Hepatology 2002,36, 680A 

10. Di Campli, C.; DaI Verme, L. Z.; Andrisani, M. C.; Armuzzi, A; Candelli, M.; 
Gaspari, R.; Gasbarrini, A Advances in extracorporeal detoxification by MARS 
dialysis in patients with liver failure. Current Medicinal Chemistry 2003, 10, 341-
348. 

Il. Glicklis, R.; Shapiro, L.; Agbaria, R.; Merchuk, J. C.; Cohen, S. Hepatocyte 
behavior within three-dimensional porous alginate scaffolds. Biotechnology and 
Bioengineering 2000, 67, 344-353. 

98 



12. Li, J. L.; Pan, J. L.; Zhang, L. G.; Guo, X. 1.; Yu, Y. T. Culture ofprimary rat 
hepatocytes within porous chitosan scaffolds. Journal of Biomedical Materials 
Research Part A 2003, 67A, 938-943. 

13. Yin, c.; Chia, S. M.; Quek, C. H.; Yu, H. R.; Zhuo, R. X.; Leong, K. W.; Mao, H. 
Q. Microcapsules with improved mechanical stability for hepatocyte culture. 
Biomaterials 2003, 24, 1771-1780. 

14. Bruni, S.; Chang, T. M. S. Hepatocytes Immobilized by Microencapsulation in 
Artificial Cells - Effects on Hyperbilirubinemia in Gunn-Rats. Biomaterials 
Artificial Ce Ils and Artificial Organs 1989, 17, 403-411. 

15. Dixit, V.; Arthur, M.; Gitnick, G. A Morphological and Functional-Evaluation of 
Transplanted Isolated Encapsulated Hepatocytes Following Long-Term 
Transplantation in Gunn-Rats. Biomaterials Artificial Cells and Immobilization 
Biotechnology 1993, 21, 119-133. 

16. Elcin, Y. M.; Dixit, V.; Gitnick, G. Hepatocyte attachment on biodegradable 
modified chitosan membranes: In vitro evaluation for the development of liver 
organoids. Artificial Organs 1998,22, 837-846. 

17. Ho, Y.; Chang, T. M. S. Invitro Study of Multicellular Hepatocyte Spheroids 
Formed in Microcapsules. Artificial Organs 1992, 16, 422-427. 

18. Uludag, H.; De Vos, P.; Tresco, P. A. Technology ofmammalian cell 
encapsulation. Advanced Drug Delivery Reviews 2000, 42, 29-64. 

19. Umehara, Y.; Hakamada, K.; Seino, K.; Aoki, K.; Toyoki, Y.; Sasaki, M. 
Improved survival and ammonia metabolism by intraperitoneal transplantation of 
microencapsulated hepatocytes in totally hepatectomized rats. Surgery 2001, 130, 
513-520. 

20. Hoffman, A. S. Hydrogels for biomedical applications. Advanced Drug Delivery 
Reviews 2002, 54, 3-12. 

21. Rokstad, A. M.; Holtan, S.; Strand, B.; Steinkjer, B.; Ryan, L.; Kulseng, B.; 
Skjak-Braek, G.; Espevik, T. Microencapsulation of cells producing therapeutic 
proteins: Optimizing ceIl growth and secretion. Cell Transplantation 2002, Il, 
313-324. 

22. Chang, T. M. S. Artificial ceIls, encapsulation, and immobilization. Bioartificial 
Organs Ii: Technology, Medicine, and Materials 1999,875, 71-83. 

23. Uludag, H.; Sefton, M. V. Microencapsulated Human Hepatoma (Hepg2) CeIls
In-Vitro Growth and Protein Release. Journal of Biomedical Materials Research 
1993,27, 1213-1224. 

99 



24. Orive, G.; Hemandez, R. M.; Gascon, A. R.; Calafiore, R.; Chang, T. M. S.; De 
Vos, P.; Hortelano, G.; Hunkeler, D.; Lacik, 1.; Pedraz, J. L. History, challenges 
and perspectives of cell microencapsulation. Trends in Biotechnology 2004, 22, 
87-92. 

25. Fox, 1. J. Transplantation into and inside the liver. Hepatology 2002,36, 249-251. 

26. Fox, 1. J.; Roy-Chowdhury, J. Hepatocyte transplantation. Journal of Hepatology 
2004, 40, 878-886. 

27. Famulari, A.; De Simone, P.; Verzaro, R.; Iaria, G.; Polisetti, F.; Rascente, M.; 
Aureli, A. Artificial organs as a bridge to transplantation. Artificial Cells Blood 
Substitutes and Immobilization Biotechnology 2003,31, 163-168. 

