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ABSTRACT

AKM NASIR UDDIN

Development of Mucoadhesive Albumin Microparticle-Based Coated Capsule 

Formulations for Oral Vaccine Delivery 

(Under the direction of Dr. Martin J D’Souza)

Oral vaccination offers the advantage of eliciting both a mucosal and a systemic 

immune response, high patient compliance, ease o f administration and applicability to 

mass vaccination. However, due to formulation and stability issues as well as poor 

bioavailability, the majority of vaccines are administered parenterally. Hence, mucosal 

immunization through the oral route is an interesting as well as challenging project for 

pharmaceutical scientists.

The purpose of this dissertation was to develop a formulation for oral delivery of 

the vaccine. Mucoadhesive biodegradable microspheres in enteric-coated capsule dosage 

forms were developed. The intention was to bypass the acidic environment in the 

stomach, enable shielding of the encapsulated vaccine from enzymatic degradation as 

well as helping the uptake process in the intestinal epithelium.

Chemically crosslinked albumin-chitosan mixed matrix microspheres were 

prepared using a spray dryer. The evaluation of the critical in vitro characteristics of 

microspheres such as particle size, swelling properties, disintegration rate and dissolution

xix
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profile demonstrated some feasibility of the formulation for oral delivery of vaccines.

The zeta potential, a representative of surface charge, of the microspheres were found to 

be positive. These positively charged microspheres were found to be electrostatically 

attracted to the negatively charged intestinal walls, which facilitated the uptake of the 

microspheres by the intestinal epithelium and Peyer’s patches where the immune reaction 

is generally initiated after oral administration.

After the development and in vitro evaluation of the formulation the efficacy of 

the oral typhoid Vi antigen microspheres in the developed coated capsule dosage form 

was tested in vivo using rat model. Over a period of twelve weeks, approximately a 3-fold 

and a 4-fold increase in the antigen-specific serum IgG and IgA levels, respectively, were 

observed which clearly demonstrated an antibody rise in response to immunization with 

S. typhi Vi capsular polysaccharide vaccine. These results demonstrate that the developed 

formulations are seemed to be promising for the oral delivery of the vaccine.

xx
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CHAPTER 1

INTRODUCTION

The field of vaccination began in the seventh century, when some Indian 

Buddhists drank snake venom in an attempt to become immune to its effect (De Bary 

1972). Since then many attempts have been taken to vaccinate and inoculate humans 

against infectious diseases. Despite these antecedents, Edward Jenner’s work with 

vaccination holds title to the first scientific attempt to control infectious diseases (Jenner 

1798). During the past two hundred years since the time of Edward Jenner, vaccination 

has controlled at least ten major diseases. With the exception of safe water, no other 

modality, not even antibiotics, has had such a major effect on mortality reduction and 

population growth (Huygelen 1996).

Currently, most of the vaccines are administered parenterally (intramuscular or 

subcutaneous), which can be associated with patient discomfort, high cost and needle 

injury and infection. Although, parenteral administration of vaccines has been shown to 

be effective, oral administration of vaccines presents many advantages such as avoidance 

of discomforts and associated risks and also its cost-effectiveness from the standpoint of 

manufacturing, storage and transportation. Moreover, oral vaccines could be distributed 

to the soldiers or travelers in remote areas as well as the mass population of developing 

countries where people do not necessarily have the luxury of trained health professionals

1
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qualified to administer injectable vaccines. Another important advantage of oral vaccines 

is the ability to induce mucosal immunity, especially since most pathogens enter into the 

body via mucosal surfaces of the oral, nasal, rectal or vaginal membranes. Therefore, 

from the viewpoints of protective immunity, cost-effectiveness and overall practicality an 

oral vaccine formulation would present much promise as a potential immunization 

option.

However, when administered orally vaccines often show very poor biological 

activity because of degradation in the acidic condition of the stomach, enzymatic 

digestion in the gastrointestinal tract or low absorption due to their large molecular size.

Considering all these advantages and limitations of the oral administration of 

vaccines, the current research project aims to develop an oral formulation of the vaccine, 

that would help retain biological activity of the antigen to stimulate an effective immune 

response. The goal of this project can be achieved if the vaccine formulation can escape 

stomach acidic conditions, be protected from enzymatic degradations in the 

gastrointestinal tract (GI) tract and be absorbed through the GI epithelium to initiate 

immune reaction and confer protective immunity.

To overcome these barriers, biodegradable microsphere-based formulations were 

incorporated in this project as oral vaccine delivery systems. Microspheres are tiny bead

like particles where the active drug (vaccine antigen) is encapsulated within a 

biodegradable polymer matrix. Microsphere technology is an established technique that 

has been used to deliver several different types of drugs, including antigens, by oral 

administration.
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The project stemmed from the hypotheses that the developed microsphere 

formulation would be capable of protecting the encapsulated vaccine from the 

degradation in the gastrointestinal tract. Optimizing the polymer matrix can control the 

release pattern of the vaccine. Microparticles less than 10 pm are taken up by the 

specialized cells called M-cells in the Peyer’s patches present in the intestinal epithelium, 

which have the capacity to present the vaccine (antigen) appropriately to stimulate 

protective immunity (Eldridge et al. 1990; Jani et al. 1990; Ogra et al. 2001). Adjuvants 

are chemical substances that are added to the vaccines in order to enhance the immune 

reaction. However, it is evident from several findings that adjuvants are responsible for 

several adverse effects including neurological problems (Knezevic et al. 2004; Parker et 

al. 2004). Being particulate in nature, microspheres enhance immune response in vivo 

and act as adjuvants (Gupta et al. 1986; Singh et al. 2005; Stertman et al. 2006; Tabata et 

al. 1996). Hence, biodegradable microspheres of feasible size range would be a potential 

formulation strategy for oral delivery of the vaccine.

An albumin-chitosan mixed matrix was used to prepare the microspheres. 

Albumin, a biodegradable, biocompatible, and nontoxic polymer with sustained release 

properties when chemically modified by cross linking, was employed as the microsphere 

matrix. Albumin is inexpensive, and can be obtained by recombinant technology sources 

as well. Serum albumin is a natural water-soluble polymer. It consists of a single strand 

of 580 amino acids and is a major plasma protein constituent (55% of the total protein in 

plasma, 35-50 mg/mL). Acute (7 days) and chronic (30 days) toxicity studies with 

albumin microspheres have demonstrated no significant side effects at the dose of 50 mg 

per animal (Sugibayashi et al. 1979).
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Chitosan, a positively charged biodegradable polymer, was incorporated in the 

matrix along with albumin to obtain mucoadhesive microspheres which would suppose to 

come to close proximity of the gastrointestinal epithelium and Peyer’s Patches to be 

taken up (He et al., 1998)

However, mucoadhesive crosslinked albumin chitosan microspheres would not be 

able to shield the vaccine candidate from gastric acidic condition. Hence, microspheres 

were filled into hard gelatin capsules, which were coated using an enteric coating 

polymer.

Typhoid Vi polysaccharide antigen, a capsular polysaccharide extracted from 

Salmonella typhi Ty2 strain, was used as a model vaccine for this project.

Specific aims 

The specific aims of the study are listed below:

Specific aim # 1

To determine the chemical compatibility among the formulation components.

Specific aim #2

To prepare and characterize chemically cross-linked albumin-chitosan microspheres for 

for oral drug delivery.

Specific aim #3

To evaluate the mucoadhesiveness of the albumin-chitosan microparticulate systems. 

Specific aim # 4

To study the uptake of microspheres using CaCo2 cells and the rat gastrointestinal tract.
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Specific aim # 5

To evaluate the gastro-resistance and release profile of microsphere filled coated capsules 

in simulated gastric and intestinal media.

Specific aim # 6

To evaluate the efficacy of the oral Typhoid Vi vaccine (microsphere-filled coated 

capsule) formulations in vivo.
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CHAPTER2

LITERATURE REVIEW 

Defense mechanism of the physiological system

Immune system

The defense mechanisms of the body are complex. Despite constant microbial 

challenge form the environment, the body prevents infections by a number of non

specific and specific mechanisms working on their own or together.

Non-specific defense mechanism

Nonspecific defense mechanisms are present in all normal individuals. They are 

effective at birth and function without requiring prior exposure to a microorganism or its 

antigens. They include physical barriers of skin and mucosal surfaces provide our first 

line of defense, chemical barriers (e.g. gastric acid, digestive enzymes, bacteriostatic fatty 

acids of the skin), phagocytic cells and the complement system. Complement plays a 

major role in initiating the inflammatory response, clearing immune complexes, 

modulating immunoglobulin production, opsonizing microbial pathogens, and killing 

certain gram-negative bacteria. Innate immunity refers to the all-purpose, immediate 

antimicrobial response that occurs regardless of the nature of the invader. For example, 

natural killer cells roam our system and engulf and digest foreign cells they encounter.

6
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7

This response serves to fight the infection after initial exposure, pending development of 

adaptive immunity.

Specific defense mechanism

In contrast to nonspecific defense mechanisms, specific immune defense systems 

at birth are not effective fully and require time to develop after exposure to the infecting 

agent or its antigens. Specific immunity may be acquired naturally by infection or 

artificially by immunization.

This system also called as the adaptive immune system mounts a highly 

sophisticated and specialized immune response to protect us against specific invaders, 

and provides long-term protection or immunity from subsequent exposure to those 

invaders.

Adaptive immunity can be divided into two branches, the cellular or cell- 

mediated immune response, also known as Thl-type response, and the humoral immune 

response, also known as antibody mediated or Th2-type response. These two 

interconnected immune functions work in concert through finely tuned checks and 

balances to mount an appropriate defense. In response to bacterial invasion, B-cells of 

the humoral arm (Th2) proliferate and produce large amounts of appropriate antibodies 

that flag invaders for elimination from the body. The cellular (Thl) immune response 

employs specialized T-cells to recognize and destroy host cells showing signs of cancer 

or infection by viruses or parasites. The relative mobilization of each branch of the 

immune system depends on the specific disease or condition, and the nature of the 

response can be influenced by the pathogen itself and where it enters the body.
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The balance between the cellular (Thl) and humoral (Th2) arms of the immune 

system is modulated by a highly integrated network of molecular and cellular interactions 

driven by cytokines, small proteins that act as intercellular chemical messengers. These 

cytokines, which are regulated by hormones generated by the endocrine system, can be 

classified as either Thl or Th2 depending on their role. Thl cytokines such as interleukin 

2 (IL-2), interferon gamma (IFN-gamma) and interleukin 12 (IL-12) stimulate the 

cellular response and suppress the humoral response. Th2 cytokines, such as interleukin 

10 (IL—10), interleukin 6 (IL-6) and interleukin 4 (IL-4), stimulate the humoral response 

and suppress the cellular response.

Generally, in healthy individuals the immune system is in homeostasis, or has 

balanced expression of Thl and Th2 cytokines. If a foreign invader triggers an adaptive 

cellular or Thl—type response, the feedback mechanism within the immune system 

greatly reduces the humoral or Th2-type response. Once the invader is controlled or 

eliminated, a combination of hormones and cytokines act quickly to return the system 

back towards homeostasis through the same feedback mechanism (Russell etal., 1988; 

McGhee et al, 1999).

Immunoglobulins and immune response

Antibodies are comprised of a family of globular proteins termed 

immunoglobulins (Ig). Five different classes of immunoglobulins have been identified 

(IgG, IgM, IgA, IgD, and IgE), based on structural differences in the composition of their 

heavy chains. Some of the immunoglobulin classes contain subclasses. The most 

abundant immunoglobulins are IgG, IgM, and IgA. IgE antibodies play a major role in 

allergic reactions and the role of IgD antibodies is not yet fully understood.
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Figure 1: The defense mechanism of the body (Galazka 1993)

Each Ig class has a similar basic unit structure consisting of two longer peptide 

chains, known as “heavy” or H chains, bound by disulfide bridges to two shorter peptide 

chains, known as “light” or L chains. IgG is a monomer with four chains. IgM is a 

pentamer composed of five basic units plus an additional chain, the J or joining chain. 

IgA exists in two forms, one in serum and one in the secretions. Serum IgA is a 

monomer, with a single basic unit. Secretory IgA (slgA) is dimeric, composed of two 

units, plus J-chain and a secretory component. Immunoglobulins can be split into active 

fragments by enzymatic digestion. The main fragment, F(ab’)2, is the “head” of a Y- 

shaped structure and is composed of two sub fragments, Fab which binds to the antigen.. 

There are two binding sites on the IgG molecule and IgM has ten. The fragment Fc (the
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“leg” of the Y-shaped structure) has no antigen-reactive sites, but it gives the molecule 

certain biologic activities important for opsonic activity, including the ability to activate 

complement and combine with receptors on macrophages. Invading microorganisms are 

coated by specific antibodies, opsonins, which make microorganisms more easily 

attacked by macrophages. Macrophages engulf antibody coated microorganisms by 

phagocytosis (Galazka 1993).

IgG is the major immunoglobulin in the bloodstream and accounts for about 80% 

of the total immunoglobulin pool and it is also present in the tissue spaces. IgG is 

responsible for neutralization of viruses and bacterial toxins, facilitating phagocytosis, 

and lysing (destroying) bacteria. IgM, the largest immunoglobulin, is confined mainly to 

the bloodstream and is less able to pass through capillary walls. With its 10-valent 

antigen-combining site, IgM has a high affinity. IgM is particularly effective in the 

complement-mediated lysis of microorganisms. IgA is the second most abundant 

immunoglobulin in serum. IgA is the predominant immunoglobulin in secretions of the 

gastrointestinal and respiratory tracts as well as in human colostrum and milk. IgA 

provides local mucosal immunity against viruses and limits bacteria overgrowth on 

mucosal surfaces. IgA also functions in the gastrointestinal tract and shows a greater 

resistance to proteolytic enzymes compared to other classes of antibodies. IgG is a 

monomer; slgA is composed of two units, a J-chain and a secretory component; IgM is a 

pentamer composed of five basic units plus the J-chain. Each Fab fragment has one 

binding site. The Fc fragment is responsible for transport of IgG across the placenta. 

Black circles denote interchain disulfide bonds.
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Immunization and natural infection induce production of antibodies of the IgG, 

IgM, and IgA classes. During acute infection IgM antibody usually appears within the 

first few days after onset of symptoms and it reaches its peak concentration by 7 to 10 

days but gradually declines to undetectable levels over the next several months with 

resolution of the infection. Thus, the presence of IgM antibody in the serum indicates a 

current or recent infection, although there are exceptions to this rule. In natural infection 

or after immunization, serum IgG antibody usually appears simultaneously with IgM, or 

within a day or two after. IgG rapidly increases in concentration thereafter and usually 

persists for years at low levels. On reinfection or revaccination, a booster response 

occurs. The route of immunization or infection determines whether the IgA antibody 

response will be mainly systemic or mucosal. A systemic IgA antibody response occurs 

with parenterally injected vaccines or infections with microorganisms that replicate in 

and disseminate to inner organs and to the systemic circulation. The serum IgA antibody 

response varies in onset, level and duration, and is less predictable than IgM and IgG 

antibody responses.

The first antibody response to an antigen takes up to 10 days to develop called as 

the lag time or lag phase. The antibody levels rise steeply; reach a plateau and then 

decline. On re-exposure to antigen, there is an accelerated response with a shorter lag 

period, a higher plateau and persisting levels of antibody. A major component of the 

primary immune response is IgM, whereas IgG is the main immunoglobulin class 

represented in the secondary immune response. The difference between the primary and 

the secondary response is most marked when the antigen stimulates both B lymphocytes 

and T lymphocytes (T- dependent antigens). B lymphocytes producing high-affinity
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antibodies are more likely to be triggered on re-challenge, so that the average binding 

affinity of the antibody increases following subsequent exposure to the antigen. High 

affinity antibody with strong binding capacity is much more effective in neutralizing 

viruses or bacterial toxins than low-affmity antibody.

In many infections the immunological responses of the host include not only the 

synthesis of antibodies against various antigenic determinants, but also the development 

of cell-mediated immunity to some of components of the microorganism. The term cell 

mediated immunity is a generic designation for immune responses that can be transferred 

to a non-immunized recipient by lymphoid cells, but not by antibody (Galazka 1993). 

Mucosal system

The mucosal surfaces represent a critical component of the mammalian 

immunologic repertoire. The major antibody isotype in external secretions is secretory 

immunoglobulin A (SlgA). The total amount of IgA synthesized is almost twice the 

amount of IgG produced. It is, however, interesting that the major effector cells in the 

mucosal surfaces are not IgA B cells, but T lymphocytes of CD41 as well as CD81 

phenotypes. It is estimated that T lymphocytes may represent up to 80% of the entire 

mucosal lymphoid cell population (Conley & Delacroix 1987).

The mucosal immune system consists of gut-associated lymphoid tissue (GALT), 

the lymphoid structures associated with bronchoepithelium and lower respiratory tract 

(BALT), occular tissue, upper airway, salivary glands, tonsils and nasopharynx (NALT), 

larynx (LALT), middle ear cavity, male and female genital tracts, mammary glands, and 

the products of lactation. The organized lymphoid follicles in the GALT and BALT are 

considered the principal inductive sites of mucosal immune response. It appears that
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appendix, peritoneal precursor lymphoid cells, and rectal lymphoepithelial tissue (rectal 

tonsils) also serve as inductive sites of local immune responses (Ogra et al. 2001).

The common features of all inductive mucosal sites include an epithelial surface 

containing M cells overlying organized lymphoid follicles. Mucosal epithelium also 

contains mucin producing glandular cells, lymphocytes, plasma cells, dendritic cells, and 

macrophages. The mucosal epithelial cells express polymeric immunoglobulin receptor 

(plgR) and secretory component, major histocompatibility complex (MHC) class I and II 

molecules, other adhesion molecules, and a variety of cytokines and chemokines 

(McGhee et al. 1999).

The dendritic cells are present in different components of the common mucosal 

immune system, including the organized lymphoid tissue and the mucosal epithelium. 

These cells can be strongly associated with potentiation of immune response and promote 

development of active immunity (Liu 2000). Recent observations have suggested that 

dendritic cells are potent antigen-presenting cells (APC) and are critical in initiating 

primary immune responses, graft rejection, autoimmune disease, and generation of T- 

cell-dependent B-cell responses (Steinbrink et al. 1997).

The M cells are important in luminal uptake, transport, processing and to a 

smaller extent in presentation of mucosally introduced antigens. M-cell-mediated antigen 

uptake is characteristically associated with the development of an S-IgA response 

(Kerneis et al. 1997).
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Mucosal immune response

Mucosal immune system differs in several other ways from the systemic immune 

system. Mucosal immunization frequently results in the stimulation of both mucosal and 

systemic immune responses unlike systemic immunization (Chen et al. 1994).

Following exposure to an antigen and its uptake via the M cells, there is a variable 

degree of activation of T cells, dendritic cells, and B cells, especially of the IgA isotype. 

Activation of T cells results in the release of a number of distinct cytokines or 

chemokines from different T-cell subsets and recognition of antigenic epitopes involving 

MHC class 1 or 2 molecules. Both T-cell activation and release of specific cytokines are 

involved in the eventual process of B-cell activation, isotype switch, and specific integrin 

expression on antigen-sensitized B cells. Both Thl and Th2 cells appear to benefit the 

development of S-IgA responses (Kelsall & Strober. 1999).

The mucosal immune response to an antigen is illustrated in the subsequent figure 

adapted from Chen 2000 (Chen et a l 1994).

Oral vaccines

Mucosal immunization, especially by the oral route, has recently attracted much 

interest both as a means for eliciting protective immunity against infectious diseases and 

also as a possible approach for immunological treatment of various diseases caused by an 

aberrant immune response associated with tissue-damaging inflammation (e.g. 

rheumatoid arthritis, inflammatory bowel diseases, Bechet’s disease and lupus 

erythematosus). There are several important reasons for using a mucosal route of 

vaccination instead of a parenteral route. The first and most important one is that the vast
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Figure 2: Induction of slgA following mucosal exposure to antigens (Chen et al. 1994)

majority of infections occurs at or takes their departure from a mucosal surface and in 

these infections topical application of a vaccine is usually required to induce a protective 

immune response. Examples of such infections include infections caused by Helicobacter 

pylori, Vibrio cholerae, enterotoxigenic Escherichia coli (ETEC), Shigella spp., 

Clostridium difficile, rotaviruses and calici viruses. In many cases, the main protective 

effector function elicited by immunization is the stimulation of a secretory local 

immunoglobulin A (IgA) antibody response and an associated mucosal immunologic 

memory (Holmgren et al. 2003).
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There are also important practical and logistic reasons to try to even replace some 

of the existing injectable vaccines used to prevent systemic infections with orally 

administered vaccines. Oral vaccines would be easier to administer than parenteral 

vaccines. They would also carry less risk of transmitting the type of infections still 

associated with the use of injectable vaccines in several parts of the world, such 

as hepatitis B virus and HIV infections. Oral vaccines can also be expected to have much 

greater acceptability than injectable vaccines by causing no sore arms, etc. Oral vaccine 

administration could also lead to simplified manufacturing vaccine, thereby increasing 

the potential for local vaccine production in developing countries (Holmgren et al. 2003).

Two additional indications for mucosal vaccination relate to the specific potential 

of mucosal vaccines to overcome the known barriers of parenteral vaccination caused by 

either pre-existing systemic immunity from previous vaccination or in young children 

from maternal antibodies, or selective immunodepression such as that caused by HIV 

infection (Holmgren et al. 2003).

However, despite these many attractive features, only half a dozen of the current 

vaccines that are approved for human use are administered mucosally which includes the 

oral polio vaccine, oral killed whole-cell B subunit and live attenuated cholera vaccines, 

an oral live-attenuated typhoid vaccine, an oral BCG live vaccine (used in Brazil for 

vaccination against tuberculosis) and an oral adenovirus vaccine (the latter vaccine being 

restricted to military personnel). Two recent additional mucosal vaccines, an oral live- 

attenuated vaccine against rotavirus diarrhoea and a nasal enterotoxin- adjuvanted 

inactivated influenza vaccine, were withdrawn after a short time on the market because of
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potential serious adverse reactions (intussusception and facial paresis, respectively) 

which illustrates the complexity of mucosal vaccine development (Murphy et al. 2001).

Various physiological barriers on the mucosal surfaces prevent efficient 

absorption of mucosally delivered vaccines into the CMIS lymphoid tissues. These 

barriers include enzymatic degradation of antigens, mechanical clearance of antigens 

form the mucosal surfaces and low uptake efficiency of antigens by the antigen-sampling 

cells. As a result, a large antigen dose with multiple administrations is usually required 

for induction of immune responses on the mucosal surfaces.

Several approaches have been investigated for mucosal delivery of vaccines 

which include live recombinant vectors (Buge et al. 1997; Killeen et al. 1999; Morrow et 

al. 1999), biodegradable polymeric microparticles (Artursson et al. 1986; Baras et al. 

1999; Ilium 1998; Jabbal-Gill et al. 1998; Jones et al. 1996; McDermott et al. 1998; Roy 

et al. 1999; Schroder & Stahl 1984), lipid particles (Baca-Estrada et al. 1999; Childers et 

al. 1999; Watarai et al. 1998), edible vaccines (Mason et al. 1996; Mason et al. 1992; 

McGarvey et al. 1995) and plasmid DNA (Chen et al. 1994; Fynan et al. 1993; O'Hagan 

1998).

Micro and nano-particles made from biodegradable polymers have been shown to 

effectively encapsulate some vaccine adjuvants and protect them from mucosal 

degradation. The main advantage of these polymers is their biodegradability. The release 

of antigen from these particles can be tailored as per need and can be extended for a long 

period of time thereby reducing the frequency of vaccination to establish long term 

immunity. Many different types of biodegradable polymers have been studied for vaccine
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delivery and among them PLGA polymer have been most extensively studied because of 

its long and safe history of human use as resorbable sutures (Chen et al. 1994).

In the current project, albumin based microparticles were employed for 

microencapsulation vaccines for oral delivery. The vaccine loaded albumin microspheres 

less than 7 microns are taken up by the M cells in the Peyer’s patches present in the 

intestinal epithelium which has the capacity to deliver the vaccine (Antigen) 

appropriately to confer protective immunity. These vaccine microspheres should be 

delivered to the intestine avoiding the acidic degradation in the stomach and also the 

enzymatic degradation in the intestine.

The human gastro-intestinal tract 

Digestion is the process of breaking down food into molecules small enough for 

the body to absorb. Proteins, carbohydrates, and fat in our diets must be broken down and 

later, reassembled in forms useful to our body. The path of food through the human 

digestive system includes the following organs and structures listed below.

