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ABSTRACT 

NAVEEN KUMAR BEJUGAM 

Development and Evaluation of Albumin based Microparticulate System as a Platform 
Technology for Oral Delivery of Proteins, Vaccines and Drugs 
(Under the direction of Dr. Martin J D'Souza) 

Oral route of administration of drugs is the most convenient and compliant 

although majority of the therapeutic proteins and vaccines available are injectables 

because of the formulation and physiological hurdles involved. Oral vaccination has 

major advantages in immunological perspective added to the convenience of an oral 

dosage form because it confers both mucosal and systemic immunity unlike the injectable 

vaccines. Also, considering the fact that most of the disease causing pathogens' site of 

entry being the mucosal system, perhaps it makes a better strategy to curtail the pathogen 

at the site of entry. 

The main objective of this work was to develop a microsphere based platform 

technology using glutaraldehyde crosslinked albumin as the matrix for oral delivery of 

vaccines, proteins and drugs. This method can be used for microencapsulation of amine 

containing compounds eg: Proteins and protein based vaccines, enzymes, antibiotics etc. 

Physicochemical characterization and bioactivity assays were performed to study 

the stability of microencapsulated protein drug using lysozyme as model drug. The 

results implied no significant loss of bioactivity of the microencapsulated drug. 

A microsurface enteric coating technology for microspheres required for 

gastroresistance was developed using the Spray Dryer. The technology enabled efficient 

xvi 



coating of microspheres without significant increase in particle size and conferring 

gastroresistance. 

After successful development of the formulation technology, an oral vaccine 

formulation using inactivated Escherichia coli whole cell bacteria as the model vaccine 

was evaluated in vivo. A significant increase in the antigen-specific serum IgG levels 

with time was observed which implies the potential of the formulation for oral delivery of 

the vaccine. 

The immunogenicity potential of the crosslinked albumin (Rat serum albumin) 

was evaluated by in-vivo studies. The study data did not show any significant difference 

in the serum IgG levels indicating the biocompatibility of the crosslinked albumin. 

The formulation technology developed was adapted for microencapsulation of 

poorly water soluble drugs using prednisolone as model drug. Also the effect of co-

microencapsulation of the drug with bile salts on the dissolution and release of drug from 

the microsphere matrix was studied. 
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CHAPTER 1 

INTRODUCTION 

Protein formulation technology is an integral part of drug development. The 

active therapeutic protein drug must be stable during the formulation processing, over the 

shelf life of the product and until it reaches the target organ. 

Most of the vaccines available are protein in nature and vaccines hold an 

important role in the health care of a person's life. Vaccination starts immediately after 

birth and has to be carried out periodically. Majority of the vaccines available currently in 

the market are injectables. 

In terms of patient compliance, the oral route is known to be the most sought after 

and well compliant route for the administration of drugs 

o The cost involved in manufacturing and transportation of products designed for 

oral delivery is relatively lower compared to injectables 

• The solid dosage forms are more stable compared to liquid dosage forms during 

storage and transportation 

1 
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Both cost and stability issues play major roles in terms of accessibility of the 

vaccines to the population in third world countries. Anatomically immune system can be 

divided into systemic and mucosal immunity. Systemic immunity is based in the systemic 

circulation and mucosal immunity associated with the mucosal surfaces present in the 

body. Injectable vaccines basically provide systemic immunity and very less or no 

mucosal immunity. However, a majority of the pathogens' sites of entry is the mucosal 

surface that makes it more sense to curtail the pathogen at the site of entry rather than 

wait until entry and infection. 

Oral vaccination which confers mucosal immunity along with systemic immunity 

comes to rescue at this point. Thus oral vaccination gives a tremendous advantage for 

vaccination against pathogens entering through the mucosal routes. 

Development of oral vaccine formulations is also important for military 

personnel. It is well known that soldiers posted at different parts of the world are 

administered several vaccines. As mentioned earlier, a majority of the vaccines currently 

available are injectables, which contains adjuvants and preservatives. Adjuvants are 

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

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

adverse effects including neurological problems. 

Another important consideration is the presence of thiomerosal, a mercury 

derivative, used as a preservative in the adjuvant based vaccine injectables. US health 

officials recently found thiomerosal to cause problems. Many experts believe this for an 

increase in autism cases in the US; however evidence available to date does not support 
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the hypothesis of a potential relationship between neuro-developmental disorders and 

thiomersal-containing vaccines (Knezevic et al. 2004; Parker et al. 2004). 

However with the all the advantages for oral delivery of vaccines there are also 

several hurdles or barriers associated with it for a successful delivery of oral vaccines. 

The gastrointestinal tract in humans, have several regions with different physiological 

conditions in terms of pH and enzyme content. Since, majority of the vaccines are 

proteins and peptides and are not stable by themselves because of the harsh pH conditions 

and proteolytic degradation. Moreover the intestinal epithelial cells along with the mucus, 

forms an anatomical barrier for the absorption of vaccines. 

The main objective of this project was to develop formulations suitable for oral 

delivery of vaccines and proteins which address the following issues. 

• It should be resistant to the harsh pH and enzymatic conditions in the GI tract 

• It should be able to present the vaccine to the site of absorption in the intestine 

and confer protective immunity without using any additional adjuvants 

• The vaccine should be stable during the formulation processing and the shelf life 

A novel strategy involving the microparticles / microspheres for oral delivery of 

vaccines has been employed. The vaccine candidate will be microencapsulated using 

albumin as the polymer matrix. Microparticles less than 5 microns are taken up by 

specialized cells called 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 (Ogra et al. 2001). 
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Albumin which is biodegradable, biocompatible, non-toxic and a good sustained 

release polymer (when cross linked) is being used as the main microsphere matrix. 

Albumin is cheap, 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). 