28. Di Campli, C.; Gasbarrini, G.; Gasbarrini, A. Review article: a medicine based 
on cell transplantation - is there a future for treating liver diseases? Alimentary 
Pharmacology & Therapeutics 2003, 18, 473-480. 

29. Prakash, S.; Chang, T. M. S. Preparation and In-Vitro Analysis of 
Microencapsulated Genetically-Engineered Escherichia-Coli Dh5 Cells for Urea 
and Ammonia Removal. Biotechnology and Bioengineering 1995, 46, 621-626. 

30. Gerlach, J. C.; Mutig, K.; Sauer, 1. M.; Schrade, P.; Efimova, E.; Mieder, T.; 
Naumann, G.; Grunwald, A.; Piess, G.; Mas, A.; Bachmann, S.; Neuhaus, P.; 
Zeilinger, K. Use ofprimary human liver cells originating from discarded grafts 
in a bioreactor for liver support therapy and the prospects of culturing adult liver 
stem cells in bioreactors: A morphologie study. Transplantation 2003, 76, 781-
786. 

31. Chang, T. M. S. Artificial cells for cell and organ replacements. Artificial Organs 
2004,28, 265-270. 

32. Chang, T. M. S. Artificial cells for replacement ofmetabolic organ functions. 
Artificial Cells Blood Substitutes and Immobilization Biotechnology 2003, 31, 
151-161. 

33. Chang, T. M. S. Artificial cell bioencapsulation in macro, micro, nano, and 
molecular dimensions: Keynote lecture. Artificial Ce Ils Blood Substitutes and 
Immobilization Biotechnology 2004,32, 1-23. 

34. Uludag, H.; Kharlip, L.; Sefton, M. V. Protein Delivery by Microencapsulated 
Cells. Advanced Drug Delivery Reviews 1993, 10, 115-130. 

35. Wang, T.; Lacik, 1.; Brissova, M.; Anilkumar, A. V.; Prokop, A.; Hunkeler, D.; 
Green, R.; Shahrokhi, K.; Powers, A. C. An encapsulation system for the 
immunoisolation ofpancreatic islets. Nature Biotechnology 1997, 15,358-362. 

100 



36. Chang, T. M. S.; Prakash, S. Procedures for microencapsulation of enzymes, 
cells and genetically engineered microorganisms. Molecular Biotechnology 2001, 
17, 249-260. 

37. Chow, K. M.; Liu, Z. C.; Prakash, S.; Chang, T. M. S. Free and 
microencapsulated Lactobacillus and effects of metabolic induction on urea 
removal. Artificial Cells Blood Substitutes and Immobilization Biotechnology 
2003,31, 425-434. 

38. Orive, G.; Gascon, A. R.; Hemandez, R. M.; Igartua, M.; Pedraz, J. L. Cell 
microencapsulation technology for biomedical purposes: novel insights and 
challenges. Trends in Pharmacological Sciences 2003, 24,207-210. 

39. Prakash, S.; Chang, T. M. S. Growth kinetics of genetically engineered E-coli 
DH 5 cells in artificial cell AP A membrane microcapsu1es: Preliminary report. 
Artificial Cells Blood Substitutes and Immobilization Biotechnology 1999, 27, 
291-301. 

40. Dixit, V.; Darvasi, R.; Arthur, M.; Lewin, K.; Gitnick, G. Cryopreserved 
Microencapsulated Hepatocytes - Transplantation Studies in Gunn-Rats. 
Transplantation 1993,55, 616-622. 

41. Chandramouli, V.; Kailasapathy, K.; Peiris, P.; Jones, M. An improved method 
of microencapsulation and its evaluation to protect Lactobacillus spp. in simulated 
gastric conditions. Journal of Microbiological Methods 2004, 56, 27-35. 

42. Sartor, R. B. Therapeutic manipulation of the enteric microflora in inflammatory 
bowel diseases: Antibiotics, probiotics, and prebiotics. Gastroenterology 2004, 
126, 1620-1633. 

43. Vallbacka, J. J.; Nobrega, J. N.; Sefton, M. V. Tissue engineering as a platform 
for controlled release oftherapeutic agents: implantation ofmicroencapsulated 
dopamine producing cells in the brains of rats. Journal of Controlled Release 
2001, 72, 93-100. 

44. Xue, Y. L.; Gao, J. M.; Xi, Z. F.; Wang, Z. F.; Li, X. J.; Cui, X.; Luo, Y.; Li, C. 
H.; Wang, L. N.; Zhou, D.; Sun, R.; Sun, A. M. Microencapsulated bovine 
chromaffin cell xenografts into hemiparkinsonian rats: A drug-induced rotational 
behavior and histological changes analysis. Artificial Organs 2001, 25, 131-135. 