The mouth includes the teeth, tongue, saliva, mucin, buffers, antibacterial agents, 

and amylase. All these help in chewing, taste and preliminary digestion of the ingested 

food (Davenport 1982).

The pharynx leads to both the trachea and the esophagus. While food is being 

swallowed, the epiglottis blocks the trachea and the uvula blocks off the nose. The 

esophagus is the tube from the pharynx to the stomach. Food is moved along the 

esophagus by peristalsis, wave-like contractions of the muscles in the walls of the 

esophagus. The lining of the esophagus secretes mucus to lubricate the ball of food.
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There are sphincter muscles (rings of constricting muscles) at the top and bottom of the 

esophagus ( Davenport 1982).

The stomach is a J-shaped, expandable sack, normally on the left side of the upper 

abdomen. Several muscle layers surround the stomach, serving to churn food. The 

stomach can expand to hold about 2 L (= 1/2 gal) of food. The stomach contains 

hydrochloric acid (HC1) with a pH about 1.5 to 3, which kills bacteria and helps denature 

the proteins in our food, making them more vulnerable to attack by pepsin. The stomach 

secretes mucus to protect itself from being digested by its own acid and enzymes. The 

stomach also secretes pepsin, an enzyme to digest protein. The average person secretes 

about 400 mL of gastric juice per meal, containing 50 to 300 pg pepsin/mL. For an 

average of around 200 pg/mL x 400 mL of gastric juice, this would be 80 mg (or 0.080 

g) pepsin/meal. For HC1 with a concentration of around 6.08 g/L x 400 mL, this would be

2.4 g/meal. The cardiac sphincter closes off the top end of the stomach and the pyloric 

sphincter closes off the bottom ( Davenport 1982).

The small intestine has a length of about 6  m. The surface of the small intestine is

wrinkled and convoluted to produce a greater surface area for absorption. The total

•  2 • • •surface area is about 600 m . Most enzymatic digestion occurs here. The secretions of the

small intestine include amylase, maltase, sucrase, lactase, etc. to digest carbohydrates and 

lipase to digest fats. Several other associated organs secrete chemicals into the small 

intestine to aid in digestion: the pancreas secretes enzymes like trypsin, chymotrypsin, 

and alkali solutions like bicarbonate as buffers and the liver and gall bladder make and 

secrete bile. Bile contains no enzymes, but salts to emulsify fat so it can be digested.
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The small intestine includes three sections:

1. Duodenum: The first and the proximal portion of the small intestine. Its pH in the 

range of 5.5 to 6.5

2. Jejunum: The second portion has pH in the range of 6.0 to 7.0

3. Ileum: The third and distal portion of the small intestine has pH in the range of

6.5 to 7.0

The valve between the small and large intestines is the ileocecal valve, which 

separates the two intestines. The large intestine or colon begins with a blind pouch called 

the cecum. The pH of the colon is in the range of 5.5 to 7.0. In humans, this terminates in 

the appendix, a finger-like extension which may function in the immune system. The 

large intestine functions to re-absorb water and in the further absorption of nutrients. The 

bacterial flora of the large intestine includes Escherichia coli, Acidophilus spp., and other 

bacteria, as well as Candida yeast (a fungus). These bacteria produce methane (CH4), 

hydrogen sulfide (H2S), and other gases as they ferment the food. As these bacteria 

digest/ferment left-over food, they secrete beneficial chemicals such as vitamin K, biotin 

and some amino acids, and are our main source of some of these nutrients.

Rectum is the terminal portion of the large intestine and functions for storage of the feces, 

the wastes of the digestive tract, until these are eliminated. The external opening at the 

end of the rectum is called the anus ( Davenport 1982; Moogl981).
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Albumin-Chitosan Microsphcres

Microspheres

Microspheres are fine spherical particles with diameters ranging from 1 - 1000 

microns. They are a class of formulations where drugs are incorporated inside the 

polymer matrices. The application of drug loaded microsphere formulations in clinical 

treatment can offer several advantages such as improving patient compliance, keeping 

constant therapeutic drug levels in systemic circulation (sustained release), maintain 

higher concentrations of the drug at the pathogenic site and lower the concentration in the 

normal tissue (i.e. drug targeting) and reduce adverse effects (i.e. less toxicity).

Microspheres can be divided into two categories. The first is known as 

homogenous microspheres where the drug is dissolved or dispersed throughout a polymer 

matrix. The second is known as encapsulated microcapsules where the drug is surrounded 

by the polymer matrix in the mononuclear or polynuclear state. In the microcapsules, the 

drug molecules can exist in molecular state, core aggregated state with few molecules, 

crystal state or liquid state.

In some systems, the drug is adsorbed or chemically conjugated on the surface of 

the polymer or entrapped inside the pores of the matrix. These morphological structures 

are sometimes mixed. For example, most drug cores are surrounded by the polymer; 

however, some drug molecules are dispersed separately or adsorbed onto the surface of 

the polymer. In some studies, lipophilic drugs such as hydrocortisone and cisplatin were 

microencapsulated in poly (lactic acid) or poly (lactic-co-glycolic) acid polymers. Some 

of drug molecules can also be dissolved in the polymer, but most of the them are still
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crystallized out of the polymer organic solvent solution and dispersed as solids in the 

matrix or extruded on the surface (Okada & Toguchi 1995)

The term microencapsulation has been loosely applied to any process of particle 

coating that produces an encapsulated product in sizes ranging from a few microns to 

about 5000 microns. Microcapsules typically range in size from about 5 microns to 500 

microns. They are usually stored as free flowing powders or suspended in a vehicle 

ready for use in an application.

Microencapsulation has found use in the pharmaceutical industry in the areas of 

sustained or prolonged release of drugs, taste-masking of unpalatable drugs, masking of 

unpleasant odors, stabilization of drugs sensitive to atmospheric conditions, modification 

of physical properties, altering solubility of drugs, elimination of incompatibilities 

between two or more drugs and a multitude of other uses. Microspheres are widely used 

in other industries in the production carbonless paper and cosmetics. But the primary 

focus of research with microspheres in the pharmaceutical field has been the sustained 

release and targeted release of drugs.

One of the most important objectives of modem drug therapy is the prolonged or 

sustained delivery of drugs and diagnostic agents to specific targets and organs in the 

body. The advantages of reducing toxic effects by reducing the dose required to reach 

the therapeutic concentration and reducing the frequency of dosing have long been 

established. While the conventional oral route is the most preferred route, limitations 

often require the use of parenterals. Microspheres present one o f the few systems by 

which sustained release of a drug can be obtained after parenteral administration (Ilium & 

Davis 1982).
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Microspheres can also be targeted to various organs of the body and can thus help 

to target the drug to an organ selectively. This unique combination of the properties of 

microspheres is well suited to the objectives of modem pharmaceutics which are to 

reduce unwanted side effects, reduce the required dose and frequency of administration, 

and allow the use of highly active but toxic chemicals without causing significant toxicity 

to other tissues.

Several criteria must be satisfied for the polymers to be used as the microsphere 

matrix and these criteria are based on the route of administration and the target site 

intended. They must be nontoxic to the host and also be eventually cleared from the 

body, hence they should be biodegradable and the degradation products must also be 

nontoxic and cleared from the body. Various polymers including lactide and glycolide 

polymers and copolymers meet these criteria. Albumin, a protein found in the serum is 

also a good candidate for microspheres because it is biodegradable, biocompatible and 

nontoxic and also lends itself to the process of microencapsulation very well.

Drugs for parenteral administration are usually given in a solution which is 

directly injected into the bloodstream or administered in another form that creates a drug 

pool in the muscle mass (intramuscular) or under the skin (subcutaneous) (Ilium & Davis 

1982). In the latter two cases, oil based injections of the drug in prodrug form, or 

entrapped within microspheres or other carriers are commonly encountered.

Microspheres can provide efficient targeting to certain sites through the intravenous 

route. On intravenous injection, microspheres with a size range of 15 to 30 pm have been 

shown to pass through the heart and then lodge into the capillary bed of the lungs where 

they deposit with 99 percent efficiency.
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When injected intravenously microspheres with a size range of 1 to 3 pm pass 

through the capillary bed of the lungs and end up in the reticuloendothelial system and in 

particular in the liver with about 90 percent efficiency. Microspheres with particle size 

below 1 pm result in a mixed distribution among the liver (80-90 percent), spleen (5-8 

percent), and the bone marrow (1-2 percent). Hence, targeting of microspheres to organs 

like lungs, liver and to some extent the spleen can be achieved on the basis of size alone. 

However, other methods like magnetic microspheres in conjunction with externally used 

magnets have been demonstrated to target microspheres to other parts of the body, 

especially the extremities (Rettenmaier et al. 1985; Senyei et al. 1985).

Albumin

Biodegradable polymers have been investigated for sustained release and for 

targeted delivery to the site of action, which is also very important in increasing 

therapeutic effects and reducing side effects for at least two decades ( Arshady 1990; 

D'Souza et al. 1999b; D'Souza & DeSouza 1998; D'Souza & Pourfarzib 1999; DeLuca et 

al. 1993; Langer 1990; Smith et al. 1990).

Many drugs, such as contraceptive steroids, narcotic antagonists, local 

anesthetics, anticancer agents, anti-malaria agents and antibiotics, had been investigated 

for better patient compliance in 1970s. With the rapid growth in cell biology and gene 

technology which started in mid 1970s, it was possible to manufacture large scale 

therapeutic peptides and proteins, such as hormones, cytokines, growth factors, 

monoclonal antibodies, recombinant insulin and recombinant vaccines. Since 1980s, 

these protein and peptide drugs have been specially interesting to achieve satisfactory 

therapeutic effects by using a novel drug delivery system, which use biodegradable
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polymers as a matrix for sustained release and targeting (Conti et al. 1992; Couvreur & 

Puisieux 1993; D'Souza & DeSouza 1998; D'Souza et al. 1999a; D’Souza & DeSouza 

1995; Gerber et al. 1995; Oettinger & D'Souza 2003; Oettinger et a l 1996; Shah & 

D’Souza 1999; Tong et al. 2003).

Biodegradable polymers used for sustained release and drug delivery can be 

divided into natural and synthetic materials. The natural polymers include polypeptides 

and proteins (e.g. albumin, fibrinogen, gelatin and collagen), polysaccharides (e.g. 

hyaluronic acid, starch, and chitosan), virus envelopes and living cells (e.g. erythrocytes, 

fibroblasts, and myoblasts). Normally, they are hydrophilic and water soluble, therefore, 

these polymers favor hydrophilic drugs. Natural polymers vary in purity because they 

come from natural sources and also require crosslinking in the microencapsulation 

process, which can potentially cause denaturation of the embedded drug. The synthetic 

polymers include aliphatic polyesters of hydroxyl acids, like poly(lactic acid) (PLA), 

poly(lactic-co-glycolic acid) (PLGA), poly(glycolic acid) (PGA), Poly(hydroxybutyric 

acid) (PHBA), poly(caprolactone), poly(orthoesters), poly(alkylcarbonates), poly(amino 

acids), polyanhydrides, polyacrylamides and poly(alkyl-alpha-cyanoacrylates). They are 

usually hydrophobic and water-insoluble, thus they favor hydrophobic drugs. Normally, 

these polymers are purified and do not need crosslinking agent (Okada et al. 1994).

Serum albumin is a natural, water-soluble polymer, which consists of a single 

strand of 580 amino acids wherein 26 amino acids are arginine and 60 amino acids are 

lysine. It has an isoelectric point of 4.7. The approximate molecular weight of serum 

albumin is about 67 KD. Serum albumin is a major plasma protein constituent (55% of 

the total protein in plasma or 35-50 mg/mL). It controls up to 80% of colloid osmotic
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blood pressure and maintains the blood pH. Albumin as such does not provide any 

sustained release properties. It has to be crosslinked or stabilized using various methods 

in order to attain sustained/delayed release properties. The rate of drug release from 

albumin microspheres and the rate at which the microspheres degrade in the body are 

dependent on the degree of crosslinking of albumin in the microspheres.

Albumin microspheres were first prepared for the detection of abnormalities in 

the reticuloendothelial system and later for studies on blood circulation (Zolle et al.

1970). Both unlabeled and radio-labeled microspheres were prepared by the method of 

thermal denaturation using human serum albumin (HSA). Microspheres were obtained in 

sizes between 12 and 44 pm, with indications that the particle size and rate of degradation 

could be varied by changes in the method of preparation. These pioneering works 

outlining the tremendous potential of albumin microspheres created scientific interest for 

further examination. This later led to newer methods of manufacture and the discovery of 

new and innovative applications.

In one study, HSA microspheres were prepared using the method of Zolle et al. 

1970, with some modifications, to produce microspheres with a narrow size distribution 

of approximately 1 pm, thus demonstrating that the method of preparation had a strong 

impact on the microsphere formulation size (Scheffel et al. 1972).

Kramer reported the entrapment of mercaptopurine into HSA microspheres by the 

method of Scheffel et al (1972). In vitro studies demonstrated a slow release of 

mercaptopurine. His work first demonstrated the potential application of albumin 

microspheres in the chemotherapy of bacterial infections and cancer (Kramer 1974).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

The synthesis and characterization of albumin microspheres containing a drug 

along with magnetite was also reported (Widder et al. 1979). Their objective was to 

develop microspheres, which could be site, delivered by means of an external magnetic 

field. They synthesized HSA microspheres containing doxorubicin by chemical cross- 

linking, using formaldehyde and 2, 3-butadione and also by thermal cross-linking. Their 

results indicated that the microspheres produced by both processes were equally stable 

but differed in their in vitro drug release characteristics. The microspheres produced by 

thermal denaturation released the drug at a slower rate compared to the microspheres 

prepared with a chemical cross-linking agent at concentrations up to 25% v/v. This work 

gave a new direction to efforts involving the entrapment of thermally labile drugs, since 

chemical cross-linking usually did not require the application of heat.

In another study, progesterone loaded BS A beads were prepared using a chemical 

cross-linking method with glutaraldehyde as the cross-linking agent and an oil phase 

consisting of com oil and petroleum. They showed that the size of the beads was 

dependent on the speed of agitation. They also demonstrated that the rate of drug release 

was dependent on the degree of cross-linking of albumin, which in turn was inversely 

dependent upon the glutaraldehyde concentration (Lee et al. 1981). In another report 

they discussed the entrapment and in vitro release of morphine, methyl orange, 

progesterone, insulin and tetanus toxoid (Royer et al. 1983).

These encouraging results demonstrated the potential for use of albumin beads as 

parenteral devices for diagnostic aids, vaccines and the controlled release of drugs. 

Through these pioneering efforts, the methods of albumin microsphere preparation 

became well established. Consequently, the focus of research then shifted towards the
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fine tuning of these methods for application to individual drugs or drug classes and also 

towards the characterization and optimization of the microspheres and identification of 

various parameters that control microsphere characteristics.

Crosslinking of albumin

It has been reported that albumin microspheres were readily metabolized in the 

body, and the extent of metabolism was dependent on the size of the particles. Since the 

first reports of albumin being used in the preparation of microspheres, many drugs and 

diagnostic agents have been successfully encapsulated and evaluated, thus proving 

albumin microspheres as a versatile tool for sustained release and targeting of drugs. 

Furthermore, the physicochemical characteristics of albumin can be easily adapted to 

accommodate different end users (Tomlinson & Burger 1987).

The crosslinking of albumin microspheres has been achieved using either heat 

(Zolle et al. 1970) or chemical agents like formaldehyde (Arshady 1990), glutaraldehyde 

(Natsume et al. 1990) and 2, 3 butadione (Burger etal. 1985).

Detailed studies have identified various parameters that can be controlled to 

obtain the required rates of release so that formulation of albumin microspheres has 

progressed from an art to a science (Sheu & Sokoloski 1986). Chemical cross-linking of 

albumin microspheres can be achieved at or below room temperature. When 

glutaraldehyde is used as the cross-linking agent, it is usually added to the suspension 

with continued stirring until the desired degree of cross-linking is achieved. Using 

glutaraldehyde, a variety of linkages may be formed, depending on the molecular 

(oligomeric) nature of the aldehyde. On the other hand, when 2, 3-butadione is used for 

cross-linking, the droplet suspension is transferred into a separate container, the agent
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added, and the mixture gently stirred (Arshady 1990). Formaldehyde is not commonly 

used for injectable microspheres due to the possibility of toxicity due to unreacted 

formaldehyde in the microspheres.

Thermal cross-linking of microspheres occurs at temperatures above 70°C, when 

intermolecular disulfide bridges are formed between free sulfhydryl groups on adjoining 

protein chains. In this respect, from a polymer science point of view, thermal 

denaturation of albumin may be considered a curing process and is often referred to in the 

literature as 'in-liquid curing process'.

Gupta (Gupta et al. 1986a; Gupta et al. 1986b) discussed various aspects of 

adriamycin loaded albumin microspheres prepared by thermal denaturation. They found 

that depending on the number of washings applied to remove the drug present on the 

surface, the microspheres exhibited kinetics of drug release that could be described by bi

exponential first order, bi-phasic zero-order and Higuchi's square-root of time equations. 

An inverse relation was found between the denaturation temperature and release rate 

leading to the conclusion that release could be controlled through the denaturation 

temperature. Also, the degree of hydration was found to decrease with an increase in 

denaturation temperature.

Burger et al. (Burger et al. 1985) demonstrated that the incorporation of a highly 

water soluble drug resulted in highly porous albumin microspheres that showed a two 

fold increase in the degree of swelling compared to blank microspheres. Burgess et al. 

(Burgess et al. 1987) have reported in vitro studies demonstrating burst effects of up to 

90% of the drug content from albumin microspheres containing water soluble drugs 

within the first 10 minutes.
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Gallo et al. (Gallo et al. 1984) determined the effects of various formulation 

parameters on albumin microspheres. They found that an increase in denaturation period 

did not result in a significant change in mean particle size. According to them, a 

reduction in particle size with an increase in denaturation temperature occurs mainly due 

to the rate and extent of water evaporation and only partly due to increased cross-linking.

There are several methods of microsphere preparation including, water-in-oil 

(w/o) emulsion, nebulizatiion, coacervation, spray-drying etc. which uses either heat and 

or chemical agents for albumin crosslinking.

One of the most common procedures by which microspheres are prepared is 

called the suspension crosslinking procedure, which involves the formation of small 

droplets of an aqueous polymer in an immiscible liquid, followed by hardening of these 

droplets by cross-linking. Another method for preparing albumin microcapsules, multiple 

emulsion method (Morris & Warburton 1982) was also evaluated (Shah et al. 1987). At 

relatively low temperatures albumin microspheres can be prepared using acetone-heat 

denaturation methods (Chen et al. 1994). This method is different from the traditional oil 

in water technique for preparation of albumin microspheres avoiding high temperatures 

and extended heating times for stabilization.

A novel nebulization method (Green et al. 2004) can also be used for preparation 

of albumin microspheres. Spray drying is one of the latest methods used for preparation 

of microspheres (Haswani 2005).

In the current study we wanted to develop a microsphere formulation method 

using albumin as the microsphere matrix and glutaraldehyde as the crosslinking agent for 

microencapsulation of proteins, vaccines and amine containing drugs. The procedure
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involved should not alter the native structure or lose therapeutic activity of the drug 

candidate and should involve minimal number of processing steps. The method 

developed should be feasible for scale up and manufacture.

Chitosan

Chitosan is a deacetylated derivative of chitin and more specifically when chitin is 

50 % or more deacetylated, it becomes chitosan (Shepherd et al. 1997). Chitin or poly-p- 

(l-4)-N-acetyl-D-glucosamine is the second most abundant polysaccharide only next to 

cellulose, found in nature. It is present, for example, in the exoskeletons of crustaceans 

such as crab and shrimp. A large quantity of chitin is synthesised and degraded each year 

in the biosphere, but only negligible amounts are used by humans.

Previous studies have shown that chitosan has good biological adherence 

properties. In addition, it is a biocompatible compound, it has low toxicity, does not cause 

erythro-lysis, is biologically degradable by lysozymes and pepsin and its degradation 

products are also non-toxic. These properties make chitosan an excellent candidate for 

use in dosage forms such as controlled release drug delivery systems (Felt et al., 1998; 

Muzzarelli et al. 1988).

Drugs dispersed in chitosan were found to be released at a slow rate, thus 

highlighting its potential to produce a sustained-release matrix system. Chitosan has been 

used in several oral dosage forms, which include:

• Tablet delivery systems (including mini-tablets and buccal tablets)

(Inouye et al., 1988; Bechgaard & Nielsen 1978);

• Microspheres, beads, granules and microparticles (Vila et al., 2002);

• Chitosan gels (Sakkinen et al, 2002);
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• Chitosan films (Janes et al., 2001)

• Chitosan coated onto delivery devices (Ofori-Kwakye & Fell, 2003).

Chitosan is a copolymer, consists of N-acetyl-D-glucosamine and D- 

glucosamine where the sugar backbone has a 0- 1,4-linkage. The structure is very similar 

to that of cellulose, except for the acetyl amino group at the C-2 position in place of a 

hydroxyl group.

HO

HO
OfcOH

Chitosan

Figure 3: Chemical structure of chitosan (poly-P-(l-4)-N-acetyl-D-glucosamine)

Many different grades of chitosan are available and they differ in their degree 

of N-deacetylation (40-98%) and molecular weight (as high as 2 million Da). Chitosan is 

a weak base with a pKa value of approximately 6.5 and therefore insoluble at neutral and 

alkaline pH values. They are soluble in water, and their solubility is dependent upon the 

degree of deacetylation and the pH of the solution. Chitosans with low degrees of 

deacetylation (< 40%) are more soluble a neutral pH values, where chitosans with high 

degrees of deacetylation (> 85%) are only soluble up to pH 6.5. (Hejazi & Amiji, 2003).

The viscosity of the chitosan solutions are also dependent on it degree of 

deacetylation and molecular weight. The chitosan polymer has an extended conformation 

that is more flexible at higher degrees of deacetylation due to repulsion of the charge.
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Additionally, the presence of amine and hydroxyl groups allow for more intra- and inter- 

molecular hydrogen bonding, which also increases viscosity. Chitosan solution viscosity 

is directly related to concentration where higher concentration of polymer results in 

higher viscosity. Inversely, higher temperature will decrease the polymer solution 

viscosity.

Bioadhesion and Mucoadhesion

Bioadhesion can be described as the attachment of synthetic or biological 

macromolecules to the surface of biological tissues. For example, an adhesive bond may 

form with the epithelial cell layer, the continuous mucus layer or a combination of the 

two. The term “muco-adhesion” is used specifically when the bond involves the mucus 

coating and an adhesive polymeric device, while “cyto-adhesion” is used for cell-specific 

bioadhesion (Vasir et al., 2003).

Ahuja et al. (1997) have explained the mechanism of bioadhesion between mucin 

and muco-adhesive polymers as molecular attractive and repulsive forces. In the 

development of muco-adhesive drug delivery systems, the contact time at the site of 

absorption of the intended drug molecule is important for effective drug absorption. A 

muco-adhesive excipient in a controlled-release dosage form will decrease the rate of 

clearance and movement of the drug from the mucosal epithelia, such as in the nasal 

cavity and gastrointestinal tract. This leads to a longer contact time with the absorptive 

epithelium with improved drug absorption (Snyman et al., 2003). Table 2-1 illustrates the 

different theories of mucoadhesion (Vasir et al., 2003).

The good muco/bioadhesive properties of chitosan have been proven by various 

investigators. Most of these studies were performed with mucin solutions or in cell
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culture systems (Genta et al, 1997; Henriksen et al., 1996; Takeuchi et al., 1996). Better 

muco-adhesion was observed for higher -molecular weight chitosan (approximately 1400 

kDa) compared to lower-molecular weight chitosan (500-800 kDa) (Dodane & Vilivalam 

1998).

Enteric coating 

Delayed release or enteric coating polymers

Oral drug delivery systems with conventional dosage forms like tablets and 

capsules are the most patient friendly route of drug administration. But, the nature of 

drugs and their sensitivity towards the conditions in Gl-tract require very sophisticated 

drug formulations (Degussa 2003c).

Many pharmaceutical dosage forms irritate the stomach due to their chemical 

properties. Others undergo chemical changes in gastric acid and through the action of 

enzymes, thus becoming less effective (Degussa 2003b).

There has been a tremendous increase in the number of drugs that require site- 

specific drug release in Gl-tract. Disease of the colon like Crohn’s disease, ulcerative 

colitis and drugs for colon cancer demand a site-specific drug release in colon. Proteins 

and peptides, and drugs based on biotechnological route are potential candidates for 

delivery to the intestine. Some drugs which are poorly soluble in the upper Gl-tract need 

targeted delivery to the colon (Degussa 2003c).