The rate of drug release from albumin microspheres and the rate at which the 

microspheres themselves degrade in the body are dependent on the degree of cross-

linking of albumin in the microspheres. The cross linking of albumin microspheres can be 

achieved using either heat or chemical agents like formaldehyde, glutaraldehyde and 2, 3-

butadione. 

Chemical cross-linking of albumin microspheres can be achieved at or below 

room temperature. In our study, GLUT was used as the crosslinking agent and 

microspheres with different degrees of crosslinking were evaluated. 

This study involved development of microsphere based platform technology for 

delivery of drugs, vaccines and proteins. It was focused on developing a technology using 

crosslinked albumin matrix as the polymer for microencapsulation of amine containing 

drugs, proteins and vaccines using the spray dryer without the loss of bioactivity. Several 

characteristics like mean particle size, encapsulation efficiency, zeta potential value and 

burst release were optimized to achieve formulations with the required features. During 

the developmental process, importance was placed on the feasibility of the technology for 

scale up and manufacture. 
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Specific aims 

To develop a microparticle based formulation technology platform for delivery of 

small molecule drugs, protein drugs and vaccines using albumin as the polymer matrix. A 

platform technology which can be appropriately modified or adapted based on the type of 

drug to be used and targeted. To evaluate the formulation technology developed by in 

vitro and physicochemical characterization, and in vivo using animal models. The 

specific aims of the study are listed below. 

Specific aim # 1 

To develop and characterize microsphere formulation technology using Bovine 

Serum Albumin (BSA) as the matrix and glutaraldehyde as the crosslinking agent. 

Specific aim # 2 

To evaluate the solid state stability of formulation developed for use in protein 

and vaccines drugs using physicochemical characterization and bioassay methods. 

Specific aim # 3 

To develop a microsurface coating technology using the Spray Dryer for enteric 

coating of microspheres for gastro resistance. 
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Specific aim # 4 

To develop an oral Escherichia coli vaccine using the microsphere formulation 

developed and evaluate the formulation in-vivo using Sprague Dawley rats. 

Specific aim # 5 

To determine the immunogenicity potential of the albumin microsphere 

formulation by in-vivo studies using Sprague Dawley rats. 

Specific aim # 6 

To develop a formulation for oral delivery of poorly water soluble drugs and to 

study the effect of co-microencapsulation with bile salts. 



CHAPTER 2 

LITERATURE REVIEW 

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 (Carter 2004). 

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. 

7 
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The lining of the esophagus secretes mucus to lubricate the ball of food. There are 

sphincter muscles (rings of constricting muscles) at the top and bottom of the esophagus 

(Carter 2004). 

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 ug pepsin/mL. For an 

average of around 200 ug/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 (Carter 2004). 

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 

surface area is about 600 m2. 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. 

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. 
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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 (Carter 2004). 
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Mucosal immune system and oral vaccines 

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 provides 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. This response serves to fight 

the infection after initial exposure, pending development of adaptive immunity. 
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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. 

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 
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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-A), 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. 
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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. 

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 

"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 
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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. 
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In the above figure 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. 

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 
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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 

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-affinity 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 (SIgA). 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). 
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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 

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 

(McGheeetal. 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). 



22 

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 

(Kernels et ai. 1997). 

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 al. 1994). 
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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 

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). 

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 
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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 

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 
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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 microparficles (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 

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

enzymatic degradation in the intestine. 

Albumin Microspheres 

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; 
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however, some drag 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 

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

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

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

Davis 1982). 

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 urn 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. 

When injected intravenously microspheres with a size range of 1 to 3 um 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 um 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 & DeSouza1998; D'Souza et al. 1999b; 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 
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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 

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 al. 1996; Shah & 

D'Souza 1999; Tong et al. 2003; Zhou & Li 1991). 

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). 
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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 67,000 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 

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 urn, 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 um, thus demonstrating that the method of preparation had a strong 

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

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 BSA beads were prepared using a chemical 

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

consisting of corn 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). 
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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 

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 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. When 
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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 

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 et al. (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. 
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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. 

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, nebulization, coacervation, spray-drying etc. which uses either heat and 

or chemical agents for albumin cross linking. 

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 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 

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. 

Protein and peptides formulation aspects 

Protein structure 

Amino acids bond to each other by peptide bonds to form polymers referred to as 

proteins and peptides. Peptides typically have fewer than 20 amino acids or less than 

5000 Daltons and proteins have more than 20 amino acids or have greater than 5000 

Daltons molecular weight. Insulin is one of the smallest proteins available. A protein has 

several levels of structure which are referred to as primary, secondary, tertiary and 

quaternary structures (Banga 2006). 

The sequence of covalently bonded amino acids sequence in the polypeptide 

chain is known as the primary structure. The turns and loops of the polypeptide chain 

constitute the secondary structure. The secondary structure includes several 
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conformations including alpha-helices and beta-sheets which are more common 

conformations but also include beta-bends, small loops and random coils. The tertiary 

structure of a protein is the overall packing in space of the various elements of secondary 

structure. Quaternary structure of a protein refers to the specific association of separate 

protein chains to form a well defined structure. The sub units are held together by non-

covalent forces such as hydrophobic interactions, hydrogen bonds or Van der Waals 

interactions (Banga 2006). 

The proteins' folds are a characteristic feature of a specific protein and are 

believed to be determined by the primary structure or the amino acid sequence of the 

protein. The folds follow several guiding rules which are listed below: 

• The overall shape is spherical 

• Polar groups are on the surface 

• Hydrophobic groups are buried in the interior 

• Interior is closely packed 

All these rules give the protein a unique structure which is a characteristic feature. 

A conformational change usually refers to the localized alterations of the conformation. 