45. Hortelano, G.; A1Hendy, A.; Ofosu, F. A.; Chang, P. L. Delivery ofhuman factor 
IX in mice by encapsulated recombinant myoblasts: A novel approach towards 
allogeneic gene therapy ofhemophilia B. Blood 1996,87, 5095-5103. 

46. Ross, C. J. D.; Ralph, M.; Changs, P. L. Somatic gene therapy for a 
neurodegenerative disease using microencapsulated recombinant cells. 
Experimental Neurology 2000, 166, 276-286. 

101 



47. Goosen, M. F. A. Physico-chemical and mass transfer considerations in 
microencapsulation. Bioartificial Organs li: Technology, Medicine, and Materials 
1999,875, 84-104. 

48. Park, S. J.; Kim, S. H. Preparation and characterization ofbiodegradable poly (1-
lactide )/poly( ethylene glycol) microcapsules containing erythromycin by 
emulsion solvent evaporation technique. Journal of Col/oid and Interface Science 
2004, 271, 336-341. 

49. Canaple, L.; Nurdin, N.; Angelova, N.; Saugy, D.; Hunkeler, D.; Desvergne, B. 
Maintenance of primary murine hepatocyte functions in multicomponent polymer 
capsules - in vitro cryopreservation studies. Journal of Hepatology 2001,34, 11-
18. 

50. de Groot, M.; Schuurs, T. A.; van Schilfgaarde, R. Causes oflimited survival of 
microencapsulated pancreatic islet grafts. Journal of Surgical Research 2004, 
121,141-150. 

51. Seifert, D. 8.; Phillips, J. A. Porous alginate-poly(ethylene glycol) entrapment 
system for the cultivation of mammalian cells. Biotechnology Progress 1997, 13, 
569-576. 

52. Dautzenberg, H.; Schuldt, U.; Grasnick, G.; Karle, P.; Muller, P.; Lohr, M.; 
Pelegrin, M.; Piechaczyk, M.; Rombs, K. V.; Gunzburg, W. H.; Salmons, 8.; 
Saller, R. M. Development of cellulose sulfate-based polyelectrolyte complex 
microcapsules for medical applications. Bioartificial Organs li: Technology, 
Medicine, and Materials 1999,875, 46-63. 

53. Chandy, T.; Mooradian, D. L.; Rao, G. H. R. Evaluation ofmodified alginate
chitosan-polyethylene glycol microcapsules for cell encapsulation. Artificial 
Organs 1999,23, 894-903. 

54. Chia, S. M.; Wan, A. C. A.; Quek, C. H.; Mao, H. Q.; Xu, X.; Shen, L.; Ng, M. 
L.; Leong, K. W.; Yu, H. Multi-Iayered micro capsules for cell encapsulation. 
Biomaterials 2002, 23, 849-856. 

55. Gaserod, O.; Smidsrod, O.; Skjak-Braek, G. Microcapsules of alginate-chitosan-
1 - A quantitative study of the interaction between alginate and chitosan. 
Biomaterials 1998, 19, 1815-1825. 

56. Gaserod, O.; Sannes, A.; Skjak-Braek, G. Microcapsules of alginate-chitosan. II. 
A study of capsule stability and permeability. Biomaterials 1999,20, 773-783. 

57. Xu, Y. M.; Du, Y. M. Effect ofmolecular structure ofchitosan on prote in 
delivery properties of chitosan nanoparticles. International Journal of 
Pharmaceutics 2003, 250,215-226. 

102 



58. Kobayashi, T.; Aomatsu, Y.; Iwata, H.; Kin, T.; Kanehiro, H.; Hisanaga, M.; Ko, 
S.; Nagao, M.; Nakajima, Y. Indefinite islet protection from autoimmune 
destruction in nonobese diabetic mi ce by agarose microencapsulation without 
immunosuppression. Transplantation 2003, 75, 619-625. 

59. Wang, X. H.; Li, D. P.; Wang, W. J.; Feng, Q. L.; Cui, F. Z.; Xu, y. X.; Song, X. 
H. Covalent immobilization of chitosan and heparin on PLGA surface. 
International Journal of Biological Macromolecules 2003, 33, 95-100. 

60. Sawhney, A. S.; HubbeIl, J. A. Poly(Ethylene Oxide)-Graft-Poly(L-Lysine) 
Copolymers to Enhance the Biocompatibility ofPoly(L-Lysine)-Alginate 
Microcapsule Membranes. Biomaterials 1992, J 3, 863-870. 