Based on the current requirements, oral drug delivery systems are needed for drug 

targeting to specific parts of the intestine like colon targeting, for improving 

bioavailability and increasing solubility, patient friendly dosage forms and reduction in 

frequency.
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As we go through the gut, the pH of the GI tract increases gradually. The stomach 

pH is very acidic in the range of 1.0 -  1.5 but increase to 5.5 -  6.5 in duodenum. In 

jejunum it increases up to 6.0 -  7.0 and up to 6.5 -  7.0 in ileum. In the proximal part of 

the intestine, the pH rises up to 7.0 but the range is 5.5 -  7.0 depending on the type of 

food ingested.

There are several drug candidates that have a huge potential for making a large 

market in the pharmaceutical industry and need to have gastro resistance and delayed 

release properties for successful oral delivery. Insulin in case of type I diabetes, 

Calcitonin for Paget’s disease of bone and Epoetin for anemia are some of the examples 

of protein and peptide based drugs. There are also several non-peptide drugs for example 

Ibuprofen which is an anti-inflammatory agent, Pseudoephedrine a bronchodilator and 5- 

Fluorouracil and Doxorubicin which are anti-cancer drugs (Degussa 2003a).

For the formulation to be gastro resistant and specifically release the drug in the 

intestines, the unique environmental conditions of the intestines unlike the stomach 

should be considered and taken advantage. Enzymatic activity and pH, in particular, have 

been used successfully as stimuli for intestinal specific polymer degradation for drug 

release. Several enzymes useful for polymeric degradation are found in the large 

intestine. With the right selection of the polymers, drugs can be targeted for release to a 

specific part of the intestine like proximal or distal part of the small intestine or the colon 

etc based on the pH conditions (Siewert et al. 2003).

In one of the earlier studies for oral delivery of insulin and vasopressin, a 

copolymer of styrene and hydroxymethacrylate as a membrane was used targeting the 

large intestine. This copolymer was found to be stable at the low pH found in the
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stomach, and it successfully protects the sensitive peptide drugs from the action of 

digestive enzymes. When the copolymer reaches the large intestine, however, the azo 

cross-links are reduced by bacterial enzymatic activity. This reduces the sheet-like 

membrane to a network of fibers between which diffusion, and thus drug release, may 

occur (Saffran et al. 1986).

In a 1993 study, Dressman and coworkers proposed using calcium pectinate as a 

matrix for drug delivery. Calcium pectinate is insoluble because of the cross-link like 

complex formed between Ca2+ and the adjacent strands of pectin. It is stable until it 

reaches the large intestine, where bacterial polysaccharidase hydrolyzes the glycosidic 

linkages between monosaccharides. As the matrix degrades, the drug within it is made 

available to the body. Degradation may also be induced by changes in the pH (Siewert et 

al. 2003).

In one study, amoxicillin was delivered using hydroxypropyl methylcellulose 

acetate succinate (HPMCAS) as a matrix polymer. HPMCAS consists of cellulose 

backbones to which are attached methyl groups, hydroxypropyl succinate, and 

hydroxymethyl acetate. An advantage of HPMCAS is that the ratio of these side groups 

affects the extent to which the polymer becomes soluble in the intestine, which in turn 

determines the rate of drug release. Methyl ethers are unaffected by the high pH; the 

succinate and acetate groups, however, may be deprotonated. The rate of release is thus 

inversely related to the extent of methylation of the cellulose backbone. In the HPMCAS 

system, the rate o f drug release varies directly with the drug to polymer ratio thereby 

demonstrating the control possible over drug delivery rates (Hilton & Deasy 1993).
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Rohm Pharma Polymers is the pioneer manufacturer of methacrylate based 

polymers that show pH-sensitive properties and provide excellent protection to 

pharmaceuticals during the passage through the Gl-tract.

Specific Eudragit acrylic polymers have been developed for peroral dosage forms 

with step-wise release of active ingredients in the digestive tract based on the pH 

conditions. The Eudragit - grades for enteric coatings are based on anionic polymers of 

methacrylic acid and methacrylates. They contain -COOH as a functional group. The 

films are insoluble below pH 5 and thus resistant to gastric fluid. By salt formation in the 

neutral to weakly alkaline medium of intestinal fluid, the films dissolve step-wise at pH 

values above 5.5 (Degussa 2003b).

Anionic Eudragit L and Eudragit S grades permit the development of pH- 

dependent systems to achieve linear release profiles or to balance pH-dependent drug 

solubility. As the coating thickness increases, the typical properties of the polymer exert 

an ever-greater influence on the dosage form.

Eudragit polymer systems are suitable for the manufacture of pellets, micro 

tablets, solid granules, compact crystals and various sustained-release dosage forms. If 

the active ingredient is to be released in dissolved form, this is usually affected by 

diffusion through polymer structures. With disintegrating dosage forms, release of the 

active ingredient is accelerated by an enlarged surface area. In the case of poorly soluble 

active ingredients, the release rate is frequently determined by the disintegration pattern 

of the dosage form.

If the active ingredient is coated by a largely pore-free, only slightly permeable 

membrane, its delayed release can be controlled very effectively. However, it is not the
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degree of permeability of the coating membrane alone which determines the drug 

diffusion; the solubility of the drug in the buffer solutions and its molecular weight or 

molar volume in solvated form also play a part. If the active ingredients are present as 

salts, much thought has to be given to their solubility as a function of pH and the 

variation of their properties depending on whether they are neutral molecules or ions. 

Polymer films form diffusion cells. High concentrations of active ingredient in the core 

often lead to the formation of saturated solutions in these cells. Drug release then initially 

occurs linearly via zero-order kinetics, i.e. a constant amount of active ingredient is set 

free per unit of time. As the core is gradually depleted of active ingredient, the straight 

line changes to a curve that asymptotically approaches the final value of complete drug 

release. Each active ingredient and drug formulation requires a special release profile, 

which must be established by optimization of the applied coating of a combination of 

Eudragit grades (Degussa 2003c).

Eudragit matrices provide dosage forms of good mechanical strength and control 

the diffusion of embedded active ingredients through pores and channels. Release of the 

active ingredients from matrix structures often occurs proportionally to t , i.e. an initial 

steep rise is followed by a gentler slope. In any case, it is the type and quantity of 

polymethacrylate used which dictates the release pattern of the final dosage form 

(Degussa 2003b).

The addition of a plasticizer like triethyl citrate increases the flexibility of the film 

coatings. To prevent the film coatings from getting sticky, some glidants such as talc or 

glycerol monostearate are also necessary (Degussa 2003c). The coatings can also be
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processed with ease in all film-coating or fluidized-bed equipment that is commonly used 

worldwide (Degussa 2003b).

Several studies have been conducted using different grades of Eudragit for drug 

delivery systems. In one study PLGA microparticles were stabilized using Eudragit and 

carboxymethylethyl cellulose for oral delivery of vaccines. The formulations with 

stabilizers showed greater percentage amount of antigen protection compared to the 

formulations without stabilizers when incubated in a solution of pepsin at pH 1.2. They 

also found from in vivo studies that the approach has a good potential in increasing the 

efficacy of microparticulate systems for the oral administration of vaccines (Delgado et 

al. 1999).

Spray dried Eudragit microparticles were studied as the encapsulation devices for 

oral delivery of Vitamin-C as a candidate for associated therapy of the treatment of 

colorectal cancer (Esposito et al. 2002).

Ketoprofen loaded gastroresistant microspheres were prepared by spray drying 

using Eudragit S and L, cellulose acetate phthalate (CAP), cellulose acetate trimellitate 

(CAT) and hydroxypropyl methyl cellulose phthalate (HPMCP) polymers. In vitro 

dissolution studies of the microspheres prepared using these polymers revealed that the 

acrylic polymers (Eudragit S and L) were more effective compared to the other polymers 

used (Palmieri et al. 2002).
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CHAPTER 3

DETERMINATION OF THE CHEMICAL COMPATIBILITY AMONG 

FORMULATION COMPONENTS

Before beginning any formulation work, characteristics of formulation ingredients 

must be known to make sure that there are no undesirable interactions among the 

formulation components. Therefore, the chemical compatibility among the formulation 

ingredients was studied, which has been discussed in this chapter.

Abstract

Purpose

The purpose of this study was to determine the chemical compatibility among 

formulation components, bovine serum albumin (BSA), chitosan (CSN) and typhoid Vi 

antigen (Typ Ag).

Methods

The interactions among components were investigated using spectrophotometry, 

potentiometiy and conductometry. Initial detection of the interaction was studied by the 

UV-Vis spectrophotometric absorption peaks as well as absorbances of the individual 

compounds and their mixtures (BSA: CSN =1:1 and BSA: CSN: Typ Ag = 1:1:0.001) at 

different predetermined time points. Individual solutions of excipients (BSA and CSN) 

were titrated against each other and BS A-CSN matrix was titrated against the active

40
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ingredient, typhoid Vi antigen using both of the potentiometric (mV) and conductometric 

(S/cm) methods. The titration curves were compared to determine any interaction in the 

systems. An Accumet AR10 potentiometer and a Denver 250 conductometer were used 

for potentiometry and conductometry, respectively.

Results

The UV-Vis spectrophotometry demonstrated no significant changes of 

absorption maxima or absorbances of the formulation components and their mixtures. No 

change of the absorbance of BSA, CSN and Typhoid Vi antigen mixture with time was 

found which indicated that the compatibility among the ingredients was not affected by 

the time. These results implied that there were no undesirable interactions among the 

ingredients of the formulation. These findings were supported by potentiometry and 

conductometric titrations as well.

Conclusions

Both of the active and inactive ingredients of the system were found to be 

compatible with one another. Therefore, a physicochemically compatible typhoid antigen 

loaded BS A-CSN microparticulate system may feasibly be developed.

Introduction

A pharmaceutical dosage form generally consists of a drug combined with a 

varying number of excipients that have been added to the formulation to facilitate its 

preparation and function as a drug delivery system. Although excipients are considered to 

be inert in therapeutic or biological actions, they should hinder unwanted phase 

transitions and ensure the required stability of the drug in the formulation during the 

manufacturing process and storage.
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This study was performed to evaluate whether any chemical interaction exists 

among the formulation ingredients. Any undesirable interaction in the formulation may 

result in loss or change of its intended effect. So, it is important to study the interactions 

among the ingredients of the formula (Jackson et al. 2000).

The objective of the current project was to design a formulation for oral delivery 

of the vaccine. To achieve this goal, biodegradable microsphere-based formulations were 

employed. Albumin-chitosan mixed matrix has been used to prepare the microspheres. 

Albumin, a biodegradable, biocompatible, and nontoxic polymer with sustained release 

properties (when chemically modified by cross linking) was employed as the main 

microsphere matrix. Albumin is inexpensive and can be obtained by recombinant 

technology sources as well. Serum albumin is a natural water-soluble polymer. It consists 

of a single strand of 580 amino acids wherein 26 amino acids are arginine and 60 amino 

acids are lysine and it has an isoelectric point of 4.7. The approximate molecular weight 

of serum albumin is 67 KD. As the albumin alone does not have sustained release 

property, it needs to be crosslinked or stabilized. In this project, albumin was chemically 

crosslinked using glutaraldehyde.

Chitosans are cationic polysaccharides, that are derived from chitin found in the 

exoskeleton of shellfish. Chitosan (Chitosan Chloride, Protasan CL213, Pronova) has a 

molecular weight of 272 KDa with a viscosity of 133 cps (l%).Chitosan copolymer 

consists of N-acetyl-D-glucosamine and D-glucosamine where the sugar backbone has a 

P-l, 4-linkage. Chitosan, which is also a biodegradable and biocompatible polymer, has 

been used in our formulations, as an additive along with albumin, for its mucoadhesive 

properties in the microsphere matrix.
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The model vaccine for this project was Typhoid Vi polysaccharide antigen.

Typhoid Vi antigen is the capsular polysaccharide extracted from Salmonella typhi Ty2 

strain that causes typhoid fever. The typhoid Vi capsular polysaccharide is both a 

virulence factor and a protective antigen of Salmonella typhi. Vi confers virulence by 

shielding S. typhi against the actions of serum complement. Serum Vi antibodies initiate 

complement-mediated reactions.

Any sharp change in the spectrum, pH and conductivity of a chemical entity 

indicates the interaction of that compound with other substances present in that system. 

(Ozdemir et al. 2005; Sovilj 1998; Vermeire et al. 2002). Therefore chemical 

compatibility was studied among crosslinked bovine serum albumin, chitosan and 

typhoid Vi capsular polysaccharide vaccine using UV-Vis spectrometry, potentiometry 

and conductometry. These studies were performed to achieve the following specific aims: 

Specific Aims

1. To determine the compatibility between matrix components (bovine serum 

albumin and chitosan).

2. To determine the compatibility between the matrix (bovine serum albumin - 

chitosan) and the drug (typhoid Vi antigen).

Materials and Methods

Materials and equipment

Bovine Serum Albumin (BSA) and glutaraldehyde (25% in water) were obtained 

from Fisher Scientific; Norcross, GA. Chitosan was obtained as from Pronova (Norway). 

Typhoid Vi antigen (Typ Ag) was obtained from Aventis Pasteur, SA and Bharat Biotech 

(India). A Perkin Elmer Lambda 4B UV-Vis spectrophotometer and microplate reader
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ELX 800 UV (Bio-Tek Instruments) were used for observing the UV-Vis spectra and 

measuring the absorbance. An Accumet AR10 potentiometer was used for potentiometric 

titrations. For conductometric analysis a Denver 250 conductometer was used.

Methods

UV-Vis spectrophotometric method

Initial detection of interactions was studied by comparing the UV-Vis 

spectrophotometric absorption peaks of the individual compounds (0 .1% and 1% 

solutions) and their mixtures (BSA: CSN =1:1 and BSA: CSN; Typ Ag = 1:1:0.001).

The solutions of individual compound and their mixtures (reaction samples) were 

collected at various time points and studied for spectra and absorption maxima to observe 

the effect of time on the interactions. The absorbance was measured using a Perkin Elmer 

Lambda 4B UV-Vis spectrophotometer.

Potentiometric titrations

Ten milliliter of 0.1% bovine serum albumin solution was potentiometrically 

titrated with gradual addition of 0 .1% chitosan solution until attaining the total volume of 

20 ml. In the reverse case, 10 ml of 0.1% chitosan solution was titrated against 0.1% 

bovine serum albumin solution until attaining the total volume of 20 ml. The same 

titrimetric method was applied for 1% BSA and CSN solutions as well. To determine the 

interaction between the drug (Typhoid Vi antigen) and excipients (BS A-CSN matrix), 10 

ml of 0.1% BS A-CSN solution was titrated against 0.001% typhoid antigen solution until 

attaining the total volume of 20 ml. In the reverse case, 10 ml of 0.001% typhoid antigen 

solution was titrated against 0.1% BSA-CSN solution until attaining the total volume of
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20 ml. For further confirmation of drug-matrix interaction, 1% BS A-CSN was used, 

though the concentration of the antigen was same (0 .0 0 1 %).

Conductometric titrations

In this method, the conductance of a series of BSA and CSN mixture or BSA- 

CSN and antigen with molar ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1 was 

measured by keeping the total moles constant. The conductometric graphs (conductance 

versus the molar ratio) were plotted.

Results and Discussion 

UY-Vis spectrophotometric method

Absorption maxima (Arnax) and absorbance of 0.1% solutions of the individual 

matrix constituents (BSA and CSN), their mixtures and the mixture of the matrix (BSA- 

CSN) and active ingredient typhoid Vi antigen (Typ Ag) are shown in Table 1. The 

effects of time on the absorbance of 0 .1% solutions of the individual compounds and 

their mixtures are plotted in Figure 4.

Table 1: Absorption maxima (Arnax) and absorbance (Abs) of individual components 
(0 .1% solution) and their mixtures

Components A.max Abs at 
A.max

Abs at 
266.3 nm

0.1% BSA 279.1 0.463 0.404

0.1% X-linked BSA 266.3 0.492 0.492

0.1% CSN

0.1% X-linked BSA - 0.1%CSN 266.5 0.497 0.488

(0.1% X-linked BSA-0.1%CSN) - 0:001% Typ Ag 266.9 0.491 0.482
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Figure 4: The effect of storage time on the absorbance of 0.1% solutions of individual 
components and their mixtures

Absorption maxima (Amax) and absorbance of 1% solutions of the individual 

matrix constituents (BSA and CSN), their mixtures with active ingredient (0.001% 

Typhoid Antigen) is shown in Table 2. The effects of storage time on the absorbance of 

1% solutions of the individual compounds and their mixtures are plotted in Figure 5.
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Table 2: Absorption maxima (A,max) and absorbance (Abs) of the components (1% 
solution) and their mixtures

Components Xmax Abs at 

Xmax

Abs at 

267.5 nm

1% BSA 271.8 3.798 3.031

1% X-linked BSA 267.5 3.927 3.926

1% CSN

1% X-linked BSA- 1%CSN 267.4 3.950 3.936

(1% X-linked BSA-1%CSN)-0.001% Typ Ag 267.6 3.928 3.928

Effect o f time on the com ponent (1% solution) interactions

0 6 24 48 120

Time (Hour)

i l  1%X-linked BSA 
m1% X-linked BSA- 1%CSN
01%X-Iinked BSA-1%CSN-0.001% Typhoid Vi antigen

Figure 5: The effect of storage time on the absorbance of 1% solutions of individual 
components and their mixtures
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Tables 1 and 2 show that the crosslinking of BSA with glutaraldehyde resulted in 

hypsochromic shift of kmax, which indicates that a chemical interaction occurred in the 

BSA-glutaraldehyde system.

For both of the concentrations (0.1% and 1%) of the matrix components, no 

significant shift (ANOVA, p>0.05) of the A,max and absorbances at A.max of the 

individual components and their mixtures were found which implies that BSA-CSN-Typ 

Ag system was chemically compatible and unaffected by storage time.

Potentiometric titrations

Any sharp inflection of the potential difference or pH in a system indicates the 

existence o f chemically interacting group or radical. Therefore, potentiometric 

measurement was employed as a quick and reliable technique to obtain an indication 

about the component compatibility in the system. Values from potentiometric 

measurement were plotted to obtain potentiometric titration curves. Figures 6  and 7 show 

potentiometric titartion curves for two different concentrations (0 .1 % and 1 %) of matrix 

components. No sharp changes in the slopes were observed. Figures 8  and 9 show 

potentiometric titartion curves for the mixture of two different concentrations (0 .1% and 

1%) of matrix components against typhoid Vi antigen (0.001%).
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Potentiometric titration of 0.1% BSA and 0.1% CSN
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Figure 6 : Potentiometric titrations of 0.1 % CSN against 0.1% BSA and in reverse, 
CSN against BSA of same concentrations

Potentiometric titration o f 0.1% BSA-CSN and 0.001% Typ Ag

>
E
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8 0.001% Typ Ag in 0.1% BSA-CSN 

0.1% BSA-CSN in 0.001% Typ Ag
o
Q.

0 2 4 6 8 10 12
Addition of Titrant (ml)

Figure 7: Potentiometric titrations of 0.1% BSA-CSN against 0.001% Typhoid Antigen 
and in reverse, 0.001% Typhoid Antigen against 0.1% BSA-CSN of same concentrations
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Potentiometric titration of 1%BSA and 1% CSN
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Figure 8 : Potentiometric titrations of 1% CSN against 1% BSA and in reverse, CSN 
against BSA of same concentrations

Potentiometric titration of 1% BSA-CSN matrix with
0.001% Typhoid antigen
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Figure 9: Potentiometric titrations of 1% BSA-CSN against 0.001% Typhoid Antigen 
and in reverse, 0.001% Typhoid Antigen against 1% BSA-CSN of same concentrations.
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Gradual changes in the potential difference were observed for all the cases. Thus, 

no inflections or sharp changes in the straight lines gave an indication that formulation 

components were compatible to one another.

Conductometric titrations

Conductance, an inherent property of an ionic species, can be altered on 

interaction with other species (Sovilj 1998; Hossain et al. 1994). Figure 10 and Figure 11 

have shown the conductance of individual components and their mixtures at different 

molar ratios.

Conductometric titration between BSA and CSN

50
45
40

CM
Eo
w
E
<UO
C
(0V

25
o
3■o
Coo CSN:BSA

9:11:9 5:5

Molar Ratio

Figure 10: The conductance of BSA and CSN mixtures at various molar ratios
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Conductometric titration between BSA-CSN matrix and Typhoid
A ntigen
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1  2 5oT£ 20 
(0 BSA-CSN : Typ Ag•4 -1o
3
•acoo

Typ Ag : BSA-CSN

1:9 5:5 9:1

M olar Ratio

Figure 11: Conductance of BSA-CSN and Typhoid antigen mixtures at various molar 
ratios

In both of the figures, gradual changes in the conductance were found which 

indicate absence of interactions among formulation components.

Conclusions

No significant differences (ANOVA, p>0.05) in absorption maxima (Xmax ) as 

well as absorbances at Xmax among the formulation components and their mixtures were 

found. These results indicated that there were no undesirable interactions among the 

ingredients. Both of the potentiometric and conductometric data showed the same results 

and supported the findings from UV-Vis spectrophotometric data. Hence, the active and 

inactive ingredients of interest were found to be compatible with one another.
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Therefore, in this project, physicochemically compatible mixtures of bovine 

serum albumin and chitosan were used as biodegradable matrices to develop 

microsphere-based formulations for oral drug delivery.
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CHAPTER4

DEVELOPMENT OF CHEMICALLY CROSSLINKED ALBUMIN-CHITOSAN 

MIXED MATRIX MICROPARTICULATE SYSTEMS

Physicochemically compatible mixtures of bovine serum albumin and chitosan 

(Chapter 3) were used as biodegradable matrices to develop microsphere-based 

formulations for oral drug delivery, which is discussed in this chapter.

Abstract

Purpose

The purpose of this study was to develop and evaluate a mucoadhesive 

biodegradable microparticulate system for oral delivery of vaccines.

Methods

Two methods were employed to obtain bovine serum albumin (BSA) -  chitosan 

(CSN) crosslinked microspheres: surface cross linking and solution crosslinking. In the 

surface crosslinking method, total 5% of BSA-CSN (9:1) matrix solution in deionized 

water was prepared. Bromophenol blue (BPB) was used as a model probe and added in 

the matrix solution. The solution was spray dried to obtain core BSA-CSN microspheres. 

Then the core microspheres were chemically crosslinked with various concentrations of 

glutaraldehyde to obtain surface crosslinked microspheres. In the solution crosslinking

54
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method, BSA-CSN solution in deionized water was prepared and crosslinked with 

glutaraldehyde. The concentration of glutaraldehyde during crosslinking was determined 

at various time points using RP-HPLC assay using UV absorbance detector. Excess 

glutaraldehyde was chemically neutralized by the addition of sodium bisulfite (SBS) in 

the ratio of 1:6  of glutaraldehyde to SBS at the end of the crosslinking procedure. The 

probe (BPB) was added to the crosslinked BSA matrix, to obtain a homogenous solution 

of the chemically modified BSA-CSN matrix and BPB. The crosslinked solution was 

spray dried using Buchi 191 Mini Spray Dryer to obtain chemically stabilized BPB 

loaded BSA-CSN microspheres. Four formulations (Formulation A, B, C and D) were 

prepared with optimized concentration of glutaraldehyde ( 1%) and time of cross-linking 

(24 hours) using two different settings of pH (9.4 and 6 .8 ) and temperature (25° C and 

50° C). Critical in vitro parameters e.g., product yields, encapsulation efficiency, 

morphology, particle size, uniformity index, swelling properties and disintegration rate 

were determined for all the formulations prepared. Microsphere dissolution studies were 

performed using a modified USP type I dissolution apparatus in phosphate buffered 

saline (PBS), 0.025% w/v trypsin in PBS as well as in 10% plasma in PBS media to study 

the release of the probe from the microsphere formulations.

Results

In the surface crosslinking method, BSA-CSN mixed matrices with the ratio of 

1:9 and 1:1 were not successful from the viewpoints of manufacturing, material handling 

and yield percentage. Therefore, BSA-CSN mixed matrix with the ratio of 9:1 was used 

to prepare all the subsequent formulations. High burst release and disintegration as well 

as fast swelling properties were the most common characteristics of the surface
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crosslinked formulations. In solution crosslinking method, the conjugation of the BSA- 

CSN matrix with glutaraldehyde was found to be optimum at higher pH (9.4) and 

temperature (50° C). During the crosslinking reaction concentrations of glutaraldehyde 

decreased with time. Product yields and encapsulation efficiencies were in the range of 

60% to 64% and 8 6 % to 90%, respectively. The particle sizes were found to be in the 

range of 3 - 7 pm. The burst release in PBS, 0.025% Trypsin and 10% plasma were found 

to be in the range 2.91% to 4.28%, 14.29% to 19.35% and 5.94% to 8.91%, respectively. 