Both covalent linkages like disulfide bridges between two cysteine residues and non-

covalent linkages like slat bridges, hydrogen bonding and hydrophobic interactions can 

stabilize the folded structure of a protein. Peptides lack hydrogen bonds and disulfide 

linkages and therefore may display several conformations in solution (Banga 2006). 

The advent of recombinant DNA technology has brought and is still bringing 

physiological peptides and proteins to the market as therapeutic proteins and peptides. In 
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addition other biotechnology techniques such as monoclonal antibodies, anti-sense 

agents, transgenic technology and gene therapy are bringing novel pharmaceutical agents 

and novel approaches to the treatment of diseases. Currently almost all the biotechnology 

derived therapeutic proteins and peptides are available for administration by the 

parenteral route. 

Formulation of proteins and peptides 

The formulation of protein and vaccine drugs is a difficult task and involves 

several challenges to develop a stable and efficacious formulation. During the 

formulation processing, the protein and vaccine drug candidates are exposed to several 

types of stresses which include generation of extensive air-water interfaces due to the 

turbulence during stirring, freezing and drying stresses, foaming, adsorption, 

nebulization, high pressures, exposure to light and heavy metals in some cases etc (Evans 

& Grassam 1986) (Akers & Nail 1994). 

Proteins and peptides undergo adsorption to air-water and solid-water interfaces 

which are usually generated during pharmaceutical processing. For instance, mixing of 

solutions will generate extensive air-water interfaces due to the resulting turbulence, 

while filtration of solutions will generate a solid-water interface. Proper selection of 

filters and procedure for mixing is advocated in these cases. Another process that exposes 

protein to stress is lyophilization. Lyophilization is a complex process which on proper 

understanding of the scientific process will allow to a scientific approach to develop the 

formulation (Banga 2006). 
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Spray drying, a conventional drying process, has been explored for its potential 

use as an alternative to lyophilization of protein and peptide drugs. In one of the studies, 

the feasibility of spray drying solutions of recombinant methionyl human growth 

hormone (hGH) and tissue-type plasminogen activator (t-PA) was investigated. While 

hGH underwent extensive aggregation during atomization which was due to surface 

denaturation at the air liquid interface which can be reduced by the addition of a 

surfactant. But, t-PA remained intact upon atomization. This study demonstrated that it 

was feasible to spray dry proteins and also emphasized the importance of contact time of 

heating for the degradation of the proteins (Mumenthaler et al. 1994). Although high 

temperatures are used in spray drying, appropriately formulated protein formulations can 

endure the spray drying conditions and can also avoid degradation because the contact 

time between droplets and hot air in the spraying chamber is very small (Broadhead et al. 

1994; Labrude et al. 1989; Orive et al. 2003). The drying time in the spray drying process 

is usually in the order of milliseconds while the total residence time in the spray dryer is 

in the order of seconds (Linders et al. 1996). Unlike lyophilization, the spray drying 

process can also be used to control the shape and size of the dried product which are 

affected by the spray drying parameters and the protein formulation (Murphy et al. 2001). 

In the current project, spray drying technology has been used to prepare 

microspheres and albumin is used as the microsphere matrix. Also the stabilizing effect 

of albumin is studied using physicochemical characterization and bioactivity assay to 

assess the effect of the formulation processing on the solid state secondary structure of 

microencapsulated lysozyme. 
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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 which 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 2003 c). 

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. 

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 
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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 

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 
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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 a cellulose 

backbone 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 of drug release varies directly with the drug to polymer ratio thereby 

demonstrating the control possible over drug delivery rates (Hilton & Deasy 1993). 

Rohm Pharma Polymers is the pioneer manufacturer of methacrylate based 

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

pharmaceuticals during the passage through the Gl-tract. 
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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 

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 which 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 2003 c). 

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). 

For the processing of Eudragit, usually some additional excipients are required. 

Plasticizers reduce the minimum film forming temperatures as well as the glass transition 

temperatures. 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 processed with ease in all film-coating or fluidized-bed equipment that is commonly 

used worldwide (Degussa 2003b). 
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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). 

In the current study, Eudragit L 100-55, a polymer which can be used for enteric 

coating of the microsphere formulations or microsphere filled gelatin capsule 

formulations for conferring gastroresistance and also targeting the drug to be delivered in 

the proximal part of the small intestine was employed. 



CHAPTER 3 

DEVELOPMENT OF MICROSPHERE FORMULATIONS USING CHEMICALLY 

MODIFIED BOVINE SERUM ALBUMIN AS THE MATRIX 

Abstract 

Purpose 

To develop a novel method of crosslinking Bovine Serum Albumin (BSA) using 

Glutaraldehyde (GLUT) and to develop microsphere formulations using chemically 

modified BSA as the microsphere matrix. 

Methods 

5% BSA solution in deionized water was prepared and crosslinked with different 

concentrations of GLUT. The concentration of GLUT during crosslinking was 

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

Excess GLUT was chemically neutralized by the addition of Sodium bisulfite (SBS) in 

the ratio of 1:6 of GLUT and SBS at the end of the crosslinking procedure. 

47 
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To the crosslinked BSA matrix, the drug candidate (Rose Bengal) was added to 

obtain a homogenous solution of the chemically modified BSA matrix and Rose Bengal 

(RB). This was spray dried using Buchi 191 Mini Spray Dryer to obtain chemically 

stabilized RB loaded BSA microspheres. Four formulations were prepared using two 

concentrations of GLUT (0.5% and 1% v/v) crosslinked for two time periods 4 hours and 

24 hours. 

Product yields, encapsulation efficiencies, mean particle sizes and zeta potential value 

were determined for all the microsphere formulations prepared. Microsphere dissolution 

studies were performed using a modified USP type I dissolution apparatus in Phosphate 

Buffered Saline (PBS) and 0.025% w/v Trypsin in PBS to study the release of RB from 

the microsphere formulations. 