61. Sawhney, A. S.; Pathak, C. P.; HubbeIl, J. A. Interfacial Photopolymerization of 
Poly(Ethylene Glycol)-Based Hydrogels Upon Alginate Poly(L-Lysine) 
Microcapsules for Enhanced Biocompatibility. Biomaterials 1993, J 4, 1008-1016. 

62. Sefton, M. V.; May, M. H.; Lahooti, S.; Babensee, J. E. Making 
microencapsulation work: conformai coating, immobilization gels and in vivo 
performance. Journal ofControlled Release 2000, 65, 173-186. 

63. Quek, C. H.; Li, J.; Sun, T.; Ling, M.; Chan, H.; Mao, H. Q.; Gan, L. M.; Leong, 
K. W.; Yu, H. Photo-crosslinkable microcapsules formed by polyelectrolyte 
copolymer and modified collagen for rat hepatocyte encapsulation. Biomaterials 
2004,25, 3531-3540. 

64. Yin, c.; Liao, K.; Mao, H. Q.; Leong, K. W.; Zhuo, R. X.; Chan, V. Adhesion 
contact dynamics of HepG2 cells on galactose-immobilized substrates. 
Biomaterials 2003, 24, 837-850. 

65. Orive, G.; Hemandez, R. M.; Gascon, A. R.; Igartua, M.; Pedraz, J. L. Survival 
of different cell lines in alginate-agarose microcapsules. European Journal of 
Pharmaceutical Sciences 2003, J 8, 23-30. 

66. Tashiro, H.; Iwata, H.; Wamock, G. L.; Ikada, Y.; Tsuji, T. Application of 
agarose microcapsules to allo-isiet transplantation in a canine model. 
Transplantation Proceedings 1998,30, 498-499. 

67. Hasegawa, Y.; Nakagawara, G.; Imamura, Y.; Iwata, H.; Ikada, Y. Function and 
fate of agarose microcapsules containing allogeneic islets in rat recipients. 
Polymers for Advanced Technologies 1998, 9, 794-798. 

68. Gaserod, O.; Jolliffe, 1. G.; Hampson, F. C.; Dettmar, P. W.; Skjak-Braek, G. The 
enhancement of the bioadhesive properties of calcium alginate gel beads by 
coating with chitosan. International Journal of Pharmaceutics 1998, J 75, 237-
246. 

103 



69. Gombotz, W. R.; Wee, S. F. Prote in release from alginate matrices. Advanced 
Drug Delivery Reviews 1998,31, 267-285. 

70. King, A.; Strand, B.; Rokstad, A. M.; Kulseng, B.; Andersson, A.; Skjak-Braek, 
G.; Sandler, S. Improvement ofthe biocompatibility ofalginate/poly-L
lysine/alginate microcapsules by the use of epimerized alginate as a coating. 
Journal of Biomedical Materials Research Part A 2003, 64A, 533-539. 

71. Peirone, M.; Ross, C. J. D.; Hortelano, G.; Brash, J. L.; Chang, P. L. 
Encapsulation of various recombinant mammalian cell types in different alginate 
microcapsules. Journal of Biomedical Materials Research 1998, 42, 587-596. 

72. Schwinger, C.; Klemenz, A.; Busse, K.; Kressler, J. Encapsulation ofliving cells 
with polymeric systems. Macromolecular Symposia 2004,210,493-499. 

73. Ma, X. J.; Vacek, 1.; Sun, A. Generation of Alginate-Poly-L-Lysine-Alginate 
(Apa) Biomicroscopies - the Relationship Between the Membrane Strength and 
the Reaction Conditions. Artificial Cells Blood Substitutes and Immobilization 
Biotechnology 1994, 22, 43-69. 

74. DeGroot, A. R.; Neufeld, R. J. Encapsulation ofurease in alginate beads and 
protection from alpha-chymotrypsin with chitosan membranes. Enzyme and 
Microbial Technology 2001,29, 321-327. 

75. Zielinski, B. A.; Aebischer, P. Chitosan As A Matrix for Mammalian-Cell 
Encapsulation. Biomaterials 1994, 15, 1049-1056. 

76. Angelova, N.; Hunkeler, D. Permeability and stability of chitosan-based 
capsules: effect of preparation. International Journal of Pharmaceutics 2002, 242, 
229-232. 

77. Berger, J.; Reist, M.; Mayer, J. M.; Felt, O.; Peppas, N. A.; Gurny, R. Structure 
and interactions in covalently and ionically crosslinked chitosan hydrogels for 
biomedical applications. European Journal of Pharmaceutics and 
Biopharmaceutics 2004, 57, 19-34. 