Conclusions

The mean particle size of each of the formulations was found to be in the feasible 

range to be taken up by the Peyer’s patches. The release studies helped narrow down the 

formulation with the required release pattern and delayed release. From the in vitro 

characterization, it has been found that solution cross-linked microspheres offer several 

desirable advantages over the surface cross-linked microspheres. Again, among the four 

formulations prepared by solution cross-linking method, Formulation A (cross-linked 

with 1% glutaraldehyde for 24 hours at pH and temperature of 9.4 and 50°C) was found 

to be the most favorable for oral drug delivery in the terms of dissolution pattern and 3- 

hour burst release. Therefore, as an oral delivery system, Formulation A was chosen to 

proceed on further studies.

Introduction

Polymers used to prepare microspheres for oral delivery of drugs must be 

nontoxic to the host and also be eventually cleared from the body, hence they should be 

biodegradable and the degradation products must also be nontoxic and cleared from the
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body. Various polymers including lactide and glycolide polymers and copolymers meet 

these criteria.

Albumin, as described in the previous chapter (Chapter 3), a readily available 

highy water soluble protein found in the serum of all higher living beings, is also a good 

candidate for microspheres because it is biodegradable, biocompatible and nontoxic and 

also lends itself to the process of microencapsulation very well. Albumin as such does not 

provide any sustained release properties. It has to be crosslinked or stabilized using 

various methods in order to attain sustained/delayed release properties.

The rate of drug release from the albumin microspheres and the rate at which the 

microspheres degrade in the body are dependent on the degree of crosslinking of the 

albumin in the microspheres. The crosslinking of albumin microspheres has been 

achieved using either heat (Zolle et al. 1970) or chemical agents like formaldehyde 

(Arshady 1990), glutaraldehyde (Natsume et al. 1990) and 2, 3 butadione (Burger et al. 

1985).

Detailed studies have identified various parameters that can be controlled to 

obtain the required rates of release so that formulation of albumin microspheres has 

progressed from an art to a science (Sheu & Sokoloski 1986). Chemical cross-linking of 

albumin microspheres can be achieved at or below room temperature. Using 

glutaraldehyde, a variety of linkages may be formed, depending on the molecular 

(oligomeric) nature of the aldehyde. On the other hand, when 2, 3-butadione is used for 

cross-linking, the droplet suspension is transferred into a separate container, the agent 

added, and the mixture gently stirred (Arshady 1990).
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Thermal cross-linking of microspheres occurs at temperatures above 70°C, when 

intermolecular disulfide bridges are formed between free -SH groups on adjoining protein 

chains. Several studies were reported discussing the release pattern of drug form albumin 

matrix stabilized by either heat or chemical crosslinking(Burger et al. 1985; Gallo et al. 

1984; Gupta et al. 1986a; Gupta et al. 1986b).

Chitosan, discussed in Chapter 3 as well, has good biological adherence 

properties. In addition, it is a biocompatible compound, it has low toxicity, does not cause 

erythro-lysis, is biologically degradable by lysozymes and pepsin and its degradation 

products are also non-toxic. These properties make chitosan an excellent candidate for 

use in dosage forms such as controlled release drug delivery systems (Felt et al. 1998; 

Muzzarelli et al. 1988).

There are several methods of microsphere preparation including, water in-oil 

(w/o) emulsion, nebulization, coacervation, spray-drying etc. which uses either heat and 

or chemical agents for albumin crosslinking.

One of the most common procedures by which microspheres are prepared is 

called the suspension crosslinking procedure, which involves the formation of small 

droplets of an aqueous polymer in an immiscible liquid, followed by hardening of these 

droplets by cross-linking. Another method for preparing albumin microcapsules, multiple 

emulsion method (Morris & Warburton 1982) was also evaluated (Shah et al. 1987). At 

relatively low temperatures albumin microspheres can be prepared using acetone-heat 

denaturation methods (Chen et al. 1994). This method is different from the traditional oil 

in water technique for preparation of albumin microspheres avoiding high temperatures 

and extended heating times for stabilization.
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A novel nebulization method (Green et al. 2004) can also be used for preparation 

of albumin microspheres. Spray drying using Buchi-191 spray dryer is one of the latest 

methods used for preparation of microspheres (Haswani 2005).

The principle of spray drying is based on nebulization through a desiccating 

chamber of a polymer solution containing the active ingredient in solution or in 

suspension. A stream of heated air transforming the small droplets to solid microparticles 

rapidly evaporates the solvent. Microparticles obtained by spray drying are usually 

organic solvent free as compared to other microparticle preparation methods often 

resulting in particles possibly contaminated by toxic organic solvents (Palmieri et al. 

2001). One of the spray drying methods (Haswani 2005) involved preparation of a 

homogenous solution of albumin and gentamicin and then spray drying it to obtain 

gentamicin loaded albumin microspheres. These microspheres were then suspended in 

glutaraldehyde containing acetone and crosslinked for several time points. The drug 

release is dependant on the extent of crosslinking, which is proportional to the 

concentration of the glutaraldehyde and time of crosslinking.

In the current study we wanted to develop a microsphere formulation method 

using the combination of albumin and chitosan as the inert microsphere matrix in which 

the active ingredient or the vaccine is microencapsulated. The procedure involved should 

not alter the native structure or lose therapeutic activity of the drug candidate and should 

involve minimal number of processing steps and have low burst effect targeted for less 

than 20 percent. It has been reported by in vitro studies demonstrating burst effects of up 

to 90% of the drug content from albumin microspheres containing water soluble drugs
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within the first 10 minutes (Burgess et al. 1987). The method developed should also be 

feasible for scale up and manufacture.

Being a highly water-soluble polymer, albumin does not have any sustained 

release properties and needs to be stabilized or crosslinked. In the current project, 

glutaraldehyde was used for chemical crosslinking of albumin. In the crosslinking 

reaction, glutaraldehyde, a bifunctional compound, links covalently to the amine groups 

of lysine or hydroxylysine in the protein molecules creating a stable crosslinked polymer 

with sustained release properties which is illustrated in the following figure (Figure 12). 

BSA was found to have 59 lysine residues which can be linked with glutaraldehyde 

(Figure 13) for crosslinking (Silva et al. 2004).

Hx //°
(A) /C (CH2)3 Cn -  | | -  o'

0 H OHC CHO

in *2)
(B)

0  + (n+1)H20

Figure 12. (A) Three representations of a molecule of monomeric glutaraldehyde. (B) 
Polymerization reaction of glutaraldehyde, showing an aldehyde side-chain on each unit 
of the polymer.
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p o ly (g lu ta ra ld e h y d e )

—  NH +1 )
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p ro te in  m o le c u le s

Figure 13: The reaction of poly(glutaraldehyde) with amino groups of proteins 

Specific Aims

1. To formulate surface crosslinked BSA-CSN microspheres using the

spray drying technique

2. To develop solution crosslinked BSA-CSN microspheres using spray

drying technique

3. To evaluate the product yield, encapsulation efficiency, particle size

and uniformity index of BSA-CSN microparticulate system

4. To evaluate the swelling properties and the disintegration rate of the

microspheres

5. To study the in vitro drug release from the BSA-CSN matrix

microspheres produced by both the crosslinking methods

6 . To compare between the surface and solution crosslinked microspheres
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Materials and Methods

Materials and equipment

Bovine serum albumin (BSA), glutaraldehyde (25% in water), acetonitrile (HPLC 

grade) (ACN), O-phosphoric acid (HPLC grade), methanol (HPLC grade), dinitrophenyl 

hydrazine (DNPH), bromophenol blue and Sodium bisulfite were obtained from Fisher 

Scientific, Norcross, GA. Chitosan chloride (Protasan CL213) was obtained from 

Pronova, Norway. Trypsin was obtained from Sigma chemicals, St.Louis, MO. Buchi 

191 Mini Spray Dryer was used for preparation of microspheres from Brinkman 

Instruments. Spectrex PC 2000 Laser Particle counter, modified USP I Distek Dissolution 

apparatus, Microplate Reader ELX 800 UV from Bio-Tek Instruments and Malvern 

Zetasizer nanoseries for in vitro characterization of the microsphere formulations. A 

fluorescent microscope (Fluovert FS, Leitz) was used to study the morphology of the 

microspheres.

Methods

Preparation of crosslinked albumin-chitosan mixed matrix microspheres

On the basis of cross-linking procedure, two different approaches were taken to 

prepare albumin-chitosan micromatrix: surface cross-linking and solution cross-linking. 

Surface-crosslinking method

In this method , first the core microspheres were prepared and then the 

microsphere-surfaces were cross-linked to obtain a desirable release pattern of the drug 

from the microspheres. Albumin-chitosan matrices of three different ratios (1:9, 1:1 and
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Spray nozzle

Peristaltic pump

Spray cylinder

Cyclone

Waste collector
Product
collector

Figure 14: Buchi - 191 Mini Spray Dryer

9:1) were dissolved in deionized water to prepare a total of 5% BSA-CSN solution. Then 

bromophenol blue (BPB), a model probe, was added (Solid matrix : BPB =1: 25) and 

stirred to obtain a homogenous solution. BPB loaded albumin-chitosan microspheres 

were prepared using Buchi 191 mini spray dryer (Figure 14). Spray drying was 

performed using compressed air from an in-house compressor supply (700 NL/hr), a fluid 

nozzle atomized the homogenous solution at a pump setting of 4%, the filtered air was 

aspirated at 95%, the inlet temperature was set at 110°C and operation under these 

standard conditions gave an outlet temperature of 73°C. The solvent evaporated by the 

flow of heated air, formed solid microparticles, which separated in a cyclone and settled 

down in the collector. Surface crosslinking method is illustrated in Figure 15.
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Albumin- 
Chitosan 
Solution 
+ Probe

Spray Drying

Cross- Linking 
Filtration 

Drying
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Core microspheres

•  •

Surface Crosslinked 
microspheres

Figure 15: The schematic flow diagram to prepare surface crosslinked microspheres

Microspheres obtained were then stabilized by crosslinking using varying 

concentrations of glutaraldehyde (0.5%, 1%, 2% and 4%). Butanol was used as a 

dehydrating solvent in order to remove any trace amount of moisture. The cross-linking 

was carried out for 2  hours, after which the microsphere suspension was filtered off using 

a 0.45 micro filter under vacuum. The microspheres obtained were then dried at 37°C 

overnight in order to remove any trace amount of butanol and glutaraldehyde.

Solution crosslinking method

Five percent BSA-CSN (9:1) matrix solution was prepared by dissolving 4.5g 

BSA and 0.5g CSN in deionized water. Then the matrix was crosslinked using 

glutaraldehyde. Figure 16 shows the solution crosslinking method.
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Cross-linking 
(Glutaraldehyde) 
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Figure 16: The schematic flow diagram to prepare solution crosslinked microspheres

The concentration of glutaraldehyde and the time of cross-linking were optimized 

(Bejugam 2006). Four formulations (Table 3) were prepared with the optimized 

concentration of glutaraldehyde (1%) and time of crosslinking (24 hours) using two 

different settings of pH (9.4 and 6 .8 ) and temperature (25° C and 50° C).

Table 3: Preparation of solution cross-linked microspheres with two different settings of 
temperature and pH.

Formulation Concentration of 
Glutaraldehyde

Time of cross- 
linking

pH Temperature

A 1% 24 hours 9.4 50° C

B 1% 24 hours 6 . 8 50u C

C 1 % 24 hours 9.4 25° C

D 1% 24 hours 6 . 8 25° C

Solution
crosslinked
M icrnsnheres
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After the crosslinking reaction excess glutaraldehyde was neutralized by adding 0.006% 

sodium bisulphate (Bejugam 2006). Then the probe (BPB) was added to the cross-linked 

matrix. Spray drying was performed using a model B-191 Buchi mini spray dryer, using 

compressed air from an in-house compressor supply (700 NL/hr), a fluid nozzle atomized 

the homogenous solution at a pump setting of 4 %, the filtered air was aspirated at 95%, 

the inlet temperature was set at 110°C and operation under these standard conditions 

gave an outlet temperature of 73°C. The solvent evaporated by the flow of heated air, 

formed solid microparticles, which separated in a cyclone and settled down in the 

collector. Microspheres prepared were collected and refrigerated at 4°C -  8 °C until 

further use.

In vitro characterization

The microspheres prepared were characterized using several instruments and 

techniques in order to determine the physical and chemical properties and also to study 

the release pattern of the drug from the microspheres.

Product yield

Product yields obtained from the spray dryer are typically in the range of 60-80%. 

This was calculated using the equation given below.

Weight of microspheres obtained from spray dryer
Product Yield %  = --------------------------------------------------------------------   x 100

Weight of the total amount of solids in the feed
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Particle size analysis

Particle size analysis was performed for all the microsphere formulations prepared 

using a Laser particle counter (Figure 17). For the determination of the particle size, the 

microspheres were suspended in a vial containing 10 mL of deionized water, which was 

pre-filtered through 0.22 pm filter. The microsphere suspension was sonicated for 2 

minutes and the particle size was measured.

Sample
Photo Detector Laser Diode

Scanner

I  I

Collector Lens

Figure 17: Optical schematic of the Spectrex Laser Particle Counter PC 2000

Encapsulation efficiency

Encapsulation efficiency was calculated to determine the efficiency of the 

microencapsulation method for probe (BPB) loading in different formulations. In this 

method, 5 mg of microspheres were accurately weighed and crushed with a mortar and 

pestle to which 5 mL of PBS (pH 7.4) was added. Then the whole sample was filtered 

and analyzed using a Microplate Reader ELX 800 at 590 nm. The concentration of 

bromophenol blue (BPB) was then calculated from the standard plot prepared. Drug 

loading was calculated from the ratio of the amount of the drug in microspheres to the 

amount of microspheres. The encapsulation efficiency was calculated as a percentage 

from the experimental drug loading divided by the theoretical drug loading.
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Actual Loading
Encapsulation Efficiency % = ---------------------------------------- --------  x 100

Theoretical loading

Morphology

Microspheres were suspended in deionized water (1 mg/ml). 50 pi suspension was 

put into a slide with coverslip. A fluorescent microscope (Fluovert FS, Leitz) was used to 

investigate the morphology of the microsphere suspension.

Uniformity Index (UP

Uniformity index gives an idea about the size uniformity o f the microspheres. It 

was determined by the following formula (Shukla et al, 2002):

Weight average diameter (Dw)
Uniformity Index (UI) = ------------------------------------------------------

Number average diameter (Dn)

where Dw and Dn are calculated as follows:

Dw = INiDi4/INiDi3 

Dn = ENiDi/SNi

where Ni is the number of particles with Di diameter.

Swelling properties

Microspheres were suspended in a vial containing 10 mL of phosphate buffered 

saline of pH 6, which was pre-filtered through 0.22 pm filter. After three hours, particle 

sizes were measured using spectrex laser paticle sizer. Here the diameter of the 

microspheres upon 3 hours of swelling in simulated intestinal fluid was named as
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Swollen Particle Size (SPS), and the percent increment in particle size as Particle 

Swelling (%). Particle Swelling (%) was calculated from the following formula (Seong et 

al, 1999):

% Parcicle Swelling = -----
SPS -  PS

--------- x 100
PS

Rate of disintegration

Ten milligram of microspheres was weighed and poured into modified Phamatest 

PTWII dissolution beaker containing 100ml of simulated intestinal fluid with the paddle 

set up at 50rpm. The number of particles per cm3 was counted at zero time (To) and at 

different predetermined time intervals (Tt). The rate of disintegration of the microspheres 

was calculated from the following formula:

Number off particles/ cm (To) - Number of particles/ cm (Tt)
% RI) ( I t) = ------------------------------------------------------------------------------------

Number of particles/ cm3 (T0)

Microsphere dissolution studies

For the microsphere dissolution studies a modified USP type I dissolution 

apparatus was used. Release studies were performed using dialysis membrane bags 

(molecular weight cut off point of 100 kD) in which 50 mg of the microspheres were 

loaded and sealed. Release studies were performed at 37°C with 100 rpm in phosphate 

buffered saline (PBS) at pH 6.0, in 2.5 xlO3 BAEE (Benzoyl-L-arginine ethyl ester) 

units/ml of trypsin in PBS at pH 6.0 and in 10% porcine plasma in PBS at pH 7.4. 

Samples were taken at predetermined time points and stored in the dark under
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refrigeration until analyzed. The probe was analyzed using a Microplate Reader ELX 800 

at 590 nm. The concentration of Bromophenol blue was calculated from a standard curve 

and then cumulative percent of the amount of drug released with time was calculated.

The cumulative percent released of drug was plotted against time to obtain the release 

pattern of the drug from the microsphere formulations.

Results and Discussion 

Standard Curve of Bromophenol Blue (BPB)

Six different concentrations were used for preparing a bromophenol blue standard 

curve. Concentrations were made in triplicates and their absorbance at 590 nm were 

measured and averaged (Table 4). Figure 18 shows the standard curve of the probe. The 

regression coefficient was 0.998 (Figure 18).

Table 4: Absorbance of different concentrations of BPB solutions at 590 nm

Concentration

(pg/mL)

Absorbance

(1)

Absorbance

(2)

Absorbance

(3)

Average Standard Error

1000 2.734 2.521 2.588 2.614 0.063

500 1.407 1.413 1.427 1.416 0.006

250 0.731 0.725 0.764 0.740 0.012

100 0.274 0.265 0.277 0.272 0.004

50 0.141 0.136 0.139 0.139 0.001

25 0.072 0.077 0.079 0.076 0.002
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Standard Curve of Bromophenol Blue at 590nm
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Figure 18: The standard curve of BPB at 590 nm measured

Surface crosslinked BSA-CSN microspheres

Surface crosslinking of microspheres is a multi-step process. As we know in 

manufacturing process flow the higher the number of process steps, the lower the product 

yields. This phenomenon is also known as the process loss. In this method, process loss 

occurs mainly during the manufacturing of core microspheres and to a lower extent 

during surface crosslinking with glutaraldehyde in butanol media and also during the 

filtration and subsequent drying. In vitro characteristics of the spray dried core 

microsphere are shown in the following table (Table 5).
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Table 5: Characteristics of the core microspheres (before surface crosslinking)

Core Microspheres 

(Uncrosslinked)

Yield % Encapsulation

Efficiency

Particle size

(pm)

Uniformity 

Index (UI)

BSA-CSN (1:9) 16.2% 86.3% 4.23±1.39 1.26

BSA-CSN (1:1) 28.8% 88.1% 4.03±1.52 1.33

BSA-CSN (9:1) 62.3% 89.6% 4.23±1.39 1.24

It was observed that the higher the chitosan content, the lower the product yields 

(Table 5). During the spray drying process the chitosan containing solution showed the 

tendency to stick to the spray cylinder and formed a film. The surface of the chitosan film 

was not as smooth as the glass-wall of the cylinder. Therefore, while spraying, greater 

amount of the spray solution was adsorbed with the film and resulted in product loss. 

Again, compared to the microspheres with higher chitosan content, microspheres 

prepared with higher albumin content (BSA-CSN ratio of 9:1) showed significantly 

higher product yields. The uniformity index indicated that the sizes of the microspheres 

were nearly monodispersed for all the cases. However, BSA-CSN mixed matrixes with 

the ratio of 1:9 and 1:1 were not successful from the standpoint of manufacturing, 

material handling and yield percentage. Therefore, the BSA-CSN mixed matrix with the 

ratio of 9:1 was chosen to prepare all the subsequent formulations. The morphology of 

the surface crosslinked microsphere using 4% glutaraldehyde is illustrated in Figure 19. 

The core microspheres prepared from the ratio of 9:1 were evaluated for the in vitro 

characteristics, that are summarized in Table 6. Figures 20 and 21 show the comparison
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of particle swelling and disintegration rate among microspheres surface crosslinked with 

different concentrations of glutaraldehyde. Figure 22 describes in vitro dissolution (in 

PBS, pH6.0) of the probe from surface crosslinked microspheres (4% glutaraldehyde).

Figure 19: The morphology of surface cross-linked microspheres (4% glutaraldehyde).

Table 6: In vitro Characteristics of surface cross-linked microspheres (average of three 
batches)with different concentrations of glutaraldehyde

Core
Microspheres
(Uncrosslinked)

%
Glutaraldehyde

Yield
%

Particle size 
(pm)

3-hour release 
(BR3)%

Uniformity Index 
(UI)

BSA-CSN (9:1)

0.0 79.22 5.03+1.12 88.47 1.28

0.5 82.83 5.12 ±0.92 84.36 1.33

1.0 85.31 4.93 ±1.32 75.95 1.32

2.0 88.11 5.66 ±1.01 70.78 1.27

4.0 88.12 5.39 ±0.96 64.84 1.29
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Swelling properties of surface crosslinked microspheres

Concentration of Glutaraldehyde (%)

Figure 20: The comparison of the particle swelling (in PBS) of surface crosslinked 
microspheres using different concentrations of glutaraldehyde
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Figure 21: The comparison of the 3-hour disintegration (in PBS) of surface crosslinked 
microspheres using different concentrations of glutaraldehyde
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Release of bromophenol blue in phosphate buffered saline (pH 
6.0) from BSA-CSN (9:1) microspheres surface crosslinked with

4% Glutaraldehyde
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Figure 22: The release pattern of the probe from surface crosslinked microspheres using 
4% glutaraldehyde

With the increase in the concentration of glutaraldehyde, no significant difference 

in the particle size and the uniformity index were observed (ANOVA, p>0.05). Three- 

hour burst release was found to be decreased with increasing amount of glutaraldehyde 

concentration. Since the surface crosslinking method involved exposure to organic 

solvents, which may alter the native structure or denature the protein or vaccine drug 

candidates. It also involved direct exposure to glutaraldehyde, which may crosslink the 

microencapsulated protein, vaccine or amine containing drugs and thereby probable loss 

of activity of drug may result. Again, this was a four-step process and hence product 

yield was low. It was determined that the release of the probe from the BSA-CSN surface 

crosslinked matrix was biphasic comprising of an initial burst release followed by a 

sustained continuous release (Figure 21). The initial burst effect can be attributed to the
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portion of the drug located on the surface of the microspheres followed by the diffusion 

of the drug through the matrix. Also the amount of drug released over a period of 24 hrs 

from the microspheres decreased as the amount of the cross-linking agent i.e. 

glutarladehyde increased (Table 6). The burst releases for all the formulations were found 

very high (> 65%). Faster swelling and higher disintegration rate were observed for all 

the cases. Thus there is high probability to loose the vaccine in the gastrointestinal tract 

due to high disintegration rate and swelling properties.

To overcome these limitations, solution crosslinking method was developed as a 

better alternative and novel strategy which may be used for the microencapsulation of 

proteins, vaccines and amine containing drugs without loss of activity or change in native 

structure.

Solution crosslinked BSA-CSN microspheres

In vitro characteristics of microspheres are summarized in Table 7 and the 

physical image of microspheres has been illustrated in Figure 23.

Table 7: Characteristics of different formulations of solution cross-linked microspheres

Formulations Yield
%

Encapsulation
Efficiency
%

Particle size 
(pm)

% particle 
swelling 
(in PBS)

3-hour 
release % 
(BR3)
(in PBS)

Uniformity 
Index (UI)

A 63.82 86.30 5.11±1.39 3.78 4.03 1.24

B 62.71 88.10 4.93±1.52 4.56 6.62 1.33

C 59.81 89.60 5.16±1.47 6.28 8.93 1.28

D 60.93 87.33 5.33±1.89 5.35 6.79 1.31
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Figure 23: The morphology of solution crosslinked microspheres (Formulation A)

The shape of the solution crosslinked microsphere was found to be spherical as 

well (Figure 23). The product yields were in the range of 60% - 64%, which was within 

the industrially acceptable range (>60%) for spray drying process. The encapsulation 

efficiencies were found to be in the range of 86% - 90%. The mean particle sizes 

obtained were reproducible and in the desired range. The particle swelling properties of 

solution crosslinked microspheres were found to be significantly lower than the surface 

crosslinked microspheres (p<0.05). Among the four formulations, Formulation-A showed 

the lowest particle swelling and 3-hour release.