Results 

Optimum concentrations of GLUT for crosslinking of BSA suitable for spray 

drying and with sufficient delayed release ability were found to be in the range of 0.5% to 

1%. The concentrations of GLUT decreased with time during crosslinking. At the end of 

9 hours the concentration of GLUT in the crosslinking reaction mixture was found to be 

0.733 + 0.027 ^g/mL. Product yields and encapsulation efficiencies were in the range of 

69.00% -78.00% and 70.60% to 81.45% respectively. The mean particle sizes and zeta 

potential values were found to be in the range of 4.35 + 1.99 jam to 5.61 + 3.13 urn and -

25.46 + 7.36 mV to -31.22 + 4.53 mV. The burst release in PBS and 0.025% Trypsin in 

PBS were found to be in the range 2.91% to 3.07%> and 3.70% to 8.32% respectively. 
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Conclusion 

A novel method for crosslinking BSA using GLUT was established which can be 

used for preparation of drug loaded microspheres using the Spray Dryer. This method can 

be used for microencapsulation of amine containing drugs without loss of the drug ex: 

Proteins and protein based vaccines, enzymes, antibiotics like gentamicin and 

vancomycin etc. the formulations also had good encapsulation efficiencies. The mean 

particle sizes obtained were found to be in the required range with the zeta potential 

values optimum for the suspension stability. The release studies helped narrow down the 

formulation with the required release pattern and delayed release. The burst release of the 

drug from the microspheres were found to be significantly lower than the burst release of 

drug from microsphere formulations prepared following previously established procedure 

(Haswani 2005). 

Introduction 

Several criteria must be satisfied for polymers used to prepare microspheres 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 of all higher living beings, is also a good candidate 
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for microspheres because it is biodegradable, biocompatible and nontoxic and also lends 

itself to the process of microencapsulation very well. 

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 and it has an isoelectric point of 4.7. The approximate molecular weight of serum 

albumin is about 67,000 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 

blood pressure and maintains the blood pH. Albumin as such does not provide any 

sustained release properties. It has to be crosslinked / 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), GLUT (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. When GLUT 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 GLUT, 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 



51 

is transferred into a separate container, the agent added, and the mixture gently stirred 

(Arshady 1990). 

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). 

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 cross linking. 

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

using albumin as the microsphere matrix for microencapsulation of proteins, vaccines and 

amine containing drugs. 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 percent of 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 within the first 10 

minutes (Burgess et al. 1987). The method developed should also be feasible for scale up 

and manufacture. 

The current methods reported involve either high temperatures or organic solvents 

which jeopardizes the native structure of the protein drug candidates. Spray drying 

method has been reported in several cases for its successful use for microencapsulation of 

proteins (Giunchedi et al. 2001; 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. The solvent is rapidly evaporated by a stream of heated air transforming the 

small droplets to solid microparticles. 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 

GLUT containing acetone and crosslinked for several time points. The drug release is 
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dependant on the extent of crosslinking which is proportional to the concentration of the 

GLUT and time of crosslinking. 

But this method is not suitable for microencapsulation of protein or vaccine or 

amine containing drugs. Since, the method involves exposure to organic solvents which 

potentially can alter the native structure or denature the protein or vaccine drug 

candidates for microencapsulation. It also involves direct exposure to GLUT which can 

potentially crosslink the microencapsulated protein or vaccine or amine containing drugs 

and thereby probable loss of activity or drug. Further, the method involves several 

industrially not so feasible steps. 

The current method developed can be potentially used for microencapsulation of 

proteins, vaccines and amine containing drugs without loss of activity or change in native 

structure. Also the method involves only two steps and is industrially feasible for scale up 

and manufacture. 
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Materials and methods 

Materials and equipment 

Bovine Serum Albumin (BSA), GLUT (25% in water) (GLUT), Acetonitrile 

(HPLC grade) (ACN), O-Phosphoric acid (HPLC grade), Methanol (HPLC grade), 

Dinitrophenyl hydrazine (DNPH), Rose Bengal and Sodium bisulfite were obtained from 

Fisher Scientific, Norcross, GA. Trypsin was obtained from Sigma chemicals, St.Louis, 

MO. Waters 600 E HPLC system with 717 plus auto sampler and 486 Tunable 

Absorbance detector. Buchi 191 Mini Spray Dryer 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. 

Methods 

Preparation of albumin matrix by crosslinking 

Albumin, as such, does not have any sustained release properties and needs to be 

stabilized or crosslinked. GLUT is used for chemical crosslinking of albumin in this 

project. Earlier, drug loaded albumin microspheres were prepared and then crosslinked 
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using GLUT (Haswani 2005). In the current strategy, albumin solution was prepared in 

deionized water and then crosslinked using GLUT at room temperature. 

In the crosslinking reaction, GLUT, 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. BSA was found to have 59 lysine residues which can be linked with GLUT for 

crosslinking (Silva et al. 2004). 

Protein-NH2 + OHC-CH2-CH2-CH2-CHO + H2N-Protein 
GLUT 

Protein-NHC-CH2-CH2-CH2-CHN-Protein 
Crosslinked Protein 

Figure 6: Illustration of crosslinking reaction of Protein (BSA) and GLUT 

Several concentrations of albumin and GLUT were used for the crosslinking 

reaction for different time periods at room temperature in order to determine the optimum 

concentrations of albumin and GLUT and the time of crosslinking which will produce 

crosslinked albumin matrix suitable for preparation of microspheres using a spray dryer. 
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Determination of concentration of GLUT 

As mentioned earlier, GLUT with its aldehyde groups crosslinks the amine 

groups. All the protein and protein based vaccine drugs and many small molecule drugs 

like Gentamicin, Vancomycin etc. have amine groups in their chemical structure. So, in 

order to use the crosslinked albumin for microencapsulation of amine containing drugs, 

proteins and vaccines the excess GLUT present in the cross linked matrix at the end of 

the crosslinking reaction needs to be extracted or neutralized. This avoids reaction of 

excess GLUT with amine groups of the drug added which might lead to loss of bio-

activity or change in the native structure of the drug candidate. 