78. Berger, J.; Reist, M.; Mayer, J. M.; Felt, O.; Gurny, R. Structure and interactions 
in chitosan hydrogels formed by complexation or aggregation for biomedical 
applications. European Journal of Pharmaceutics and Biopharmaceutics 2004, 
57,35-52. 

79. Liu, X. D.; Xue, W. M.; Liu, Q.; Yu, W. T.; Fu, Y. L.; Xiong, X.; Ma, X. J.; 
Yuan, Q. Swelling behaviour of alginate-chitosan microcapsules prepared by 
external gelation or internaI gelation technology. Carbohydrate Polymers 2004, 
56, 459-464. 

104 



80. Peniche, C.; Arguelles-Monal, W.; Peniche, H.; Acosta, N. Chitosan: An 
attractive biocompatible polymer for microencapsulation. Macromolecular 
Bioscience 2003, 3, 511-520. 

81. Zalipsky, S. Functionalized Poly(Ethylene Glycol) for Preparation of 
Biologically Relevant Conjugates. Bioconjugate Chemistry 1995, 6, 150-165. 

82. Zimmermann, J.; Bittner, K.; Stark, 8.; Mulhaupt, R. Novel hydrogels as 
supports for in vitro cell growth: poly( ethylene glycol)- and gelatine-based 
(meth)acrylamidopeptide macromonomers. Biomaterials 2002, 23,2127-2134. 

83. Chen, J. P.; Chu, 1. M.; Shiao, M. Y.; Hsu, 8. R. S.; Fu, S. H. Microencapsulation 
of islets in PEG-amine modified alginate-poly(L-lysine)-alginate microcapsules 
for constructing bioartificial pancreas. Journal of Fermentation and 
Bioengineering 1998, 86, 185-190. 

84. Ruan, G.; Feng, S. S. Preparation and characterization ofpoly(lactic acid)
poly(ethylene glycol)-poly(lactic acid) (PLA-PEG-PLA) microspheres for 
controlled release ofpaclitaxel. Biomaterials 2003, 24, 5037-5044. 

85. De Campos, A. M.; Sanchez, A.; Gref, R.; Calvo, P.; Alonso, M. J. The effect of 
a PEG versus a chitosan coating on the interaction of drug colloidal carriers with 
the ocular mucosa. European Journal of Pharmaceutical Sciences 2003, 20, 73-
81. 

86. Jonnalagadda, S.; Robinson, D. H. Effect of the inclusion ofPEG on the sol id
state properties and drug release from polylactic acid films and microcapsules. 
Journal of Applied Polymer Science 2004, 93, 2025-2030. 

87. Dixit, V.; Piskin, E.; Denizli, A.; Kozluca, A.; Arthur, M.; Gitnick, G. 
Preliminary Studies on the Design of An Extracorporeal Bioartificial Liver 
Support Device with Tissue Engineering Technology. Hepatology 1993, 18, 
A329. 

88. Thu, 8.; Bruheim, P.; Espevik, T.; Smidsrod, O.; SoonShiong, P.; SkjakBraek, G. 
Alginate polycation microcapsules .1. Interaction between alginate and 
polycation. Biomaterials 1996, 17, 1031-1040. 

89. Thu, 8.; Bruheim, P.; Espevik, T.; Smidsrod, O.; SoonShiong, P.; SkjakBraek, G. 
Alginate polycation microcapsules .2. Sorne functional properties. Biomaterials 
1996,17, 1069-1079. 

90. Chang, S. J.; Lee, C. H.; Hsu, C. Y.; Wang, Y. J. Biocompatible microcapsules 
with enhanced mechanical strength. Journal of Biomedical Materials Research 
2002,59, 118-126. 

91. Uludag, H.; Sefton, M. V. Colorimetric Assay for Cellular-Activity in 
Microcapsules. Biomaterials 1990, Il,708-712. 

105 



92. Gorantla, V. S.; 8arker, J. H.; Jones, J. W.; Prabhune, K.; Maldonado, C.; 
Granger, D. K. Immunosuppressive agents in transplantation: Mechanisms of 
action and CUITent anti-rejection strategies. Microsurgery 2000,20, 420-429. 

93. Cheng, M. Y.; Gong, K.; Li, J. M.; Gong, Y. D.; Zhao, N. M.; Zhang, X. F. 
Surface modification and characterization of chitosan film blended with poly-L
lysine. Journal of Biomaterials Applications 2004, 19, 59-75. 

106 