Microsphere dissolution studies

For each case the dissolution studies were performed in triplicate. The average 

percent cumulative release and the standard error were calculated from those three 

readings of absorbance (Obs.), that are shown in the following tables (Tables 8 -1 9 )  and 

figures (Figures 24,26 and 28).
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Table 8: Cumulative % releases of Bromophenol blue from Formulation A in phosphate
saline (PBS) of pH 6.0

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 0.61 0.78 0.59 0.66 0.06

1 1.00 1.63 1.99 1.58 1.73 0.13

2 1.41 2.96 2.66 2.79 2.80 0.09

4 2.00 4.26 3.99 4.33 4.19 0.10

8 2.83 7.42 7.45 6.84 7.24 0.20

12 3.46 23.30 22.09 23.51 22.97 0.44

24 4.90 51.23 51.51 52.15 51.63 0.27

48 6.93 66.51 65.15 67.56 66.41 0.70

72 8.49 74.32 74.23 72.99 73.85 0.43

Table 9: Cumulative % releases of Bromophenol blue from Formulation B in phosphate 
saline (PBS) of pH 6.0

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.
0.5 0.71 1.52 1.22 1.47 1.40 0.09
1 1.00 2.33 2.57 2.39 2.43 0.07
2 1.41 3.75 3.77 3.61 3.71 0.05
4 2.00 7.12 6.21 7.57 6.97 0.40
8 2.83 15.31 16.39 16.31 16.00 0.35
12 3.46 39.62 38.26 38.56 38.81 0.41
24 4.90 68.25 68.52 69.11 68.63 0.25
48 6.93 82.69 81.99 82.32 82.33 0.20
72 8.49 84.53 83.55 84.35 84.14 0.30
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Table 10: Cumulative % releases of Bromophenol blue from Formulation C in phosphate
saline (PBS) of pH 6.0

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 2.11 2.01 1.99 2.04 0.04

1 1.00 3.01 3.26 3.62 3.30 0.18

2 1.41 4.52 4.21 4.87 4.55 0.18

4 2.00 10.99 11.12 11.53 11.21 0.16

8 2.83 28.93 29.16 29.39 29.16 0.13

12 3.46 42.31 42.13 41.96 42.13 0.10

24 4.90 70.13 69.33 71.29 70.25 0.57

48 6.93 81.51 81.79 81.83 81.71 0.10

72 8.49 86.13 85.72 85.88 85.91 0.12

Table 11: Cumulative % releases of Bromophenol blue from Formulation D in phosphate 
saline (PBS) of pH 6.0

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 1.77 1.69 1.89 1.78 0.06

1 1.00 2.28 2.87 2.52 2.66 0.19

2 1.41 3.75 2.91 3.29 3.34 0.22

4 2.00 10.01 9.35 9.53 9.63 0.20

8 2.83 20.11 22.16 21.66 21.31 0.62

12 3.46 35.94 37.17 36.92 36.68 0.38

24 4.90 71.09 71.56 71.29 71.31 0.14

48 6.93 82.69 81.79 82.32 82.27 0.26

72 8.49 84.53 85.72 86.93 85.73 0.69
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Release of bromophenol blue in phosphate buffered saline
(pH 6.0)

©(0ra©
©k,
©>*5
i2
3
E
3O

O'

100

80

60

40

20

0
0 20 40 60 80

♦ A
—#— B
—£ x~  C 
— D

Time (Hour)

Figure 24: In vitro dissolution studies of solution cross-linked microspheres in phosphate 
buffered saline (pH 6.0)
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Figure 25: The Higuchi plot showing the release of Formulation A in PBS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

Table 12: Cumulative % releases of Bromophenol blue from Formulation A in 0.025%
trypsin in PBS (pH6.0)

Time SQRT time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 1.02 0.78 0.59 0.80 0.12

1 1.00 1.93 1.99 1.58 1.83 0.13

2 1.41 2.98 2.66 2.79 2.81 0.09

4 2.00 4.61 3.99 4.33 4.31 0.18

8 2.83 15.24 17.45 16.84 16.51 0.66

12 3.46 31.22 32.09 33.51 32.27 0.67

24 4.90 51.23 51.51 52.15 51.63 0.27

48 6.93 69.32 65.15 67.56 67.34 1.21

72 8.49 77.52 74.23 78.99 76.91 1.41

Table 13: Cumulative % releases of Bromophenol blue from Formulation B in 0.025% 
trypsin in PBS (pH 6.0)

Time SQRT time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 2.32 1.22 1.47 1.67 0.33

1 1.00 3.92 2.57 2.39 2.96 0.48

2 1.41 5.81 5.77 5.61 5.73 0.06

4 2.00 8.32 8.21 7.57 8.03 0.23

8 2.83 29.66 26.39 26.31 27.45 1.10

12 3.46 48.22 47.26 48.56 48.01 0.39

24 4.90 68.25 68.52 69.11 68.63 0.25

48 6.93 86.32 85.99 87.32 86.54 0.40

72 8.49 93.25 93.55 94.35 93.72 0.33
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Table 14: Cumulative % releases o f Bromophenol blue from Formulation C in 0.025%
trypsin in PBS (pH 6.0)

Time SQRT time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 2.01 2.01 1.99 2.00 0.01

1 1.00 3.26 3.26 3.62 3.38 0.12

2 1.41 6.26 6.25 6.87 6.46 0.21

4 2.00 11.99 11.12 11.53 11.55 0.25

8 2.83 32.56 29.16 29.39 30.37 1.10

12 3.46 51.22 52.13 51.96 51.77 0.28

24 4.90 69.33 70.39 71.29 70.34 0.57

48 6.93 85.11 84.79 87.83 85.91 0.96

72 8.49 94.56 95.72 97.88 96.05 0.97

Table 15: Cumulative % releases of Bromophenol blue from Formulation D in 0.025% 
trypsin in PBS (pH 6.0)

Time SQRT time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 1.89 1.69 1.89 1.82 0.07

1 1.00 2.82 2.87 2.82 2.84 0.02

2 1.41 3.29 2.99 3.29 3.19 0.10

4 2.00 9.53 9.35 9.53 9.47 0.06

8 2.83 21.66 22.16 21.66 21.83 0.17

12 3.46 36.92 37.17 36.92 37.00 0.08

24 4.90 71.29 71.56 71.29 71.38 0.09

48 6.93 84.32 81.79 82.32 82.81 0.77

72 8.49 89.12 85.72 86.93 87.26 0.99
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Release of bromophenol blue in 0.025%Trypsin 
containing phosphate buffered saline (pH6.0)
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Figure 26: In vitro dissolution studies of solution cross-linked microspheres in 0.025% 
trypsin in PBS (pH 6.0)
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Figure 27: The Higuchi plot showing the release of Formulation A in 0.025% trypsin in 
PBS (pH 6.0)
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Table 16: Cumulative % releases of Bromophenol blue from Formulation A in 10%
plasma in PBS (pH 7.4)

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 0.62 0.78 0.59 0.66 0.06

1 1.00 1.25 1.99 1.58 1.61 0.21

2 1.41 2.01 2.66 2.79 2.49 0.24

4 2.00 4.32 3.99 4.33 4.21 0.11

8 2.83 11.01 7.45 6.84 8.43 1.30

12 3.46 22.13 22.09 23.51 22.58 0.47

24 4.90 55.62 51.51 52.15 53.09 1.28

48 6.93 68.95 65.15 67.56 67.22 1.11

72 8.49 67.83 71.23 72.99 70.68 1.51

Table 17: Cumulative % releases of Bromophenol blue from Formulation B in 10% 
plasma in PBS (pH 7.4)

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 1.02 1.22 1.47 1.24 0.13

1 1.00 1.69 2.57 2.39 2.22 0.27

2 1.41 5.32 3.77 3.61 4.23 0.55

4 2.00 8.32 6.21 7.57 7.37 0.62

8 2.83 21.03 19.39 18.31 19.58 0.79

12 3.46 41.55 40.26 43.56 41.79 0.96

24 4.90 61.22 62.52 63.11 62.28 0.56

48 6.93 77.32 79.99 76.32 77.88 1.10

72 8.49 82.13 83.55 84.35 83.34 0.65
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Table 18: Cumulative % releases of Bromophenol blue from Formulation C in 10%
plasma in PBS (pH 7.4)

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 2.01 2.01 1.99 2.00 0.01

1 1.00 3.26 3.26 3.62 3.38 0.12

2 1.41 6.26 6.25 6.87 6.46 0.21

4 2.00 11.99 11.12 11.53 11.55 0.25

8 2.83 32.56 29.16 29.39 30.37 1.10

12 3.46 51.22 52.13 51.96 51.77 0.28

24 4.90 69.33 69.33 71.29 69.98 0.65

48 6.93 81.79 81.79 81.83 81.80 0.01

72 8.49 89.32 85.72 85.88 86.97 1.17

Table 19: Cumulative % releases of Bromophenol blue from Formulation D in 10% 
plasma in PBS (pH 7.4)

Time SQRT Time Obs.l Obs.2 Obs.3 Average S.E.

0.5 0.71 1.89 1.69 1.89 1.82 0.07

1 1.00 2.82 2.87 2.82 2.84 0.02

2 1.41 3.29 2.99 3.29 3.19 0.10

4 2.00 9.53 9.35 9.53 9.47 0.06

8 2.83 21.66 22.16 21.66 21.83 0.17

12 3.46 36.92 37.17 36.92 37.00 0.08

24 4.90 71.29 71.56 71.29 71.38 0.09

48 6.93 82.32 81.79 82.32 82.14 0.18

72 8.49 89.12 85.72 86.93 87.26 0.99
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Release of bromophenol blue in 10% plasma in 
phosphate buffered saline (pH 7.4)
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Figure 28: In vitro dissolution studies of solution cross-linked microspheres in 10% 
plasma
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Figure 29: The Higuchi plot showing the release of Formulation A in 10% plasma
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Among the formulations, Formulation A showed the lowest burst effect in all of 

the dissolution media. Higuchi plots (Higuchi 1963) for Formulation A were drawn for 

all dissolution media to find the mechani sm of drug release from the matrix. Fliguchi 

plots (Figure 25, 27 and 29) show linear relationships between percent cumulative release 

and square root time for all the media, which demonstrate that the releases of the drug 

from BSA-CSN microsphere matrix followed a diffusion mechanism.

Comparison between surface and solution crosslinked microspheres

After performing the in vitro characterization and dissolution studies a 

comparative study was performed to pick the best-fit formulation for oral vaccine 

delivery. As discussed previously, the criteria of an ideal oral vaccine formulation include 

a size below 10 pm after three-hour swelling and limited disintegration and burst release 

(near zero). We have already found that among the surface crosslinked microspheres, 

crosslinking with 4% glutaraldehyde demonstrated the best fit from the standpoint of the 

critical criteria. On the other hand, among the solution crosslinked formulations, 

Formulation-A was found to be the most desirable system for oral vaccine delivery. 

Hence, surface crosslinked microspheres using 4% glutaraldehyde was compared with 

Formulation-A for their swelling properties, 3-hour burst release and rate of 

disintegration. The comparative data are given in the Figures 3 0 -3 2  and Tables 20 -2 1 .
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Table 20: Swelling (3-hour) of surface and solution crosslinked microspheres in different 
dissolution media

Formulations

Observation

1

Observation

2

Observation

3 Average S.E.

Surface crosslinked (4% glut) 

in PBS 54.23 56.14 58.96 56.44 1.37

Surface crosslinked (4% glut) 

in 0.025% Trypsin 56.92 59.89 58.02 58.28 0.57

Surface crosslinked (4% glut) 

in 10% Plasma 59.79 56.67 57.90 58.12 0.61

Solution crosslinked 

(Formulation-A) 

in PBS 3.26 4.28 2.91 3.48 0.41

Solution crosslinked 

(Formulation-A) 

in 0.025% Trypsin 6.68 7.82 7.17 7.22 0.33

Solution crosslinked 

(Formulation-A) 

in 10% Plasma 4.29 4.97 6.74 5.33 0.73
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Particle swelling
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Figure 30: The comparison of the particle swelling (3-hour) of surface cross-linked (4% 
glutaraldehyde) and solution cross-linked microspheres (Formulation A) in PBS, trypsin

(0.025%) and 10% plasma
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Table 21: Three-hour burst releases of the surface and solution crosslinked microspheres 
in different dissolution media

Formulations Observation 1 Observation 2 Observation 3 Average S.E.
Surface crosslinked (4% glut) 
in PBS 56.23 61.23 60.13 59.20 1.52
Surface crosslinked (4% glut) 
in 0.025% Trypsin 74.12 78.12 77.69 76.64 1.27
Surface crosslinked (4% glut) 
in 10% Plasma 66.23 64.31 71.38 67.31 2.11
Solution crosslinked 
(Formulation-A) 
in PBS 4.12 4.28 2.91 3.77 0.43
Solution crosslinked 
(Formulation-A) 
in 0.025% Trypsin 14.29 19.35 16.33 16.66 1.47
Solution crosslinked 
(Formulation-A) 
in 10% Plasma 5.94 6.31 8.91 7.05 0.93

Burst release 3 hours (BR3)
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Figure 31: The comparison of the burst Release 3-hour (BR3) of the probe from surface 
cross-linked (4% glutaraldehyde) and solution cross linked microspheres (Formulation A) 
in PBS, trypsin (0.025%) and 10% plasma
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Rate of disintegration(%)
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Figure 32: The comparison of the rate of disintegration of the surface and solution cross- 
linked microspheres in PBS (pH 6.0)

Unlike the surface cross-linking method, no organic solvents were used in the 

solution cross-linking method. Therefore, in this method, the probability of denaturing of 

the proteins and vaccines was much less. In the solution crosslinking method, the excess 

glutaraldehyde was neutralized. Hence, compared to the previous method, solution 

crosslinking method was more compatible with amine containing drugs (proteins, 

vaccines etc.). Again, compared to the surface cross-linking method (four process-steps), 

the solution cross-linking method was a two-step process and we have found about a 12% 

higher product yield from the later. The shape of the microspheres from both of the 

methods was found to be spherical and the mean particle size was about 5 pm, which was 

within the range to be taken up by the Peyer’s patches. From both the methods the 3-hour
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swollen particle size was 7.3 -  8.4pm, which was also within the feasible range to be 

taken up by the intestinal Peyer’s patches. Microspheres prepared by the surface cross- 

linking method showed 5 -  20 fold higher burst release (BR3) than that of the solution 

cross-linking method. Compared to the solution cross-linked microspheres, the rate of 

disintegration for the surface cross-linked microspheres was also found to be significantly 

higher (p<0.05). Through the solution crosslinking method, a novel procedure for 

crosslinking of albumin was established.

Conclusions

Microspheres obtained from the solution crosslinking method showed low burst 

releases and disintegrations as well as very slow swelling properties, which are desirable 

characteristics for the oral vaccine delivery. Again, due to the absence of organic solvents 

and neutralization of the excess glutaraldehyde, compared to suface crosslinked 

microspheres, solution crosslinked microspheres were supposed to have higher 

capablility of retaining the structural integrity and bioactivity of vaccines incorporated in 

the microspheres. Thus, the formulation can also be potentially used for amine containing 

drugs, vaccines and bioactive proteins. This may be used for preparation of microspheres 

using the spray dryer, which is an industrial friendly technology to prepare the 

microspheres. However, further characterization, in vitro uptake studies and in vivo 

bioactivity studies of microspheres were required to determine the success of the 

formulation for microencapsulating vaccines.

From all of the in vitro characteristics discussed, it was found that solution cross- 

linked microspheres offered several desirable advantages over the surface cross-linked 

microspheres for oral vaccine delivery. Again, among the four formulations prepared by
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solution cross-linking method, Formulation A (cross-linked with 1% glutaraldehyde for 

24 hours at pH and temperature of 9.4 and 50°C) was found to be the most desirable 

from the viewpoints of dissolution pattern and 3-hour burst release.

Therefore, among all these formulations, Formulation A was chosen to further 

evaluate its mucoadhesive property, uptake studies and in vivo efficacy as an oral vaccine 

delivery system.
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CHAPTER 5

EVALUATION OF THE MUCOADHESIVE PROPERTIES OF THE ALBUMIN- 

CHITOSAN MICROPARTICULATE SYSTEM

Formulation A demonstrated some potentiality as an oral vaccine delivery system 

(Chapter 4). Therefore,the mucoadhesive property of Formulation A was evaluate and 

discussed in this chapter.

Abstract

Purpose

The purpose of the study was to evaluate the mucoadhesiveness of the albumin- 

chitosan microparticulate system (Formulation A, as described in chapter 4).

Methods

The mucoadhesive property of the bovine serum albumin-chitosan (BSA-CSN) 

microspheres (Formulation A) was measured by both the direct and indirect ways. 

Generally it is hypothesized that the intestinal mucosal wall is negatively charged, it 

would electrostatically attract the positively charged particles. Therefore, higher the 

positive zeta potential value, greater is the electrostatic attraction. Thus measurement of 

Zeta potential is an indirect way to determine the mucoadhesive properties of the

94
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microspheres. A Zetasizer (Malvern instruments) was used to measure the zeta potential 

of the microspheres. To measure the zeta potential directly, two techniques were

employed: falling liquid film technique and closed rat gut loop method. For both the 

methods, Sprague Dawley rat-intestines were used.

Results

The mean Zeta potential of Formulation A (BSA-CSN ratio of 9:1) was found to 

be 5.43 ± 1.44mV, which was significantly higher than that of crosslinked BSA 

microspheres (-38.6± 1.94 mV). In falling liquid technique, the mucoadhesive capacity 

(%) was found to be 24.12 ± 2.72 %, 26.20 ± 2.85 % and 21.66 ± 3.02 % for jejunum, 

proximal ileum and distal ileum of rat intestine, respectively. In all the regions, 

mucoadhesive capacity was found to be significantly higher than the crosslinked BSA 

microspheres. In closed rat gut loop method, the adherence percentage of the 

microspheres were found to be 22.04 ±1.95%, 28.00 ± 2.82 % and 21.10 ± 1.67 % for 

jejunum, proximal ileum and distal ileum of rat intestine, respectively. For crosslinked 

BSA microspheres, adherence percentages were found to be significantly lower than 

those of Formulation A.

Conclusions

The incorporation of chitosan in microspheres imparted the positive charge on the 

particle surface. Therefore, the surface charge, represented by the zeta potential, of BSA- 

CSN mixed matrix microspheres, influenced the mucoadhesive capacity or the adherence 

of the microspheres in the different regions of gastrointestinal tract.
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Introduction

Mucoadhesive drug delivery systems are delivery systems, which utilize the 

property of bioadhesion of certain polymers, which become adhesive on hydration and 

hence can be used for targeting a drug to a particular region of the body for extended 

periods of time (Ahuja et al. 1997). Mucoadhesive systems have two distinct advantages 

when compared to conventional dosage forms.

1. The mucoadhesive systems are readily localized in the region applied to 

improve and enhance the bioavailability of drugs. Greater bioavailability of 

piribedit, testosterone and its esters, vasopressin, dopamine, insulin and 

gentamycin was observed from mucoadhesive dosage systems ( Dodane et al. 

1998).

2. These dosage forms facilitate intimate contact of the formulation with 

underlying absorption surface. This allows modification of tissue permeability for 

absorption of macromolecules, such as peptides and proteins. Inclusion of 

penetration enhancers such as sodium glycocholate, sodium taurocholate and L- 

lysophosphotidyl choline (LPC) and protease inhibitors in the mucoadhesive 

dosage forms resulted in the better absorption of peptides and proteins (Hejazi & 

Amiji 2003).

Microspheres prepared with mucoadhesive and bioerodable polymers undergo 

selective uptake by the M cells of Peyer’s patches in gastrointestinal (GI) mucosa 

(Andrianov et al. 1998; Porter et al. 1997). This uptake mechanism has been used for the 

delivery of protein and peptide drugs, antigens for vaccination and plasmid DNA for gene
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therapy. Moreover, by keeping the drugs in close proximity to their absorption window in 

the GI mucosa the mucoadhesive microspheres improve the absorption and oral 

bioavailability of drugs (Florence et al. 1995). The concept of a non-invasive single shot 

vaccine, by means of mucosal immunization, offers controlled release of antigens and 

thus forms another exquisite application of mucoadhesive microspheres (Kas et al. 1997).

Chitosan obtained by deacetylation of chitin (a naturally occurring polymer) has 

been shown to possess mucoadhesive properties owing to the molecular attractive forces 

formed by electrostatic interaction between positively charged chitosan and negatively 

charged mucosal surfaces. Chitosan has primary amino and 2 free hydroxyl groups for 

each C6 building unit. Due to the easy availability of free amino groups in chitosan, it 

carries a positive charge and thus, in turn, reacts with many negatively charged surfaces / 

polymers (Shepherd et al. 1997)

The in vitro evaluation of the mucoadhesive properties of polymeric microspheres is a 

basic step in the development of a mucoadhesive microparticle drug delivery system (He 

et al. 1989; Kas et al. 1997; Lehr et al. 1992). As the process of mucoadhesion is a 

consequence of interaction between the mucus layer on mucosa and mucoadhesive 

polymer, it is greatly dependent upon mucus and polymer structure including their 

charges. He et al (1989) had proposed a salt bridge effect for the interaction of positively 

charged chitosan microspheres with the negatively charged mucus glycoproteins, but 

subsequently it was demonstrated that positive charge on the surface of chitosan could 

give rise to a strong electrostatic interaction with mucus or with a negatively charged 

mucosal surface. Therefore, by measuring the zeta potential of chitosan microspheres, an 

insight into electrostatic interaction during mucoadhesion can be obtained. The liquid
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layer surrounding the particle exists as two parts: an inner region (Stem layer) where the 

ions are strongly bound and an outer (diffuse) region where they are less firmly 

associated. Within the diffuse layer there is a notional boundary inside which the ions and 

particles form a stable entity. When a particle moves (e.g. due to gravity), ions with in the 

boundary move with it. Those ions beyond the boundary stay with the bulk dispersant.

The potential at this boundary (surface of hydrodynamic shear) is the zeta potential.

The zeta potential is a representative of the particle charge. Therefore, by 

measuring the zeta potential of chitosan microspheres, an insight into electrostatic 

interaction during mucoadhesion can be obtained (He et al. 1989; Lehr et al. 1992).

Hence, in this study, the zeta potential and mucoadhesive properties of chitosan 

microspheres prepared by different methods were evaluated.

Hence, in this chapter, the zeta potential and mucoadhesive properties of bovine 

serum albumin-chitosan microspheres were evaluated. These studies were performed to 

achieve the following specific aims:

Specific Aims

1. To determine the surface charge (Zeta potential) of Formulation A

2. To evaluate the mucoadhesive capacity of Formulation A in different regions of 

the gastrointestinal tract

3. To compare the mucoadhesive characteristics of the microspheres prepared from 

albumin alone and albumin-chitosan matrix (Formulation A)
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Materials and Methods

Materials and equipment

Bovine serum albumin (BSA), glutaraldehyde (25% in water), sodium bisulfite 

were obtained from Fisher Scientific, Norcross, GA. Chitosan (CSN) was obtained from 

Pronova, Norway. Buchi 191 Mini Spray Dryer was used for preparation of microspheres 

from Brinkman Instruments. For closed rat gut loop method Spectrex PC 2000 Laser 

Particle counter was used to count the particles. A Perkin Elmer Lambda 4B UV-Vis 

spectrophotometer was used to read the absorbance and Malvern Zetasizer nanoseries for 

the Zeta potential of the microsphere formulations. Harlan Sprague Dawley rats of 8 

week-old were used to investigate the mucoadhesiveness of microspheres in different 

regions of the intestine.

Methods

Determination of Zeta potential

Zeta potentials were measured by electrophoresis, which was performed with a 

Malvern Zetasizer apparatus. Phosphate buffer with pH 6.0 (0.001 M) was used to 

simulate intestinal pH condition. Microspheres were suspended in buffer by 

ultrasonication. For the measurement of zeta potential, buffer was filtered using 0.2 mm 

syringe filter. lOmg of microspheres were suspended in 10 ml of phosphate buffer. Thus 

the concentration of the suspension was 0.1% w/v. The suspension was transferred using 

a syringe into the cuvette that possesses integrated gold electrodes. The sample-loaded 

cuvette was placed in the instrument for zeta potential measurement.
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Falling liquid film technique

Male Sprague-Dawley rats weighing 200-250 g were euthanized with carbon-di- 

oxide. The intestine was excised and different parts of gastrointestinal tract were 

separated into jejunum, proximal ileum and distal ileum. All the parts were put in ice- 

cold physiological buffer. These sections were cut longitudinally, placed on a 

semicylindrical plexiglass support (Figure 34), and washed with Sorensen PBS for 30 

minutes at 30 ml/min. The falling liquid fdm technique (Ranga Rao et al. 1989) was used 

to investigate the adhesion of the previously prepared microparticles with rat intestinal 

mucosa. 30 mg of dry microspheres were weighed and dispersed on the mucosal tissue, 

and were allowed to interact for 20 minutes. During this period, the whole system was 

placed in a constant humidity chamber which was adjusted to 90% RH. At the end of this 

period the system was washed with PBS for 5 min at 22 ml/min. At the end of this 

process, the detached particles were collected and measured to obtain the weight. The 

mucoadhesive capacity was defined as the percentage of dry particles retained by the 

mucosal tissue at the end of the process.