Chemical deactivation method was used wherein the excess GLUT can be 

neutralized or inactivated by adding 2.2 : 1 molar ratio of sodium bisulfite (SBS) to 

GLUT present (Jordan et al. 1996). The neutralization reaction is illustrated in the 

following figure. 
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2Na+HS03 

SBS 

2Na+ + 

+ QHC-(CH2)3-CHO 
GLUT 

• 

"03S - C (OH)-(CH2)3-C (OH) - S03 

GLUT-SBS 

Figure 7: Illustration of the neutralization of GLUT with SBS 

Analysis and neutralization of excess GLUT 

In order to determine the amount of SBS to be added, we determined the 

concentration of GLUT present in the crosslinked solution using HPLC analysis. For the 

determination of GLUT concentrations in the albumin crosslinking solution, 5% BSA in 

deionized solution was prepared to which 1 % GLUT was added and the crosslinking 

reaction was carried out at room temperature by constant stirring. 2mL samples were 

obtained from the crosslinking reaction mixture and analyzed using HPLC analysis. The 

2mL samples drawn from the reaction mixture were transferred into 15mL centrifuge 

tubes and 5mL of HPLC grade acetonitrile (ACN) was added and vortexed for 30 

seconds. These tubes were then placed in refrigerator at 5-6°C for 30 minutes for 

hastening the precipitation of albumin protein present in the sample and later centrifuged 

for 1 hour at room temperature. A modified procedure published by OSHA was used for 

derivatization and analysis of GLUT using HPLC (U.S. Department of Labor 1987). 
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Standards were prepared using GLUT and serial dilutions using ACN. To 500 ul 

of the standards and the supernatant of the unknown samples, 12 \xh of 0.85 % v/v O-

phosphoric acid (HPLC grade) was added and vortexed for lmin. To the acidified 

sample, 500 ul of Dinitrophenyl hydrazine (DNPH) (1 mg/mL in ACN) was added for 

derivatization of GLUT and vortexed for 3 min and filtered through 0.2 (am filter into a 

HPLC vial and sealed for analysis. 

Analysis was carried out using a Waters 600 E HPLC system controller equipped 

with a Waters 717 plus Auto sampler and the samples were detected using a Waters 486 

Tunable Absorbance detector at wave length 360nm. Phenomenex C-18 column was used 

with a mobile phase composition of ACN and 0.1% O-Phosphoric acid (O-PA) in water. 

A linear gradient elution was used with the conditions listed in table below. 

Table 1: HPLC linear gradient conditions for analysis of GLUT 

Time in minutes 

0 

7 

10 

22 

27 

ACN % 

57 

57 

90 

90 

57 

O-PA % 

43 

43 

10 

10 

43 

Slope 
* 

1 

6 

6 

6 



60 

Preparation of microspheres using spray dryer 

For the preparation of microspheres using a spray dryer using the crosslinked 

albumin matrix as the microsphere matrix, Rose Bengal (RB) was used as the model drug 

to determine the optimum crosslinking conditions. Four formulations were prepared as 

listed in table below, with two variables; concentration of GLUT used and the time of 

cross linking. The concentrations used were arrived upon after several experiments using 

different concentrations of BSA and GLUT. 

Table 2: RB loaded BSA Microsphere formulations prepared using spray dryer 

Formulation 

Fl 

F2 

F3 

F4 

BSA % w/v 

5 % 

5% 

5% 

5% 

GLUT % v/v 

0.5% 

0.5% 

1% 

1% 

Time of cross linking in hours 

4 hours 

24 hours 

4 hours 

24 hours 

Spray drying was performed using compressed air from an in-house supply line 

(600NL/hr); a fluid nozzle atomized the homogenous solution at a pump setting of 4%. 

The filtered air was aspirated at 100%, the inlet temperature was set at 110°C, giving an 

outlet temperature of 74°C. Microspheres were aspirated through a tube where they were 

cooled down to a lower outlet temperature and deposited into a product container through 

a cyclone. Microspheres prepared were collected and refrigerated until further use. 
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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 were typically in the range of 60-

78%. This can be 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 

Particle size analysis 

Particle size analysis was performed for all the microsphere formulations prepared 

using a Laser particle counter (Spectrex PC 2000). 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 um filter. The microsphere suspension was sonicated 

for 2 minutes and the particle size was measured. 
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The particle counter uses a laser diode (wavelength 670.8 ran) as the source of 

light. The beam from this laser is spatially filtered and focused by a lens assembly to 

form a small and well defined illuminated volume within the liquid being inspected. A 

scanning mechanism provides a circular displacement of this illuminated volume at a 

constant speed. As this volume moves across a particle suspended in liquid, some light 

from the beam will be scattered. Much of this scattered light is in the near-forward 

direction and is collected by the optical system of the photodetector assembly. The flash 

of the light striking the photodetector will cause an electrical pulse in the preamplifier 

connected to the photodetector. The amplitude and width of this pulse is a function of the 

size of the particles as depicted in the following figure. 

Sample 
Photn Detector 

l a 

Collector Lens 

Scanner 

mm 

Laser Diode 

Figure 8: Optical schematic of the Spectrex Laser Particle Counter PC 2000 
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Determination of zeta potential 

Zeta potential measurements were determined for all the microsphere 

formulations prepared using Malvern Zetasizer nanoseries. The liquid layer surrounding 

the particle exists as two parts; an inner region (Stern 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 following figure 

illustrates the zeta potential in a schematic form. 