Wt of Retained Microspheres
Mucoadhesive Capacity % = ----------------------------------------------------- x 100

Wt of Total Microspheres
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Figure 33: Falling liquid film technique to measure the mucoadhesive capacity of the 
microparticles in different regions of the rat intestine

Closed rat gut loop studies

Male Sprague-Dawley rats weighing 200-250 g were euthanized in a carbon-di- 

oxide chamber. The small intestine was removed and washed with physiological saline, 

following the procedure described by Ranga Rao and Buri (1989), using a syringe (5 to 

10 mL/min for 10 minutes, then 20 to 30 mL/min for -20 minutes). About 500 mL of 

saline was used for cleaning the intestine. The cleaned tissues were used immediately.

30 mg of chitosan microspheres were suspended in 3ml of phosphate buffered saline (pH 

6.8). The suspension of microspheres was filled into lengths of small intestine (~5 cm in 

length) and sealed. These tubes were incubated in saline at 37°C for 60 minutes. The 

microsphere suspension was then removed, and the number of microspheres present in 

the suspension before and after the adhesion study was counted using a laser particle 

counter (Spectrex 2000). A control of blank saline was also taken and filled in the 

intestine. The reading obtained from this blank was subtracted from the observations 

obtained from the saline containing microsphere batches. The percentage of microspheres
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adhered to the tissue was calculated from the difference between the counts. The validity 

of the counting technique was proved by the existence of a linear relationship between 

the amount of microsphere suspension added to a fixed 100 mL of electrolyte, and the 

resultant counts. Six measurements were made for each sample.

No., of Retained Particles
% Adherence = —

No. of Particles Before Incubation
- x 100

Results and Discussion 

Determination of the zeta potential

The zetagram (Figure 34) of Formulation A (Crosslinked BSA-CSN) shows an 

overall positive charge of the microspheres.

Z e ta  Ftotential Distribution

2 0 0 0 0 0 0 r

~  1500000 -

£  1 0 0 0 0 0 0 -

500000 -

-100 100 200-200

Z e ta  Potential (rriV)

~ R ecord 8: chtn072905|

Figure 34: A zetagram of Formulation A from the Zetasizer (Malvern nanoseries)

The zeta potential of formulation A has been summarized in Table 22 as well as 

in Figure 35.
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Table 22: The Zeta potential o f crosslinked BSA and crosslinked BSA-CSN 
microspheres

Formulations Obs. 1 Obs.2 Obs. 3 Average Std Error

Crosslinked BSA -34.71 -42.92 -38.10 -38.57 1.94

Crosslinked BSA + CSN (Form A) 8.90 3.11 4.29 5.43 1.44

The effect of chitosan on the zeta potential of microspheres

10

o
Cl

|  -30 - 
N

-40 - 

-50 -

ID X-linked BSA

IS X-linked BSA+CSN (Form A)

Figure 35: The effect of chitosan on the zeta potential of the microspheres

The positive value of Zeta potential indicates the formation of mucoadhesive 

microspheres. Though the positive charge was not high enough (>30 mV) to form a 

stable suspension, particles were supposed to be dispersed in the gastrointestinal tract due 

to electrostatic repulsion.
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Falling liquid film technique

The mucoadhesive capacity (%) of crosslinked BSA and crosslinked BSA-CSN 

in different regions of gastrointestinal tract was calculated from the formula described in 

the method section. Table 23 and Figure 36 describe the comparison of the mucoadhesive 

capacity between crosslinked BSA and crosslinked BSA-CSN microspheres in different 

regions of the rat intestine.

Table 23: The mucoadhesive capacity of crosslinked BSA and crosslinked BSA-CSN 
microspheres in different regions of the rat intestine

Microspheres Zeta-potential
(mV)

Mucoadhesive 
capacity (%) 
(Jejunum)

Mucoadhesive 
capacity (%) 
(Prox. Ileum)

Mucoadhesive 
capacity (%) 
(Dist. Ileum)

Crosslinked
BSA

-38.60 ± 1.94 2.38 ± 0.47 2.71 ± 0.37 2.26 ± 0.34

Crosslinked
BSA-CSN

(Formulation A)

5.40+1.44 24.12 + 2.72 26.20 ± 2.85 21.66 + 3.02
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Mucoadhesive capacity of microspheres in 
different regions of the rat intestine
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Figure 36: The mucoadhesive capacity of albumin and albumin-chitosan microspheres in 
different regions of the rat intestine

Compared to only BSA microspheres, CSN containing BSA microspheres 

showed significantly higher (ANOVA, p<0.05) mucoadhesive capacity in the jejunum, 

proximal ileum and distal ileum. Therefore, the mucoadhesive capacity of BS A-CSN 

microspheres developed was found to be non-specific for binding with the different 

regions of the gastrointestinal tract. Closed rat gut loop studies were performed to further 

clarify the adhesive properties.

Closed rat gut loop method

The adherence percentages of the BSA-CSN microspheres (Formulation A) in 

different regions of rat intestinal loops have been summarized in Table 24. Compared to
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the crosslinked BSA microspheres, Formulation A showed significantly higher (p<0.05) 

adherence in all regions of the intestine.

Table 24: The adherence percentage of crosslinked BSA and crosslinked BSA-CSN 
microspheres in different region of the rat intestine

GI
region

Cross-linked BSA Microspheres Cross-linked 
BSA-CSN microspheres 
(Formulation A)

Particle Particle % Particle Particle %
count count Adherence count count Adherence
Before After Before After
incubation Incubation incubation Incubation

Jejunum 2165 2101 2.96 2219 1730 22.04
±156 ±162 ±0.62 ±163 ±146 ±1.95

Prox- 2213 2141 3.25 2182 1571 28.00
Ileum ±177 ±127 ±0.79 ±129 ±134 ±2.82

Dist- 2198 2129 3.14 2205 1740 21.10
Ileum ±139 ±141 ±0.54 ±152 ±135 ±1.67

Conclusions

The incorporation of chitosan in albumin microspheres resulted in conversion of 

negatively charged BSA microspheres to positively charged BSA-CSN microspheres. 

These positively charged particles were found to be adhered to the negatively charged 

gastrointestinal mucosa. From both of the direct methods, we found that the adherence of 

the particles to the mucosal membrane was not site specific. It may be explained that the 

surface charges o f BSA-CSN mixed matrix microspheres as represented by zeta potential 

influenced the mucoadhesive capacity or the adherence of the microspheres in the 

different regions of gastrointestinal tract.
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CHAPTER 6

IN VITRO UPTAKE OF MICROSPHERES USING CAC02 CELL MODEL AND THE

RAT GASTROINTESTINAL TRACT

The positively charged microspheres (Formulation A) were supposed to be 

electrostatically attracted to the negatively charged intestinal mucosa and come to close 

proximity to the gastrointestinal epithelium and Peyer’s patches to be taken up and to 

initiate the protective immunity. However, it was a question whether the gastrointestinal 

epithelium and Peyer’s patches would take up the vaccine-incorporated microspheres. To 

get the answer for this question, Formulation A was evaluated for in vitro uptake studies 

using Caco-2 cells and the rat gastrointestinal tract which is discussed in this chapter.

Abstract

Purpose

The purpose of the study was to evaluate the uptake of the albumin-chitosan 

microparticulate system (Formulation A) in Caco2 cell model and different regions of the 

rat gastrointestinal tract.

Methods

Microspheres (Formulation A) were labeled with two fluorescent probes: 

fluorescamine and Rose Bengal. To evaluate Caco-2 cell uptake of microspheres,
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approximately 105-106 cells were seeded in a six-well plate. The cell to microparticle 

ratio was 1:10. Images were taken at various predetermined time points after 

microparticle incubation in the cells. In the uptake studies using rat gastrointestinal tract, 

Peyer’s patch containing intestinal loops were prepared from different regions of rat 

intestine. The labeled microspheres were suspended in the mucosal buffer. The isolated 

intestinal loops were filled with the microsphere suspension. Microsphere suspension 

containing loops were then incubated in serosal buffer at 37°C. After the incubation, 

cryosections of tissues were prepared and examined using a fluorescent microscope. 

Results

From the uptake studies, microspheres (Formulation-A) were found to be taken up 

by CaC02 cells as well as the rat intestine. The internalization of microspheres by Caco2 

cells was time-dependent. However, the uptake studies performed using the rat intestine 

were found to be GI region dependent.

Conclusions

Findings of the in vitro uptake studies supported the previous literature (Alpar et 

al. 1989, Tabata et al. 1988, Eldridge et al. 1990 and Sanderson et al. 1993). However, 

sometimes it is misleading to take any conclusive decision depending on qualitative data 

(images). Therefore, to enhance the reliability of the data, 20 - 25 images were taken for 

each slide.

Introduction

Present work of in vitro uptake studies stemmed from the known fact that latex 

particles are most readily taken up by professional and non-professional phagocytic cells 

as well as Peyer’s Patches (Beier et al. 1998; Hazard et al. 1996; Pappo et al. 1989).
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Being particulate in nature, microspheres are supposed to be taken up by phagocytic cells 

(Carr et al, 1996; Porter et al.\991). In most of the studies fluorescent latex (polystyrene) 

or PLGA particles were used but chitosan and starch microparticles have also been 

studied. The experimental set up varied greatly, which made it difficult to draw 

conclusions regarding the extent of particle uptake. Approximately 39% of 1pm size 

microparticles were taken up via the rat gastrointestinal tract 45 minutes after oral 

administration (Alpar et al, 1989). Microparticles in the range of 1-10 pm were found to 

be readily phagocytosed by macrophages (Tabata et al, 1989). Epithelial cells grown on 

filters have been widely used to investigate the uptake and transport of particles 

(McClean et al, 1998; Desai et al. 1996; Lubben et al, 2002). The drawbacks of this 

simplified system are, of course, that they are not in contact with the immune cells, 

luminal stimuli and nerve signals that modulate their function in vivo. Moreover, cultured 

epithelial cells (Caco-2 cells) employed for these studies are absorptive cells, with low 

phagocytic capacity, whereas in vivo, the follicle associated epithelium (FAE) and M 

cells of the Peyer’s patches play an important role in the particle uptake and transport. 

Unfortunately, attempts to isolate FAE and M-cells for subsequent culture in vitro were 

not successful because of the reproducibility of the model. Further, as the goal of this 

project was to deliver microparticles orally, the uptake of these microparticles via Peyer’s 

patches of the intestine were needed to be studied. Therefore, in vitro uptake studies of 

microspheres were performed using isolated loops of the intestine (Larhed et al. 2004; 

Clark et al. 1998; Limpanussom et al. 1998; LeFevre et al. 1989). The advantage of these 

systems was that whole tissue containing both FAE and absorptive epithelium could be 

studied. A disadvantage of this method was that only animal tissue was used and blood
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flow and nerve signaling were not maintained in any of those systems. Further, the 

viability of the excised tissue decreased within 1-2 hours.

Fluorescamine (4-phenyl-spiro [furan-2(3H), l'-phthalan] -3,3' -dione), a non- 

fluorescent compound, reacts rapidly with primary amines in proteins, such as the 

terminal amino group of peptides and proteins to yield a blue-green fluorescent adduct 

that can be excited by UV light. The amine adduct (Figure 37) has an absorption 

maximum at 385 nm and fluorescence maximum at 486 nm.

FluorophorFluoreneamin©

Figure 37: The reaction of fluorescamine with primary amine to form fluorophor

The in vitro uptake studies were performed with the following specific aims: 

Specific Aims

1. To evaluate the uptake of BSA-CSN microspheres (Formulation A) in Caco-2 cell 

model.

2. To evaluate the uptake of Formulation A in different regions of rat gastrointestinal 

tract.
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Materials and Methods

Materials

Caco2 cells were purchased from American Type Culture Collection, (ATCC, 

Manassas, VA). Cell culture supplies such as culture flasks, permeable Transwell inserts, 

cell culture dishes, multi-well cell culture plates and pipettes were purchased from Fisher 

Scientific Company (Norcross, GA). Culture media (DMEM), L-glutamine, antibiotics 

(penicillin and streptomycin), fetal calf serum and new bovine serum, sodium bicarbonate 

were purchased from Sigma Chemical Company (St. Louis, MO). Fluorescamine and 

Rose Bengal were purchased from Sigma (St.Louis, MO) as well. Whereas newborn calf 

serum and trypsin-EDTA were purchased from Invitrogen Corporation (Baltimore, MD). 

The DMEM media supplemented with 10% of fetal bovine serum, 1% of L-glutamine 

and 1% antibiotics was used as the culture media. The ohmmeter (Milicell ERS) was 

used to measure the transepithelial electrical resistance (TEER) of the cells monolayer. A 

Fluovert microscope (Leitz, Germany) was used to take the fluorescent images of the 

fluorophor labeled microspheres. Harlan Sprague Dawley rats of 8 week-old were used 

for intestinal uptake studies.

Methods

Labeling of microspheres with Fluorescamine

To label the microspheres, 50 pi of 1.08 mM (3mg/ml) fluorescamine was 

dissolved in 10 ml of acetone. 50 mg of microsphere was weighed and suspended in 10ml 

of water. Fluorescamine solution was then added to the microsphere suspension while 

stirring. As the reaction was very rapid, fluorescamine labeled microspheres were
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obtained within a minute. Finally labeled microspheres were collected upon 

centrifugation (Udenfriend et al. 1972).

Covalent coupling of Rose Bengal to the microparticles

The coupling reaction involved three steps, the pre-activation, coupling and 

storage. For pre-activation, 8.0 ml of 0.1% (w/v) fluorescent dye was added to 10.0 ml of 

phosphate buffer (pH 4.5). The mixture was stirred using a magnetic bar and 10.0 ml of 

2% (w/v) carbodiimide solution (a coupling agent) was added. The solution was then 

stirred at room temperature for 3.0 -  4.0 hours. For the coupling step, the pH of the 

solution was adjusted to pH 8.5 by adding 19.2 ml of 0.2 M borate buffer before the 

addition of the protein solution (5%) or the suspension of microparticles (2.0 g). 

Approximately 40.0 ml of 5% BSA solution or equivalent weight of BSA microparticles 

(2.0 g) were added to the pre-activated solution. The microparticle suspension was stirred 

overnight to complete the reaction. The fluorescent-labeled microspheres were dialyzed 

in 500 ml of deionized water using a dialysis membrane (Spectra, 6000-8000 molecular 

weights cut off) in a beaker for 48 hours. In a typical batch, 48.0ml of fluorescent- 

labeled microspheres was added into the dialysis bag. The dialysis bag was submerged 

into 500ml of deionized water in a 500 ml beaker. The water of the beaker was changed 

frequently until the excess dye was washed. For long-term storage, labeled microspheres 

were lyophilized. The dry fluorescent-labeled microparticles were then collected and 

stored using a glass vial and stored in the refrigerator until further use.

Uptake studies in Caco-2 cells

For culturing Caco-2 cells, frozen cells were thawed by gentle agitation in a 37°C 

water bath. The vial contents were transferred to a 75 cm tissue culture flask and DMEM
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media supplemented with 4 mM L-glutamine, 4.5 g/L glucose, 1.5 g/L sodium 

bicarbonate and 10% fetal bovine serum were added. The flask was incubated in the 

incubator at 37°C with 5% CO2 and 100% relative humidity until the cells were 90% 

confluent (about 3-4 days). The cells, which were in the log phase, were then detached 

gently using 5.0 ml of trypsin-EDTA solution. The cell suspensions were then 

centrifuged to remove the trypsin-EDTA solution and the pellet was resuspended in 

RPMI-1640. Approximately 7.0x10s of Caco-2 cells were then seeded in a 3.5x10mm 

petri dish and cultured for 2-3 days until subconfluent. The cell to microparticles ratio 

was 1:10. Fluorescamine and Rose Bengal labeled microparticles were exposed to Caco- 

2 cells for 1,4, and 24 hours. Images were obtained using a fluorescent microscope 

(Fluovert FS, Leitz) at those time points.

Uptake studies using rat gastrointestinal tract

Sprague-Dawley rats weighing ~ 200 g were euthanized in a carbon-di-oxide 

chamber and the small intestines were excised and washed with ice-cold physiological 

buffer. The ileal loops of ~5cm in length, each containing one Peyer’s patch, was 

isolated. Microspheres were labeled with fluorescamine and Rose Bengal and then 

suspended in the mucosal buffer. The loops were filled with 1ml of the suspension and 

then tagged to obtain closed loops. These loops were incubated for one hour in serosal 

buffer at 37°C. After the incubation, cryosections of tissues were prepared and examined 

using a fluorescent microscope. Images from the control loops (phosphate buffered saline 

containing loops) and marker solution containing loops were compared with those of the 

labeled microsphere containing loops from different regions of gastrointestinal tract.
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Results and Discussion 

Uptake of microparticles in Caco-2 cells

Images from the fluovert microscope showed that Caco-2 cells took up 

microspheres. Figure 38 shows the internalization of fluorescamine labeled microspheres 

by Caco2 cells. The green spheres represented the fluorescamine labeled microparticles 

in the images shown. Figure 39 illustrates the uptake of Rose Bengal labeled 

microspheres by Caco-2 cells. In those images the pink spheres represented Rose Bengal 

labeled microspheres. For both the labeling uptake of microparticles were found to be 

increased with the increase of time.

Before Incubation 1 Hour (post incubation)

4 Hours (post incubation) 24 Hours (post incubation)

F igu re 38: U p tak e stud ies o f  flu orescam in e labeled microspheres in Caco-2 cells after 1, 
4 and 24 hours of incubation in microparticle suspension (magnification 40x).
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Figure 39: Uptake studies of Rose Bengal labeled microspheres in Caco-2 cells after 1, 4 
and 24 hours of incubation in microparticle suspension (magnification 40x).

Uptake studies using rat gastrointestinal tract

Figures 40 and 41 illustrate images of the intestinal uptake studies of Formulation 

A labeled with fluorescamine and Rose Bengal, respectively. The highest internalization 

of microspheres was found in the mid-ileal region and the lowest was found in the colon.

a/®- f  ♦
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Figure 40: Uptake studies of fluorescamine labeled microspheres in different regions of 
rat intestinal loops: A) PBS containing mid-ileal loop as control, B) Marker solution 
containing mid-ileal loop, C) labeled microsphere containing proximal ileal loop, D) 

labeled microsphere containing mid-ileal loop, E) labeled microsphere containing distal 
ileal loop, F) labeled microsphere containing colonic loop (magnification lOOx).
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Figure 41: Uptake studies of Rose Bengal labeled microspheres in different regions of rat 
intestinal loops: A) PBS containing mid-ileal loop as control, B) Marker solution 

containing mid-ileal loop, C) labeled microsphere containing proximal ileal loop, D) 
labeled microsphere containing mid-ileal loop, E) labeled microsphere containing distal 

ileal loop, F) labeled microsphere containing colonic loop (magnification lOOx).
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Conclusions

Formulation-A was found to be taken up by Caco-2 cells in a time-dependent 

manner. Uptake studies using isolated intestinal loops showed that the internalization 

process was region dependent. This may be a result of variable number of the Peyer’s 

patches in different regions of gastrointestinal tract. However, sometimes it difficult to 

take any conclusive decision depending on these qualitative data (microscopic images) 

To enhance the reliability of the data, 20 - 25 images were taken for every slide.
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CHAPTER 7

EVALUATION OF THE GASTRO-RESISTANCE AND RELEASE PROFILE OF THE 

MICROSPHERE-FILLED COATED CAPSULE FORMULATIONS

In vitro uptake studies demonstrated some indications that albumin-chitosan 

microparticulate system (Formulation A) was taken up by the absorptive tissues of the 

intestine (Chapter 6). However, these microspheres were incapable of shielding the 

vaccine candidate from the gastric acidic condition. Therefore, Formulation A was filled 

into capsules, which were coated using acid-resistant polymers. Microsphere-filled 

coated capsule formulations were evaluated for gastroresistance and release profiles in 

simulated gastric and intestinal fluids which is discussed in this chapter.

Abstract

Purpose

The purpose of this study was to develop a gastro-resistant coated capsule 

formulation that can shield vaccine incorporated microspheres from harsh pH condition 

of the stomach.

Methods

Bromophenol blue (BPB) loaded Formulation-A (Chapter 4) microspheres were 

filled into hard gelatin capsules using a manual capsule filling device. The microsphere-

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



filled capsules were then coated with enteric coating polymer. Two systems, System I 

and II of coated capsule formulations were prepared with two different pH dependent 

poly(meth)acrylate polymers. In System I, capsules were coated with Eudragit L I00-55 

(Methacrylic acid copolymer, dissolves above pH 5.5). Therefore, as soon as the capsules 

of System I would reach the jejunum and proximal ileum region (pH ~ 6.0) the coating 

material dissolves and the microspheres become exposed to that pH dependent specific 

region of the GI tract. In System II, Eudragit SI 00 (copolymer of methacrylic acid and 

methyl methacrylate) was used as the coating material that dissolves above pH 7.0, the 

condition of distal ileum and colon. Hence, System II capsules were supposed to deliver 

the microspheres to the distal ileum and colon. The coating operation was performed 

using a lab-scale coating pan (Erweka AR400). For the coating process, the rotation 

speed was adjusted to 20 rpm/min with the coating pan set at an angle of 45°, inlet air 

temperature set at 45 °C, capsule bed temperature set at 40°C; the coating solution was 

sprayed onto the capsules at a flow rate of 0.8-1.2 mL/min. After the coating operation, 

dissolution and disintegration of the capsules were studied using simulated gastric and 

intestinal fluid. Three different sizes of capsules (size # 3, 5 and 9) were used to study the 

efficiency of the coating procedure.

Results

The targeted weight gain of the capsules on coating were calculated to be 3.86%, 

4.25% and 7.00% for capsule size # 3, # 5 and # 9, respectively. The actual weight gains 

of the capsules after coating were found to be 4.00%, 5.2% and 8.1% for capsule size # 3, 

# 5 and # 9, respectively. For both of the systems, there was no significant difference in 

the disintegration time between capsule size # 5 and #9. However the disintegration time
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for capsule size # 3 was significantly higher from either size # 5 or # 9 for both of the 

systems.

Conclusions

Both of the coated capsule formulations (System I and System II) showed 

excellent gastro-resistance. All sizes of capsules (# 3, # 5 and # 9) of System I (proximal 

intestinal delivery) formulations were found to disintegrate in the range of 7 - 18 minutes 

in the simulated proximal intestinal fluid. For System II capsules, no release of the probe 

was found in the simulated proximal intestinal fluid. In the simulated distal intestinal 

media all sizes of the capsules disintegrated in the range of 8 - 19 minutes. Therefore, in 

vitro studies of coated capsules demonstrated the success in the formulation of the 

gastrointestinal site-specific oral drug delivery systems.

Introduction

The developed microsphere formulation (Formulation A) was not acid resistant 

and hence, incapable to protect the vaccine from the harsh acidic condition in the 

stomach. Therefore, the microspheres needed to be filled into the gelatin capsule shells, 

which were then coated with acid resistant entric polymers. As soon as the coated 

capsules come into contact with the intestinal fluid, the higher pH condition would break 

the coating barrier of the capsules and the vaccine microspheres would be released 

(depending on the coating material) in the specific region of the intestine (proximal or 

distal) where the microspheres are intended to be taken up by the Peyer’s patches (Jani et 

al. 1990; Eldridge et al. 1989; Tabata et al. 1988).

Solid dosage forms containing drugs that are susceptible to degradation in the 

stomach due to the acidic environment or gastric enzymes have been stabilized with an
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enteric film coating. A decrease in gastric irritation caused by drugs, such as aspirin, can 

also be achieved by enterically coating the solid dosage form. In addition, enteric 

coatings can be used to target drug release in the small intestine (Thoma et al. 1986).

Enteric coating of capsules combines the advantages of the delivery system with 

the protective properties of the film coating. However, the physicochemical properties of 

the gelatin and capsule shell present significant challenges to the pharmaceutical scientist 

while coating gelatin capsules with enteric polymers (Murthy et al. 1986, Pissinati et 

a/.2003).

Enteric polymers currently used to coat pharmaceutical dosage forms include 

cellulose, vinyl, and acrylic derivatives. These polymers exhibit resistance to gastric 

fluids yet are readily soluble or permeable in intestinal fluid. Enteric polymeric materials 

are primarily weak acids containing acidic functional groups, which are capable of 

ionization at elevated pH (Degussa, 2003b). In the low pH of the stomach, the enteric 

polymers are unionized, and therefore, insoluble. As the pH increases in the intestinal 

tract, these functional groups ionize, and the polymer becomes soluble in the intestinal 

fluids. Thus, an enteric polymeric film coating allows the coated solid to pass intact 

through the stomach to the small intestine, where the drug is then released for absorption 

through the intestinal mucosa into the human body where it can exert its pharmacologic 

effects.

Challenges encountered during enteric coating of gelatin capsules are often 

attributed to the properties of the gelatin and the dosage form. The inherent flexibility of 

the gelatin capsule is due to the presence of plasticizers and residual moisture in the 

capsule shell. Thus, the gelatin capsule is a more dynamic system than conventional
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tablets. Atmospheric moisture may permeate into the capsule shell or into the fill liquid. 

The drug or fill liquid may migrate into the capsule shell, while the plasticizer or residual 

water in the gelatin shell can potentially migrate into the fill. Volatile components in 

gelatin capsules may escape into the atmosphere. It is the characteristic that must be 

considered when enteric coating gelatin capsules.

The application of an enteric film coating adds to the complexity of this dosage 

form. Polymeric films are generally considered brittle, and the addition of a plasticizer is 

critical to obtain films free of cracks and other defects. The plasticizers in the coating are 

also capable of diffusional movement into the capsule shell, causing further plasticization 

and softening of the capsule. Moreover, the plasticizer or residual water in the capsule 

shell can migrate into the film coating, resulting in further plasticization of the polymer 

and creating a tacky surface. Finally, the fill material inside the capsule is also capable of 

permeating through the capsule shell into the polymer film. The migration of these 

various components, especially during storage, can influence the enteric performance or 

mechanical strength of the coated capsules. The application of a barrier film as a subcoat 

may minimize the potential interaction between the capsule shell and the enteric film 

coating. Subcoats may also improve polymer adhesion to the capsule shell (Rowe et al. 

2003).

Hard gelatin capsules rely solely on residual water in the shell for their mechanical 

strength and may therefore be more likely to become brittle during the coating process 

due to water evaporation. In addition, the two-piece design of hard gelatin capsules has 

caused problems in the filin-coating process due to the separation of the cap and body, 

resulting in the polymeric dispersion gaining entrance into the fill powder. Banding the
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capsule shell has been shown to prevent separation of the capsule halves and markedly 

improve enteric protection. Other reported problems encountered during enteric coating 

of hard gelatin capsules have been related to adhesion and stability. The use of capsule 

shells made of alternative materials, such as hydroxypropyl methylcellulose or starch, 

may improve polymer adhesion and lessen the impact of moisture content on capsule 

shell strength (Cole et al, 2002)

In the mid 1960s, Lehmann and Dreher developed copolymers of methyl 

methacrylate and ethyl acrylate as ester components with methacrylic acid for use as 

enteric polymers (Lehman et al. 2001). These polymers are produced by an emulsion 

polymerization process and are commercially available in several forms. The dissolution 

properties of these polymers are dependent on the content o f carboxyl groups in the 

polymer. These acrylic derivatives are commercially available from Degussa Rohm 

America under the proprietary name Eudragit. Eudragit, a polymethacrylate polymer can 

be processed in all conventional types of coating equipments, by all coating operation 

commonly performed in the pharmaceutical industry. Coating pans with spraying devices 

and high drying air capacity are suitable for both tablets and capsules (Degussa 2003c). 

These studies were performed to achieve the following specific aims:

Specific Aims

1. To fill the capsules with Formulation A using the capsule filling device

2. To coat the microsphere-filled capsules with pH dependent enteric coating 

polymers to develop gastrointestinal site-specific formulations

3. To study the disintegration and dissolution characteristics of the enteric coated 

capsules in the simulated gastric and intestinal fluids
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Materials and Methods

Materials and equipment

Bovine serum albumin (BSA), glutaraldehyde (25% in water), bromophenol blue 

(BPB), hydrochloric acid (HC1), sodium hydroxide (NaOH) and sodium bisulfite (SBS) 

were obtained from Fisher Scientific, Norcross, GA. Buchi 191 Mini Spray Dryer for 

preparation of microspheres from Brinkman. Both of the EudragitL100-55 and Eudragit 

S100 were obtained from Rohm Pharma as gift samples. Three different sizes (# 3, # 5 

and # 9) hard gelatin capsule shells were used to evaluate the coating performance. 

Capsules of size # 3 and # 5 were purchased from Capsugel Conisnap products and size 

# 9 was purchased from Harvard Apparatus (Massachusetts) Instruments. Spectrex PC 

2000 Laser Particle counter, modified USP I Distek Dissolution apparatus (2100 C) and 

Perkin Elmer Lambda 4B UV-Visible spectrophotometer were used for in vitro 

characterization of the microsphere formulations.

Methods

Filling of capsules with BSA-CSN microspheres (Formulation A)

Microspheres were filled in the hard gelatin capsule shell with a capsule-filling 

device (Harvard apparatus) as shown in the following figure (Figure 42).

Figure 42: Capsule filling operations (Adapted from: Harvard Apparatus)
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The cap and the body were separated. The body was kept in the holder. Then the 

filling funnel was set on the holder grove. The required amount of microsphere was 

weighed and filled in the body using the dosing pin. After the filling, the funnel was 

removed and the body was locked with the cap. Finally, the microsphere filled capsules

Calculation of capsule surface area

The surface area of capsule dosage form can be calculated from following 

formula:

S= 7t. d. h

Here, S= Surface area (mm )

d= External Diameter of the capsule shell (mm) 

h= Closed length of the capsule (mm)

Calculation of coating polymer quantities (% weight gain)

The following formula can be used to obtain the coating material weight (%), in 

other words, weight gain of the dosage form after the coating operations:

(Two coat layers have been applied)

W= Weight of dosage form (mg)

The following table (Table 25) summarizes the specification and required coating 

materials for all the three sizes o f capsules.

were prepared and kept in airtight container in the refrigerator (4 - 8° C) until further use.

S(mm2) X A(mg/cm2)
Coating weight (%) =■

Here, S= Surface area (mm j

■y
A= Unit (1 mg/cm ) coating layer to obtain a coat thickness of 10pm,
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Table 25: Specifications of different sizes of capsules and the calculation of the required 
coating material for the enteric film coating

Size External

Diameter

(mm)

Closed

length

(nun)

Area

(mm2)

Av.Wt.

(mg)

empty

shell

Av.Wt. (mg) 

(Filled shell)

Coating

weight

(%)

3 5.82 15.9 290 50 150 3.86

5 4.91 11.1 170 30 80 4.25

9 2.65 8.40 70 10 20 7.00

Preparation of coating solution

Five gram of the enteric polymer was weighed. The polymer was added slowly in 

40 ml ethanol while stirring. Care was taken so that no agglomeration of the coating 

material forms in the preparation vessel. In a separate vessel, lOOmg of polyethylene 

glycol 8000 (PEG 8000), a plasticizer for the enteric film coating was weighed and 

dissolved in 10ml of ethanol to obtain 1% PEG 8000 solution. Finally, PEG 8000 

solution was added to the enteric polymer solution. Thus, a 10% polymer solution was 

prepared.

Enteric coating of microsphere-filled capsules

Microsphere-filled capsules were coated in a lab-scale conventional coating pan 

(Erweka AR400). For the coating process (Figure 43), the rotation speed was adjusted to 

20 rpm/min with the coating pan set at an angle of 45°, inlet air temperature was 45°C, 

capsule bed temperature was 40°C; the coating solution was sprayed onto the capsules at 

a flow rate of 0.8-1.2 mL/min. During the coating process, coated capsules were tested
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for critical in-process parameters: percent weight gain, disintegration time and 

appearance. Three layers of enteric film coating were applied where the theoretical 

coating thickness of each layer was 10 micron. Two systems of coated capsule 

formulations were prepared with two different pH dependent poly(meth)acrylate 

polymers.

System I (Jejunum and Proximal Ileum delivery)

Eudragit LI00-55 (dissolves above pH 5.5) was used for this purpose. The coating 

of this polymer makes the formulation gastro-resistant. As soon as these coated capsules 

would enter into the jejunum or proximal ileum where the pH is above 5.5, the coating 

barriers were supposed to be dissolved to release the microspheres.

System II (Distal Ileum and Colon delivery)

Eudragit SI 00 (dissolves above pH 7.0) was used to achieve the delivery of the 

microspheres to the distal ileum and colon. The coating of this polymer were supposed to 

make the formulation resistant to both the gastric and the proximal intestinal environment 

where the pH is below 7.0. Upon entering to the distal ileum, ileo-cecal junction or colon 

where the pH exceeds the threshold of 7.0, the capsules were supposed to be dissolved to 

release the microspheres.
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Figure 43: The schematic diagram of the enteric film coating process

In vitro dissolution studies

A Distek 2100 C USP model dissolution apparatus was used to evaluate the 

gastro-resistance characteristics and release pattern of the coated capsule formulations in 

simulated gastric, jejunal and distal ileal fluids. In order to simulate the pH changes along 

the GI tract, three dissolution media with pH 1.2 (0.1N HC1, gastric simulation fluid), pH

6.0 (Phosphate buffered saline includes 0.025% trypsin, proximal intestinal simulation 

fluid), and pH 7.2(Phosphate buffered saline includes 0.025% trypsin, distal ileum 

simulation fluid), were sequentially used, referred to as the sequential pH change method 

(Cheng et al, 2004).
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When performing release experiments for System I, the pH 1.2 medium was first 

used for 2 hours, and then the medium was removed, and the fresh pH 6.0 dissolution 

medium was added. For System II, the pH 1.2 media was first used for 2 h, then the 

medium was removed, and the fresh pH 6.0 dissolution medium was added. After 1 h, the 

medium was removed again, and fresh pH 7.2 dissolution medium was added.

Table 26: Dissolution conditions (Cheng et al. 2004) for System I and II formulations

PH Time in Hours 

(Simulated transit time)

Simulated GI Region

1.2 2 Stomach

6.0 1 Duodenum-proximal ileum

7.2 5 Distal ileum - colon

Results and Discussion 

In vitro characterization of the coated capsule formulations

The surface appearance of the coated capsule formulations was found to be 

smooth. No cracking, peeling or bridging were observed after the coating operation. The 

coating weight gains of different sizes of capsules is given in the following table and 

figure (Table 27 and Figure 44).
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Table 27: The weight gain of different sizes of capsules on coating

Capsule

Size

Weight 

gain (%) 

(Obs.l)

Weight 

gain (%) 

(Obs.2)

Weight 

gain (%) 

(Obs.3)

Weight 

gain (%) 

(Obs.4)

Weight 

gain (%) 

(Obs.5)

Weight 

gain (%) 

Average

Std Error

Size # 3 4.09 3.91 3.88 4.11 4.02 4.002 0.253339

Size # 5 5.33 5.12 4.96 5.71 5.26 5.276 0.145006

Size # 9 7.62 8.22 6.96 9.57 8.41 8.156 0.496996

Weight gain of capsules on coating

6.0 -

@ Size #3 

HSize #5 
0  Size #9

o>

0.0

Capsule sizes

Figure 44: The weight gain of different sizes of capsules on coating (* p<0.05)

The weight gain o f  capsules on coating was found to increase w ith the decreasing 

capsule size. This might be because the smaller the capsule size the higher the tendency 

to adhere to the coating pan and more coating material was required to coat the surface 

effectively (Pandey et al. 2005). The coating weight gain (%) of capsule size # 9 was
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significantly higher (ANOVA, p<0.05) than the other sizes of capsules. No significant 

difference (p>0.05) in the weight gain was observed between capsule size # 3 and # 5. 

In vitro dissolution studies

In vitro dissolution studies of System I capsules have been shown in Figure 45. 

No release of the probe was observed in simulated gastric fluid within two hours (USP 

specification regarding gastro-resistant formulations). Upon entering to the simulated 

jejunal fluid (pH 6.0), the capsules were dissolved immediately (6 -1 8  minutes) to 

release the probe containing microspheres (Figure 46).

D issolution  o f Eudragit L100-55 coated  c a p su les

TJ(3)(0RS
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Figure 45: In vitro dissolution of Eudragit L100-55 coated capsules. First two hours (0-2 
hours) in the simulated gastric fluid (pH 1.2) and then in the simulated proximal intestinal 
fluid pH 6.0 (* p<0.05)
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Table 28: The disintegration time of Eudragit L 100-55 coated capsules

Capsule sizes Obs. 1 Obs. 2 Obs. 3 Average S.E.

Size#3 19.40 15.10 17.30 17.27 1.24

Size#5 10.50 12.10 11.60 11.40 0.47

Size#9 6.10 11.40 12.00 9.83 1.87

Disintegration time of Eudragit LI 00-55 coated capsules

c
1
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Figure 46: The disintegration of Eudragit LI00-55 coated capsules in simulated proximal 
intestinal fluid (* p<0.05)
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In vitro dissolution of System II capsules have been shown in Figure 47. No 

release of the probe was observed in simulated gastric fluid within two hours. No probe 

was detected in simulated jejunal fluid (pH 6.0) within one hour (jejunal emptying time) 

as well. However, the capsules were dissolved immediately ( 9 -1 9  minutes) upon 

entering into the simulated distal ileal fluid to release the probe containing microspheres 

(Figure 48).

Dissolution of Eudragit S100 coated capsules
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Figure 47: In vitro dissolution of Eudragit SI 00 coated capsules. First two hours (0-2 
hours) in the simulated gastric fluid and then in the simulated proximal intestinal fluid for 
1 hour (2nd -3rd hours) and finally, in the simulated distal intestinal fluid (after 3 hours).
(* p<0.05)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



135

Table 29: The disintegration time of Eudragit SI 00 coated capsules

Capsule

sizes Obs. 1 Obs. 2 Obs. 3 Average S.E.

Size#3 18.80 13.60 14.20 15.53 1.64

Size#5 13.40 12.20 10.40 12.00 0.87

Size#9 8.50 11.80 10.90 10.40 0.98

Disintegration time for Eudragit S100 coated capsules
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Figure 48: The disintegration of Eudragit SI 00 coated capsules in simulated distal 
intestinal fluid (* p<0.05)
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For both of the systems, there was no significant difference in the disintegration 

time between capsule size# 5 and # 9 (ANOYA, p>0.05). However the disintegration 

time for capsule size# 3 was significantly higher (p<0.05) than either size # 5 or # 9 for 

both of the systems.

Conclusions

All the coated capsule formulations of System I and II showed excellent gastro- 

resistant. In the simulated proximal intestinal fluid, System I (proximal intestinal 

delivery) formulations for all sizes of the capsules (#3, #5 and #9) were found to 

disintegrate in the range of 7 -18 minutes. For the System II no release of the probe was 

found in the simulated proximal intestinal fluid. In the simulated distal intestinal media 

all sizes of the capsules disintegrated in the range of 8 -19  minutes. Thus, the dissolution 

and disintegration data of the coated capsules were found to be within compendial or 

official specifications and showed desirable characteristics for oral delivery of vaccines.
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CHAPTER 8

EVALUATION OF THE ORAL TYPHOID VI ANTIGEN MICROSPHERE-FILLED

COATED CAPSULE FORMULATIONS IN VIVO

From the in vitro studies, microsphere-filled coated capsule formulations 

developed (Chapter 4) demonstrated some desirable characteristics for the oral delivery 

of vaccines. However, the efficacy of the developed formulations as the vaccine delivery 

system could be best evaluated in live animals because of the complexities and intricacies 

of the immune system. The evaluation of the in vivo efficacy of oral typhoid Vi antigen 

microsphere filled coated capsule formulation has been discussed in this chapter.

Abstract

Purpose

The purpose of this study was to develop an oral dosage form of Typhoid Vi 

vaccine using the microsphere-filled coated capsule formulation developed and to 

evaluate the efficacy of those formulations in vivo.

Methods

Bovine serum albumin (BSA) and chitosan (CSN) were used as the microsphere 

matrix and typhoid Vi antigen (a purified capsular polysaccharide), the vaccine 

candidate, was incorporated in the matrix. Vaccine loaded microspheres were prepared

137
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following the formulation technology developed as discussed in Chapter 4 using a Spray 

Dryer. Two formulations TF1 and TF2 were prepared with 0.1 pg/mg (0.01%) and 

1 pg/mg (0.1%) antigen loading, respectively. The albumin-chitosan matrix was prepared 

using 4.5 % w/v BSA and 0.5 % w/v chitosan in deionized water and was crosslinked 

using 1% glutaraldehyde for 24 hours at pH and temperature of 9.4 and 50°C, 

respectively. The excess glutaraldehyde was neutralized by adding 0.006 % w/v of 

sodium bisulfite (SBS) at the end of crosslinking reaction. Typhoid Vi capsular 

polysaccharide antigen was then added to the crosslinked matrix solution and spray dried 

to prepare vaccine loaded albumin-chitosan microspheres. Critical process parameters for 

the spray dryer viz. inlet temperature, pump flow, aspiration rate and air pressure were 

optimized. The mean particle size was determined using a laser particle counter (Spectrex 

PC 2000). Zeta potential was determined using a Zetasizer (Malvern) to evaluate the 

mucoadhesive characteristics and suspension stability of the microspheres. Microspheres 

were then filled into mini gelatin capsules (size # 009) and coated with an enteric coating 

polymer Eudragit L I00-55 (methacrylic acid co-polymer). These two formulations TF1 

and TF2 were then tested for in vivo efficay. Sprague Dawley rats were used for in vivo 

evaluations. The in vivo efficacy of these oral formulations were compared with the same 

antigen preparation available in the market (Typhim Vi, intramuscular injection, Aventis 

Pasteur). Blood samples were collected from the tail vein and analyzed by indirect 

ELISA for antigen-specific serum IgA and IgG levels. Fecal samples were collected and 

analyzed to evaluate the mucosal IgA level as well.
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Results

The particle sizes of the microspheres were 4.21 ± 1.33 pm, and 4.18 ± 1.42 pm, 

for TF1 and TF2, respectively. The zeta potential values at pH 6.0 (ileum condition) were 

8.6 + 2.39 mV and 9.4 + 3.64 mV for TF1 and TF2, respectively. Microsphere filled hard 

gelatin capsules were found to be gastroresistant for more than three hours (beyond 

gastric emptying time). In the second week, compared to the control and oral vaccinated 

groups, parenteral (intramuscularly vaccinated) group showed significantly higher 

antigen-specific serum IgA and IgG levels. This significant difference persisted until the 

6th week. Flowever, after 8 weeks, no significant difference in the antigen-specific serum 

IgA and IgG levels were found between the orally (TF2) and the parenterally (IM 

injection) vaccinated groups. No significant difference in the serum IgA and IgG levels 

were observed between orally administered TF1 and blank microsphere groups 

throughout the twelve-week study period. For antigen specific Fecal IgA response, no 

significant differences among the treatment groups were observed till week six. After 8 

weeks the fecal IgA level of the oral (TF 2) and IM vaccinated groups were found 

significantly higher than those of the blank microsphere treated groups and since then no 

significant differences in the antigen-specific fecal IgA levels were observed between 

orally (TF2) and parenterally vaccinated groups.

Conclusions

The positive zeta potential value of the particles indicated the formation of 

mucoadhesive microspheres, which had the advantage of adhering to the negatively 

charged intestinal mucosal membrane. The mean particle sizes obtained were optimal for 

the uptake of microspheres through the Peyer’s patches in the intestine (Eldridge el al,
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1990). Over a period of twelve weeks, more than 3-fold increase in both of the antigen- 

specific IgG and IgA levels were observed which clearly demonstrated antibody rise in 

response to immunization with S. typhi Vi capsular polysaccharide vaccine. These results 

indicated that the prepared formulation has potential as an oral delivery strategy for the 

vaccine.

Introduction

From the early 1980s, interest in mucosal immunization has been increased. The 

principal factors responsible for this is related to technological advances in 

biotechnology, molecular biology and pharmaceutical delivery systems and also a better 

understanding of mucosal immune regulation, cost of producing and delivering 

recombinant parenteral vaccines, better patient compliance to orally administered 

vaccines and regulatory attitudes towards injected material (O’Hagan et al. 2004).

As most infections are acquired through the mucosae, it is logical to hypothesize 

that the stimulation of mucosal immunity by vaccination may be the most effective 

approach in preventing the initial infection. Indeed, the oral polio vaccine provides 

evidence that efficacious oral vaccines are possible to develop. The attenuated poliovirus 

multiplies in the intestinal epithelium inducing solid mucosal immunity to the virus.

More recently, similar responses have been observed for live attenuated Salmonella 

vaccine constructs (Cripps et al. 2001).

There are several essential criteria to be satisfied for successful mucosal 

immunizations. The antigen should be effectively delivered to the mucosal immune 

induction site, which is hypothesized as the membranous epithelial cell of Peyer’s 

patches. An appropriate regime and route of immunization should be chosen which will
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potentially induce protective responses at the desired mucosal site and preferably a 

systemic response as well (Kyd & Cripps 2000; Walker 1994).

From the in vitro characterization, microsphere-filled coated capsule formulations 

developed (Chapter 4, 5, 6 and 7) showed some suitability in vitro for the oral delivery of 

vaccines. However, the efficacy of the developed formulations as the vaccine delivery 

system can best be evaluated in live animals. In this investigation, Typhoid Vi capsular 

polysaccharide vaccine was used as a model vaccine (Guzman et al. 2006; Klugman et al. 

1987).

Typhoid fever is an infectious disease caused by S. typhi. Humans are the only 

natural host and reservoir for S. typhi and infections result from the consumption of food 

or water that has been contaminated by the excretions of an acute case or a carrier. S. 

typhi organisms efficiently invade the human intestinal mucosae ultimately leading to 

bacteremia; following a typical 10- to 14-day incubation period, a systemic illness occurs. 

The clinical presentation of typhoid fever exhibits a broad range of severity and can be 

debilitating. Classical cases have fever, myalgia, anorexia, abdominal discomfort and 

headaches; the fever increases step-wise over a period of days and then may remain at 

102°F to 106°F over 10 to 14 days before decreasing in a step-wise manner. Skin lesions 

known as rose spots may be present. Constipation is common in older children and 

adults, while diarrhea may occur in younger children. Among the less common but most 

severe complications are intestinal perforation and hemorrhage, and death. The course is 

typically more severe without appropriate antimicrobial therapy. The case fatality rate 

was reported to be approximately 10% to 20% in the pre-antibiotic era (World Health 

Organization, 2003).
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Typhoid fever is still epidemic in many countries of the world where it is 

predominantly a disease of school-age children and may be a major public health 

problem. Most cases of typhoid fever in the US are thought to be acquired during foreign 

travel. During the periods of 1975 to 1984 and 1983 to 1984, respectively, 62% and 70% 

of the cases of typhoid fever reported to the CDC were acquired during foreign travel; 

this compares to 33% of cases during 1967-1972 (Center for Disease Control, Traveller’s 

Health 2005-2006).

Typhoid Vi Polysaccharide Vaccine, produced by Aventis Pasteur SA, for 

intramuscular use, is a sterile solution containing the cell surface Vi polysaccharide 

extracted from Salmonella typhi Ty2 strain. The organism is grown in a semi-synthetic 

medium without animal proteins. The capsular polysaccharide is precipitated from the 

concentrated culture supernatant by the addition of hexadecyltrimethylammonium 

bromide and the product is purified by differential centrifugation and precipitation. The 

potency of the purified polysaccharide is assessed by molecular size and O-acetyl 

content. Phenol, 0.25%, is added as a preservative. The vaccine contains residual 

polydimethylsiloxane or fatty-acid ester-based antifoam. The vaccine is a clear, colorless 

solution. Each single-dose of 0.5 mL is formulated to contain 25 pg of purified Vi 

polysaccharide in a colorless isotonic phosphate buffered saline (pH 7 ± 0.3), 4.150 mg 

of Sodium Chloride, 0.065 mg of Disodium Phosphate (2H 2 O), 0.023 mg of 

Monosodium Phosphate and 0.5 mL of Sterile Water for Injection (Keitel et al. 1994; 

Cumberland et at. 1992).