For the measurement of zeta potential, deionized water filtered using 0.2 mm 

syringe filter was used with a pH of 5.86. An optimized amount (5)j.g/mL) of 

microspheres were suspended in the deionized water and transferred using a syringe into 

the zeta potential measurement cuvette which as an integrated gold electrodes. The 

sample loaded cuvette is placed in the instrument for zeta potential measurement. 

The Zetasizer nano series used in this project uses a combination of Laser 

Doppler velocimetry and phase analysis light scattering (M3-PALS technique) to 

measure particle electrophoretic mobility. 

The measurement system is comprised of six main components. Firstly, a laser is 

used to provide a light source to illuminate the particles within the sample. This light 

source is split to provide an incident and reference beam. The incident laser beam passes 

through the centre of the sample cell, and the scattered light at an angle of about 13° is 
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detected. When an electric field is applied to the cell, any particles moving through the 

measurement volume will cause the intensity of light detected to fluctuate with a 

frequency proportional to the particle speed and this information is passed to a digital 

signal processor and then to a computer. The Zetasizer Nano software produces a 

frequency spectrum from which the electrophoretic mobility and hence zeta potential is 

calculated. The intensity of the detected, scattered light must be within a specific range 

for the detector to successfully measure it. This is achieved using an attenuator, which 

adjusts the intensity of the light reaching the sample and hence the intensity of the 

scattering. To correct for any differences in the cell wall thickness and dispersant 

refraction, compensation optics are installed to maintain optimum alignment (Malvern-

Instruments). 
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Figure 9: Schematic representation of zeta potential 



66 

Encapsulation efficiency 

Encapsulation efficiency was performed to determine the efficiency of the 

microencapsulation method for drug (Rose Bengal) loading in different formulations. In 

this method, 5 mg of microspheres were accurately weighed and crushed in a mortar and 

pestle to which 5 mL of PBS (pH 7.4) was added to it. Then the whole sample was 

filtered and analyzed using a Microplate Reader ELX 800 at 562 nm. The concentration 

of Rose Bengal 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. 

Microsphere dissolution studies 

In vitro release studies or dissolution studies were performed in order to predict 

the release pattern of the drug in different conditions. These studies help in optimizing 

the formulation parameters and selecting the right formulation with the desired qualities. 

For the microsphere dissolution studies a modified USP type I dissolution apparatus was 

used. Release studies were performed using dialysis membrane bags in which 50 mg of 

the microspheres were loaded and sealed. Release studies were performed at 37°C at 100 

rpm in phosphate buffered saline (PBS) at pH 7.4 and in 2.5 xlO3 BAEE (Na-benzoyl-L-

arginine ethyl ester) units/ml of trypsin in PBS at pH 7.4. Samples were taken at 

predetermined time points and stored in dark under refrigeration until analyzed. Rose 

Bengal was analyzed at 562nm using a Microplate Reader ELX 800 at 562 nm. The 
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concentration of Rose Bengal 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 get the release pattern of the drug from the 

microsphere formulations. 

Results and Discussion 

Preparation of albumin matrix by crosslinking 

Several concentrations of BSA and GLUT combinations with different time 

periods of crosslinking at room temperature were used in order to arrive at the optimized 

microsphere formulation conditions. The initial concentrations selected were based on the 

physical nature of the crosslinked matrix. The crosslinked matrix was required to be in a 

physical state suitable to process through the spray dryer and should not be a semisolid 

matrix and also must not be highly viscous in nature. Table-3 below summarizes the 

different concentrations of BSA and GLUT used for crosslinking for different time 

periods and the physical nature of the crosslinked matrix obtained. Based on the 

observations summarized in the following table, four formulation parameters were 

determined for preparation of microspheres using the spray dryer. The reaction conditions 

and concentrations selected resulted in a crosslinked matrix which does not form a 

semisolid gel but maintains a solution state suitable for processing through the spray 

dryer for preparation of the microspheres. 
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Table 3: Summary of the concentrations of BSA and GLUT and time of crosslinking 

BSA % w/v 

5 % 

5 % 

5 % 

5 % 

5 % 

5 % 

5 % 

5 % 

5 % 

2.5 % 

2.5 % 

2.5 % 

2.5 % 

2.5 % 

1% 

1% 

1% 

1% 

1% 

1% 

1% 

GLUT % v/v 

4 % 

2 % 

1% 

1% 

1% 

0.5% 

0.5% 

0.5% 

0.1% 

4 % 

2 % 

1% 

0.5 % 

0.1 % 

4 % 

2 % 

1.5% 

1% 

0.75 % 

0.5 % 

0.1 % 

Time of 
crosslinking 

1 hour 

1 hour 

1 hour 

4 hours 

24 hours 

1 hour 

4 hours 

24 hours 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

Observation 

Gels 

Gels 

Does not gel 

Does not gel 

Does not gel 

Does not gel 

Does not gel 

Does not gel 

Does not gel 

Gels 

Gels 

Does not gel but very viscous 

Does not gel 

Does not gel 

Gels 

Gels 

Does not gel but very viscous 

Does not gel but very viscous 

Does not gel but very viscous 

Does not gel 

Does not gel 
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Table 4: Formulation parameters determined for preparation of microspheres based on 
the initial crosslinking observations 

Number 

1 

2 

3 

4 

BSA % w/v 

5 % 

5% 

5% 

5% 

GLUT % v/v 

0.5% 

0.5% 

1% 

1% 

Time of cross linking in hours 

4 hours 

24 hours 

4 hours 

24 hours 

Determination of concentration of GLUT 

The concentration of GLUT decreased with time during crosslinking of 5 % w/v 

BSA with 1% v/v of GLUT as illustrated in Table-5 below and the following figure. The 

concentration decreased drastically in the first hour and the decrease was slower and 

decreased to 0.733 ppm at the end of nine hours. The IC50 of GLUT for bacterial 

inhibition was found to be 17 ppm (Jordan et al. 1996) and the concentration of GLUT 

after nine hours of crosslinking is significantly less than 17 ppm, indicating the safety 

levels of excess GLUT present at the end of the crosslinking reaction. But in order for the 

crosslinked matrix to be used for microencapsulation of amine containing drug 

candidates the excess GLUT present should be neutralized. 
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Table 5: Concentration of GLUT during crosslinking at different time points 