Because the site of infection of S. Typhi is through the intestine, immunization 

through the oral route would be best suited because it would confer both mucosal and
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systemic immunity. We also hypothesize that because of the particulate nature the 

typhoid vaccine loaded microspheres would be able to trigger protective immunity 

without the use of any chemical adjuvants. These studies were performed to achieve the 

following specific aims:

Specific Aims

1. To compare antigen-specific serum IgG responses of the orally and parenterally 

vaccinated groups

2. To compare antigen-specific serum IgA responses of the orally and parenterally 

vaccinated groups

3. To compare antigen-specific fecal IgA responses between the orally and 

parenterally vaccinated groups

Materials and Methods

Materials and equipment

Bovine serum albumin (BSA), glutaraldehyde (25% in water) and sodium 

bisulfite (SBS) were obtained from Fischer Scientific, Norcross, GA. Chitosan was 

obtained from, Pronova, Norway. Typhoid Vi polysaccharide antigen was obtained from 

Aventis Pasteur. Gelatin capsules and capsule feeding needle were obtained from 

Harvard Apparatus. Rat IgG standard, goat Anti-Rat IgG-biotinylated and ABTS powder 

(2,2’-azino-bis-(3-benzthiazoline-6-sulfonic acid)) were obtained from Southern Biotech, 

Birmingham, AL. Rabbit Anti-Biotin-HRP conjugated was obtained from Bethyl Labs 

Inc., Montgomery, TX. Buchi 191 Mini Spray Dryer from Brinkman Instruments was 

used for preparation of microspheres. Spectrex PC 2000 Laser Particle counter, Malvern 

Zetasizer nanoseries for in vitro characterization of the microsphere formulations. Harlan
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Sprague Dawley rats of 8 week-old have been used for in vivo studies. A microplate 

reader ELX 800 UY (Bio-Tek Instrument) was used for determining the absorbance of 

ELISA plate.

Methods

Preparation of vaccine mierospheres using spray dryer

Microspheres of typhoid Vi capsular polysaccharide vaccine were prepared as 

discussed previously (Chapter 4). The albumin-chitosan matrix was prepared using 4.5% 

w/v BSA and 0.5% w/v chitosan in deionized water and was crosslinked using 1% 

glutaraldehyde for 24 hours at pH and temperature of 9.4 and 50°C, respectively. The 

excess glutaraldehyde was neutralized by adding 0.006 % w/v of sodium metabisulphite 

at the end of crosslinking reaction. Typhoid Vi capsular polysaccharide antigen was then 

added to the crosslinked albumin matrix and spray dried to prepare vaccine loaded 

albumin-chitosan microspheres. Two formulations TF1 and TF2 were prepared with 0.1 

pg/mg and 1 pg/mg typhoid Vi antigen loading, respectively.

Spray drying was performed using compressed air from an in-house supply line 

(700NL/hr); a fluid nozzle atomized the homogenous solution at a pump setting of 4%. 

The filtered air was aspirated at 95%, the inlet temperature was set at 110°C, giving an 

outlet temperature of 73°C. Mierospheres were aspirated through a tube where they were 

cooled to a lower outlet temperature and deposited into a product container through a 

high efficiency cyclone. After the preparation vaccine mierospheres were collected and 

refrigerated until used.
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In vitro characterization of microsphere formulations

After the preparation of the microsphere formulations, critical in vitro 

characteristics: product yield, encapsulation efficiency, particle size, uniformity index, 

swelling characteristics and the disintegration rate were determined as described in 

Chapter 4.

Loading of mierospheres in capsules

Antigen incorporated mierospheres were loaded into hard gelatin capsules # 009 

(Table 30) using a manual capsule filling device (Harvard apparatus) as described in 

Chapter 7.

Table 30: The physical specifications of hard gelatin capsules (size # 9) used for 
delivering the vaccine mierospheres to the rat

Description Specification

Capsule Body Capacity 0.025ml

Fill Weight (materials with density lg/ml) 25 mg

External Diameter Maximum 2.65 mm

Length When Locked Maximum 8.4 mm

AverageWeight of Empty Capsule Shell 10 mg

Coating of the microsphere filled capsules

These filled capsules were then coated with enteric coating polymer (Eudragit 

L100-55) to achieve the gastro-resistance characteristics. The coating was performed as 

described in Chapter 7, using a labscale coating pan (Erweka AR400). Three layers of the 

coatings were applied till gaining the coating weight of about 8 %. The enteric coating 

efficiency was evaluated using 0.1N HCl.
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In vivo evaluation of the efficacy of oral vaccine

These studies were performed to evaluate the ability of the vaccine formulations 

prepared to elicit an immune response when administered orally. In this project, Sprague 

Dawley rats of 8-10 weeks old were used. The oral vaccinated group was compared with 

the parenterally (intramuscular) vaccinated (Typhim Vi, Aventis Pasteur) group. The 

study is summarized in Table 31. Microsphere formulations of TF1 and TF2 in coated 

capsule dosage form were administered via oral route using a specialized feeding needle 

(Figure 49 - 50) provided by Harvard apparatus. An equivalent amount of 1 pg antigen 

(Typhim Vi, Aventis Pasteur) was administered intramuscularly in the form of a solution 

in 20 pi phosphate buffered saline. For the control group blank mierospheres in coated 

capsule formulations were administered orally. After the initial dose at time zero, booster 

doses were administered on week 3, 5 and 7.

Figure 49: The specialized feeding needle used for the oral delivery of capsules 
to the rats and other small animals (Harvard apparatus)
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Figure 50: The oral delivery of Typhoid Vi vaccine capsules to Sprague Dawley rats

Blood samples were taken at predetermined time intervals (week 0, 2 , 4 , 6 , 8 , 

10 and 12 ) and the serum was separated after clotting and centrifugation. Fecal samples 

were also collected at the same time interval. The immune response was evaluated by 

measuring the levels of antigen-specific serum IgA and IgG as well as fecal IgA using 

indirect ELISA. The serum titers were compared with and within the animal groups 

consisting of oral, parenteral (intramuscular) and control groups.
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Table 31: The grouping and dosing of animals for in vivo study for the evaluation of oral 
typhoid vaccine formulation

Formulation Group # o f
rats

Dose of mierospheres

Typhoid Vi antigen mierospheres 
in Coated Capsule Formulation (1)

TF1 6 lOmg (equiv. to lmcg antigen)

Typhoid Vi antigen mierospheres 
in Coated Capsule Formulation (2)

TF2 6 10mg(equiv. to lOmcg antigen)

Mierospheres without antigen 
in Coated Capsule Formulation

C 6 lOmg (No Antigen)

Intramuscular injection 
(Marketed by Aventis Pasteur)

TFinj 6 20 pi (equiv. to lmcg antigen)

None 0 3 None

Antigen-specific ELISA

Enzyme Linked Immuno Sorbant Assay (ELISA) was used (Barrett et al. 1983; 

Ferry et al. 2004) for the determination of the antigen specific antibody titer. More 

specifically an indirect ELISA was used. In this procedure:

1. The plate was coated with the typhoid Vi capsular antigen of 25pg/mL in

carbonate buffer at pH 9.62. 50pL o f the buffered antigen solution was filled in 

the micro wells of a Nunc Maxi-Sorp Immuno Plate and incubated at 4°C 

overnight. For the standard curve, rat IgG and IgA standards in serial dilutions 

from lOOng to 3.125 ng and lOng to 0.3125 ng, respectively, per well in 100 p.L in
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triplicates were added in carbonate buffer and then incubated at 4°C overnight.

For standards the next step was followed from step 5 of this procedure.

2. The unbound antigen was washed off the plate by flicking the contents of the 

plate into the sink and then the non-specific binding sites were blocked by adding 

200pL of 10 % fetal bovine serum (FBS) in phosphate buffered saline (PBS).

3. This was incubated for 60minutes at room temperature (RT) and later the plate 

was washed thrice using PBS at pH 7.4 containing 0.05% tween-20 (PBS-Tween).

4. 1 OOpL of the diluted serum samples (1:500, 1:5000 and 1:50000) were added to 

the appropriate wells and incubated for 2 hours at RT.

5. 100p.L of the diluted fecal samples (1:10 and 1:100) were added to the appropriate 

wells and incubated for 2 hours at RT.

6. Later the contents were removed and washed 5 times using PBS-Tween.

7. Appropriate dilutions of the secondary antibody (Goat Anti-Rat IgG-biotinylated) 

were added 100pL per each well and incubated for 1 hour at RT.

8. Later the contents were removed and washed 5 times using PBS-Tween and it 

was also soaked for 1 minute before each wash.

9. Appropriate dilutions of the anti-biotin HRP antibody (Rabbit Anti-Biotin-HRP) 

were added at lOOpL per each well and incubated for 1 hour at RT.

10. Later the contents were removed and washed 7 times using PBS-Tween and it 

was also soaked for 1 minute before each wash.

11. The ABTS substrate solution was prepared in citrate-phosphate buffer containing 

0.25pL of hydrogen peroxide and 0.6mg/mL of the ABTS substrate. 100pL of this
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substrate solution was added per well and waited for 30 minutes for the color 

reaction and later the plate was read using a plate reader at 405nm.

12. Antigen-specific serum IgA and IgG and fecal (mucosal) IgA concentrations were 

calculated from the standard curves.

Results and Discussion 

In vitro characterization of microsphere formulations

After the preparation of the vaccine loaded BSA-CSN microsphere formulations 

using a spray dryer, in vitro characterization was performed, which has been illustrated in 

the subsequent table (Table 32). For both the formulations, product yield (%) were found 

to be in the acceptable range (>60.00%). The mean particle size, as measured using a 

laser particle counter (as discussed in chapter 4), were reproducible and found to be in the 

feasible range to be taken up by the Peyer’s patches.

Table 32: In vitro characterization of Typhoid Vi capsular polysaccharide loaded albumin 
microsphere formulations

Formulation

Product

yield

(%)

Mean particle 

size (pm)

3-Hour

Disintegration

(%)

3-Hour

Swelling

(%)

Zeta Potential 

mV

TF1 63.14 4.21 ±1.33 5.11± 1.86 5.48± 1.54 8.6 ±2.39

TF2 66.22 4.18 ±1.41 5.37± 1.69 5.66± 1.57 9.4 ± 3.64

For both of the formulations the initial disintegration rate was found to be low. 

The swelling properties showed that the increase of the size of mierospheres within initial
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three-hour period was in the range of 3-7% for both of the formulations. A Zetasizer 

(Malvern Instruments) was used to measure the zeta potential. The zeta potential values 

were found to be positive which indicates the formation of mucoadhesive mierospheres. 

The concept of zeta potential was extensively discussed in Chapter-5 of this dissertation. 

It has been postulated that positively charged polymeric compounds develop additional 

molecular forces by electrostatic interactions with negatively charged sugar moieties of 

the mucosal surface. Chitosan has been shown to possess mucoadhesive properties owing 

to the molecular attractive forces formed by the electrostatic interaction between 

positively charged chitosan and negatively charged mucosal surface. Hence, the higher 

the positive charge of the mierospheres the greater is their probability to be taken up 

through the Peyer’s patches. In one study it was suggested that particles less than 5 

microns were transported systemically in the lymph after uptake by the Peyer’s patches 

(O'Hagan 1996). In another study, involving microparticles were shown to accumulate in 

the areas of the intestine that appear to be the Peyer’s patches indicating the uptake of 

particles (Kreuter 1996). This uptake was dependant on the size of the particles. The 

smaller the particle size, the greater was the uptake (Jani et al. 1989; Jani et al. 1990).

The mean particle size obtained for the vaccine microsphere formulation in the current 

project was less than 5 microns, which qualifies for better uptake in the Peyer’s patches. 

Loading of mierospheres in gelatin capsules and enteric coating

The mean weight characteristics of the empty and filled capsules are listed in the 

subsequent table (Table 33).
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Table 33: Average filling weight of the typhoid Vi antigen mierospheres in hard gelatin 
capsules (size # 9)

Capsule Weight ± Std. Dev

Weight of each empty capsule (n=20) 9.91 ± 0.16 mg

Weight of each filled capsule (n=20) 24.98 ±0.33 mg

Weight of mierospheres in each capsule (n=20) 10.02 ±0.14 mg

So, as per the study design and drug loading calculations, when one vaccine 

microsphere loaded capsule was administered it was equivalent to administering 

approximately 10 mg (weight of mierospheres in each capsule) of the vaccine 

mierospheres which was equivalent to the dose of 1 meg and 10 meg for TF1 and TF2, 

respectively. The enteric coated capsules were found gastroresistant for more than three 

hours, which is beyond the gastric emptying time (1-2 hours).

In vivo evaluation of the vaccine formulation

Sprague Dawley rats were used for in vivo evaluation of the formulations. Oral 

vaccinated groups (TF1 and TF2) were compared with intramuscularly administered 

group (TFinj). The subsequent figures (Figures 52 -  54) illustrate the antigen-specific 

serum IgA, IgG and fecal IgA levels obtained at different time points of the vaccine 

evaluation study. Antigen-specific IgA and IgG levels gave an important indication of the 

immune response. No significant difference in serum IgA and IgG levels were observed 

between TF1 and orally administered blank microsphere group throughout the study 

period (twelve-week). This might be because of the limited uptake of the mierospheres by 

the Peyer’s patches and antigen tolerance. Thus, the formulation TF1 was unable to reach 

the level of antigen to confer the immune response. In the second week, compared to the
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control and oral vaccinated groups, a significant increase in both of the serum IgA and 

IgG levels in the TFinj group was observed (ANOVA, p<0.05) that persisteded until 6th 

week. However, after 8 weeks, no significant differences in the antigen-specific serum 

IgA and IgG levels were found between the TF2 and TFinj group (p>0.05). For the first 

three weeks, no significant differences in IgA and IgG responses were observed between 

the oral (TF 2) and control (C) groups (p>0.05). It has been reported that both of the IgA 

and IgG responses take time to increase in concentration (Galazka 1993) which were 

observed in the current in vivo study as well. The fecal IgA response was found even 

slower than the IgG and IgA responses of the central compartment. Also with the booster 

dose at the end of 3 weeks an enhanced response in the IgA and IgG levels were observed 

which agrees with the findings of previously reported literature (Galazka 1993). For 

antigen specific fecal IgA response, no significant differences among the treatment 

groups were observed till week six (p>0.05). After that the fecal IgA levels of both the 

oral (TF 2) and parenterally vaccinated (TFinj) groups were found to be significantly 

higher than those of the blank microsphere and oral (TF1) treated groups (p<0.05). Since

th8 week, no significant differences in the antigen-specific fecal IgA levels were observed 

between orally (TF2) and parenterally vaccinated (TFinj) groups (p>0.05). Such a 

significant increase in the antigen-specific fecal IgA response may be considered as a 

postive indication of conferring the mucosal immunity.
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Figure 51: Antigen specific serum IgG (mean concentration ± standard error) response for typhoid Vi vaccine formulations in Sprague 
Dawley rats. No significant differences in serum IgG level were observed between oral capsule (TF1) and blank mierospheres treated 
groups. Compared to other groups, parentally vaccinated (TFinj) group showed significantly higher (*) IgG level till week six. After 

eight weeks no significant differences were found between the oral (TF 2) and TFinj vaccinated groups.
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Figure 52: Antigen specific serum IgA (mean concentration ± standard error) response for typhoid Vi vaccine formulations in Sprague 
Dawley rats. No significant differences in serum IgA level were observed between oral capsule (TF1) and blank microsphere treated 
groups. Compared to other groups, parenterally vaccinated (TFinj)group showed significantly higher (*) IgG level till week six. After 

eight weeks no significant differences were found between the oral (TF 2) and TFinj groups.
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Figure 53: Antigen specific fecal IgA (mean concentration ± standard error) response for typhoid Vi vaccine formulations in Sprague 
Dawley rats. No significant differences among the treatment groups were observed till week six. Since 8th week the antigen-specific 

fecal IgA levels of TF 2 and TFinj treated groups were significantly higher than those of blank microsphere or oral TF1 treated groups 
as well as since then no significant differences in fecal IgA levels were observed between TF2 and TFinj groups.
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Conclusions

Particle sizes and zeta potential values obtained were optimal for uptake of 

microspheres through the Payer’s patches in the intestine. The swelling characteristics 

showed no significant change in the size of the microspheres within the first three-hour 

period, which is the appproximate time for the microspheres to be taken up by the Peyer’s 

patches. The low disintegration rate and slow swelling properties of the microspheres 

suggest that the formulation had a very low burst release. Thus, the loss of typhoid 

antigen due to the dissolution in the gastrointestinal tract in the three-hour period would 

probably be insignificant. The positive zeta potential value of the particles indicated the 

formation of mucoadhesive microspheres, which had the advantage of adhering to the 

negatively charged intestinal mucosal membrane. A threefold increase in anti-5, typhi Vi 

IgG post-vaccination might be considered as a positive vaccination response (Ferry et al. 

2004). Over a period of twelve weeks, approximately 3-fold and a 4-fold increase in the 

antigen-specific IgG and IgA levels were observed which clearly demonstrated antibody 

rises in response to immunization with S. typhi Vi capsular polysaccharide vaccine. 

Moreover, compared to the control group, the antigen-specific fecal IgA level, an 

indicator of mucosal immunity, was found to be significantly higher in the oral 

vaccinated group (TF2), after 8 weeks of initial vaccination. These results implied the 

potential of the developed formulation for oral delivery of typhoid vaccine.
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CHAPTER 9 

SUMMARY AND CONCLUSIONS

The current dissertation research was mainly focused on the development of 

formulations for oral delivery of vaccines. To achieve this goal, microsphere based 

enteric-coated capsule formulation was incorporated in the project, which stemmed from 

the hypotheses that the formulation would be capable to protect the encapsulated vaccine 

from degradation in the gastrointestinal tract as well as enable vaccine microspheres to be 

taken up by absorptive tissues present in the intestine. As the microspheres were 

supposed to be internalized by the Peyer’s patches, biodegradable microspheres were 

developed. To obtain the biodegradability bovine serum albumin (BSA) and chitosan 

(CSN), biodegradable and biocompatible components, were used to prepare the 

microsphere matrix.

Prior to begin the formulation, the compatibility among the formulation 

components (bovine serum albumin, chitosan and typhoid Vi antigen) was evaluated.

Any sharp change in the UV-Vis absorption spectrum, potential difference and 

conductivity of a chemical entity indicates the interaction of that compound with other 

substances present in that system. Hence, the analytical techniques used for these studies 

were UV-Vis spectrophotometry, potentiometric titration and conductometric analysis.
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The UV-Vis spectrophotometry has shown no significant changes of absorption maxima 

or absorbances of the formulation components and their mixtures. The compatibility 

among the ingredients was not affected in course of time. No change of the absorbance of 

BSA, CSN and Typhoid Vi antigen mixture with time was found. These results indicated 

that there were no undesirable interactions among the ingredients of the formulation. 

These findings were supported by potentiometric titrations and conductometric 

measurements as well. Therefore, a physicochemically compatible typhoid antigen 

loaded BSA-CSN microparticulate system was feasibly developed.

Being a highly water-soluble polymer, albumin does not have any sustained 

release properties and needs to be stabilized or crosslinked. In this project, glutaraldehyde 

was used for the chemical crosslinking of albumin. On the basis of cross-linking 

procedure, two different approaches were taken to prepare albumin-chitosan micromatrix: 

surface cross-linking and solution cross- linking. All of the formulations were evaluated 

for product yields, encapsulation efficiency, morphology, particle size, uniformity index, 

swelling properties, disintegration rate and dissolution profile. High burst release and 

disintegration as well as rapid swelling properties were the most common characteristics 

of the surface crosslinked formulations. Therefore, surface crosslinked microspheres 

were not suitable for oral delivery of vaccines. In solution crosslinking method, four 

formulations (Formulation A, B, C and D) were prepared with optimized concentration of 

glutaraldehyde (1%) and time of cross-linking (24 hours) using two different settings of 

pH (9.4 and 6.8) and temperature (25° C and 50° C). Among the four formulations 

prepared by solution cross-linking method, Formulation A (cross-linked with 1% 

glutaraldehyde for 24 hours at pH and temperature of 9.4 and 50°C, respectively) was
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found to be the most favorable for oral drug delivery of vaccines in terms of dissolution 

pattern and 3-hour burst release. Therefore, as a vaccine delivery system, Formulation A 

was further studied to evaluate its mucoadhesive property and uptake characteristics.

The mucoadhesive property of Formulation A was measured by both the direct 

and indirect ways. Generally, it is hypothesized that the negatively charged intestinal 

mucosal wall would electrostatically attract the positively charged particles. The zeta 

potential is a representative of the particle surface-charge. Therefore, by measuring the 

zeta potential of the particles an insight into electrostatic interaction was obtained, which 

was an indirect way to measure the mucoadhesiveness of the microspheres. The mean 

Zeta potential of the developed formulation was positive. The mucoadhesiveness was 

also measured directly using different regions of the rat gastrointestinal tract. 

Microspheres were found to be adhered to the mucosal layer of those tissues as well.

Thus, the positively charged microspheres (Formulation A) would be electrostatically 

attracted to the negatively charged intestinal mucosa and come to close proximity to the 

gastrointestinal epithelium and Peyer’s patches to be taken up where the immune cells 

could initiate the protective immunity. However, it was a question whether the 

gastrointestinal epithelium and Peyer’s Patches would take up the vaccine-incorporated 

microspheres. To get the answer for this question, Formulation A was evaluated for in 

vitro uptake studies using Caco-2 cells and the rat gastrointestinal tract.

Formulation-A was found to be taken up by Caco-2 cells in a time-dependent 

manner. Uptake studies using isolated intestinal loops showed that the internalization 

process was region dependent. The highest internalization of microspheres was found in 

the mid-ileal region and the lowest was found in the colon. However, these microspheres
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were incapable of shielding the vaccine candidate from the gastric acidic condition. 

Therefore, Formulation A was filled into capsules, which were then coated using acid 

resistant polymers to obtain enteric-coated capsule dosage form.

Formulation-A microspheres were filled into hard gelatin capsules using a manual 

capsule-filling device. The microsphere-filled capsules were then coated with enteric 

coating polymer. Two systems, System I and II of coated capsule formulations were 

prepared with two different pH dependent poly(meth)acrylate polymers. In System I, 

EudragitL100-55 (Methacrylic acid copolymer) was used as enteric coating material, 

which dissolves above pH 5.5, the condition of the jejunum and proximal ileum. 

Therefore, as soon as the capsules of System I reach in the jejunum and proximal ileum 

region, the coating material dissolves and the microspheres become exposed to that 

specific region of the GI tract. In System II, Eudragit SI 00 (copolymer of methacrylic 

acid and methyl methacrylate) was used as the coating material that dissolves above pH 

7.0, the condition of distal ileum and colon. Hence, System II was designed to deliver the 

microspheres to the distal ileum and colon. All the coated capsule formulations of System 

I and II showed excellent gastro-resistant. In the simulated proximal intestinal fluid 

(0.025% trypsin containing phosphate buffered saline of pH 6.0), System I (proximal 

intestinal delivery) formulations for all of the capsule sizes (#3, #5 and #9) were found to 

disintegrate in the range of 7 -18 minutes. For the System II, no release of the probe was 

found in the simulated proximal intestinal fluid. In the simulated distal intestinal media 

all sizes of the capsules disintegrated in the range of 8 -19 minutes. From the in vitro 

studies, the developed microsphere-filled coated capsule formulations showed some 

suitability for the oral delivery of vaccines. However, the efficacy of the developed
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formulations as the vaccine delivery system can be best evaluated in live animals because 

of the complexities and intricacies of the immune system and the feedback mechanism 

that exists in vivo.

Typhoid Vi antigen, a capsular polysaccharide extracted from Salmonella Typhi 

Ty2 strain, was used as a model vaccine for this project. A threefold increase in anti-51. 

typhi Vi IgG post-vaccination level has been considered as a positive vaccination 

response (Ferry et at). Over a period of twelve weeks, approximately 3-fold and a 4-fold 

increase in the antigen-specific IgG and IgA levels were observed which clearly 

demonstrate an antibody rise in response to immunization with S. typhi Vi capsular 

polysaccharide vaccine. These results imply the efficacy of the developed formulation for 

oral delivery of typhoid vaccine.

To summarize, the biodegradable and mucoadhesive microsphere filled coated- 

capsule formulation showed good potentiality for microencapsulation of vaccines for oral 

use. Although more extensive studies need to be conducted in terms of challenge studies 

and mucosal IgA levels to successfully qualify these formulations for the oral delivery of 

vaccines.
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