Time Point 
(Hours) 

0.00 

0.50 

1.00 

2.00 

3.00 

4.00 

5.00 

7.00 

8.00 

9.00 

Set1 
(Hg/mL) 

104.15 

51.40 

22.33 

16.88 

6.70 

6.33 

6.71 

2.53 

2.73 

0.71 

Set 2 
(jig/mL) 

112.47 

42.01 

33.91 

14.99 

5.05 

2.94 

3.40 

3.67 

2.73 

0.75 

Average 
Concentration 

Gig/mL) 

108.31 

46.71 

28.12 

15.94 

5.88 

4.63 

5.05 

3.10 

2.73 

0.73 

Standard 
Deviation 

5.88 

6.64 

8.19 

1.33 

1.17 

2.39 

2.34 

0.81 

0.00 

0.03 
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Figure 10: Concentration of GLUT with time during crosslinking of BSA 

Based on the concentration of GLUT, the ratio of SBS to be added for 

neutralization can be determined. 0.006% w/v of SBS which will in the ratio of 1:6 of 

GLUT to SBS was calculated to be added for complete neutralization of GLUT present at 

the end of the crosslinking reaction. According to molar calculations 2.2 parts of SBS can 

neutralize one part of GLUT (1:2.2 of GLUT to SBS)(Jordan et al. 1996). 
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Preparation of microspheres using spray dryer 

Four formulations were prepared following a standard procedure with a drug to 

polymer ratio of 1:100 (RB: BSA). 5 % w/v of BSA solution was prepared in deionized 

water and crosslinked using GLUT for the required amount of time and then neutralized 

using 0.006% w/v of SBS. Then the calculated amount of RB was added to the 

crosslinked albumin solution and spray dried using Buchi Mini Spray Dryer. The entire 

procedure for preparation of microspheres is summarized in the figure below. 
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Figure 11: Schematic of the crosslinking and preparation of drug loaded albumin 
microspheres 
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In vitro characterization 

After the microsphere formulations were prepared the product yield was 

determined. Particle size analysis, zeta potential values and encapsulation efficiencies 

were determined and summarized in the below table. 

Table 6: In vitro characterization of RB loaded BSA microsphere formulations 

Formulation 

Fl 

F2 

F3 

F4 

Product 
yield 

72.35 % 

69.00 % 

78.00% 

70.51% 

Encapsulation 
efficiency 

70.60 % 

71.07% 

81.45% 

78.38 % 

Mean particle 
size in urn 

5.00 ±2.66 

4.35 ±1.99 

5.60 ±2.88 

5.61 ±3.13 

Zeta Potential 
in mV 

-29.36 ±4.27 

-25.46 ± 7.36 

-31.22 ±4.53 

-27.48 ± 6.78 

The product yields obtained are within the industrially acceptable range and the 

encapsulation efficiencies are relatively high compared to other methods used previously. 

The mean particle sizes obtained were reproducible and in the desired range. 

Zeta potential is a physical property which is exhibited by any particle in 

suspension. It can be used to optimize the formulations of suspensions and emulsions. 

The magnitude of the zeta potential gives an indication of the potential stability of the 

colloidal system. If all the particles in suspension have a large negative or positive zeta 
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potential, then they will tend to repel each other and there will be no tendency for the 

particles to come together. However, if the particles have low zeta potential values then 

there will be no force to prevent the particles from coming together and flocculating. The 

dividing line between stable and unstable suspensions is generally taken at either +30 or -

30 mV. Particles with zeta potentials more positive than +30 mV or more negative than -

30 mV are normally considered stable. However, if the particles have a density different 

form the dispersant, they will eventually sediment, forming a close packed bed (i.e. a 

hard cake) (Malvern-Instruments). 

Zeta potential measurements can be used as an index for suspension stability. 

When the absolute value of zeta potential is above 30 mV the suspension / dispersions are 

considered stable due to mutual electrostatic repulsion and when the zeta potential is 

close to zero the coagulation (formation of larger assemblies of particles) is very fast and 

this causes a fast sedimentation. 

The microsphere formulations prepared can be used for oral delivery of vaccines. 

Microparticles less than 7 microns are taken up by specialized cells called M cells in the 

Peyer's patches present in the intestinal epithelium which has the capacity to deliver the 

vaccine (Antigen) appropriately to the antigen presenting cells (APCs) which further 

processes the antigen and confers protective immunity (Ogra et al. 2001). The higher the 

suspension stability of the microspheres in the intestine the better is the uptake of the 

microsphere through the Peyer's patches. The suspension stability is indicated by the zeta 

potential values which are closer to -30 mV. 
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Microsphere dissolution studies 

These studies help in optimizing the formulation parameters and selecting the 

right formulation with the desired qualities. The cumulative percent release of RB is 

summarized in the following tables and figures. The release studies were conducted in 

both PBS and 0.025% w/v of Trypsin in PBS. The release pattern in PBS helps identify 

the optimized formulation with the required release pattern. The release pattern in tyrpsin 

containing media helps in predicting the release pattern in intestinal conditions with 

proteolytic enzymes because BSA which is a protein is currently being used as the 

microsphere matrix. 

Burst release, the total amount of drug (RB) released in the first thirty minutes 

from the microsphere formulations, was compared to the burst release of Gentamicin 

from albumin microsphere formulations previously established in our lab (Haswani 

2005). 
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Table 7: Cumulative % release of Rose Bengal from formulation Fl in PBS and 0.025 % 
Trypsin in PBS 

Time 

0.00 

0.50 

1.00 

2.00 
4.00 

8.00 
12.00 

24.00 

48.00 
72.00 

Fl in PBS 
Avg. % Cum. 

Release 
0.00 

3.07 

2.99 
3.32 

4.04 

5.72 

7.96 

15.09 

21.81 
31.26 

Std. Dev. 
0.00 

0.11 

0.23 

0.00 

0.11 

0.23 

0.00 
0.34 

0.34 

2.15 

Fl in Trypsin 
Avg. % Cum. 

Release 

0.00 

7.98 

8.40 
8.32 

12.94 

18.07 
35.38 

71.26 

89.41 
99.92 

Std. Dev. 
0.00 

0.24 
0.12 

0.24 
0.12 

0.24 

0.00 
0.12 

0.12 

0.71 

Table 8: Cumulative % release of Rose Bengal from formulation F2 in PBS and 0.025 % 
Trypsin in PBS 

Time 

0.00 

0.50 

1.00 

2.00 

4.00 

8.00 

12.00 

24.00 

48.00 

72.00 

F2 in PBS 
Avg. % Cum. 

Release 

0.00 

2.67 

2.83 

3.56 

3.72 

5.08 

6.92 

11.96 

35.35 

41.03 

Std. Dev. 
0.00 

0.00 

0.23 

0.11 

0.34 

0.00 

0.11 

0.00 

0.00 

1.02 

F2 in Trypsin 
Avg. % Cum. 

Release 
0.00 

8.32 

12.35 

14.12 

16.97 

23.19 

29.83 

41.43 

77.23 

82.77 

Std. Dev. 
0.00 

0.48 

0.00 

0.36 

1.31 

0.36 

0.95 

0.24 

0.71 

0.95 
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Table 9: Cumulative % release of Rose Bengal from formulation F3 in PBS and 0.025 % 
Trypsin in PBS 

Time 

0.00 

0.50 

1.00 

2.00 

4.00 

8.00 

12.00 

24.00 

48.00 

72.00 

F3 in PBS 
Avg. % Cum. 

Release 
0.00 

2.91 

3.48 
2.91 

2.99 

3.88 

3.64 

5.48 

4.52 

7.16 

Std. Dev. 

0.00 

0.00 

0.11 

0.23 

0.11 

0.00 

0.11 

0.23 

0.00 

1.25 

F3 in Trypsin 
Avg. % Cum. 

Release 
0.00 

3.70 

3.87 
3.70 

5.63 

7.56 

8.91 

16.22 

36.89 

65.38 

Std. Dev. 

0.00 

0.12 

0.83 

0.12 

0.00 

0.12 

0.59 

0.24 

0.24 

1.54 

Table 10: Cumulative % release of Rose Bengal from formulation F4 in PBS and 0.025 
% Trypsin in PBS 

Time 

0.00 

0.50 

1.00 

2.00 

4.00 

8.00 

12.00 

24.00 

48.00 

72.00 

F4 in PBS 
Avg. % Cum. 

Release 
0.00 

4.68 

3.64 

3.40 

3.72 

4.76 

4.20 

5.00 

5.72 

11.24 

Std. Dev. 

0.00 

1.47 

0.23 

0.11 

0.11 

0.68 

0.11 

0.34 

0.23 

0.11 

F4 in Trypsin 
Avg. % Cum. 

Release 
0.00 

3.78 

5.38 

4.37 

4.45 

5.21 

9.50 

15.71 

36.81 

42.77 

Std. Dev. 

0.00 

0.48 

1.54 

0.12 

0.24 

0.36 

0.48 

0.24 

0.59 

6.42 
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Figure 12: Cumulative % release of Rose Bengal from microsphere formulations in PBS 
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Figure 13: Cumulative % release of Rose Bengal from microsphere formulations in 
0.025% trypsin in PBS 
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Burst release of RB from microsphere formulations 

CO 
0£ 
*-
o 
<D 
<fl 
« 
as a 
^ o 
> 

-*=» 
w 
3 
F 3 
o 
55 

10.00 

9.00 

8.00 

7.00 

6.00 

5.00 

4.00 

3.00 

2.00 

1.00 

0.00 
F1 

* p < 0.005 

Figure 14: Burst release of Rose Bengal from microsphere formulations 

Table 11 :% Cumulative release of Gentamicin from microsphere formulations as 
reported by Haswani 2005 

Formulation 

Gl 

G2 

G3 

G4 

% w/v 
BSA 

5 

5 

5 

5 

% v/v 
GLUT 

0 

0.4 

2 

4 

% Cum. release in 
PBS 

62.86 

33.56 

39.01 

22.06 

Std. 
Dev 

0.46 

1.98 

1.22 

0.74 

8.B2 

?fi7 
2.91 

3.70 

F2 F3 

Formulation type 

• PBS 
• Trypsin 

2.B3 

mm& 
3.78 

F4 
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Burst release of Gentamicin from microsphere formulations 

70 -

'o 
E 60 i 
re 
c 
0) 
O) 50 -

<*-
o 
SI 4 0 -
(0 
i - 30 -

C
u
m

u
la

tiv
e

 

o
 

o
 

0 s 

62 86 

i 

| 

33^6 
L 

39.01 
T 

• PBS 

22.06 

| T 

G1 G2 G3 G4 

Formulation type 

Figure 15: Burst release of Gentamicin from microsphere formulations (Haswani 2005) 

Conclusion 

A novel method for crosslinking of albumin using GLUT was established which 

can be used for preparation of microspheres using the spray dryer. Also an industrial 

friendly and practically simple method of neutralizing excess GLUT after crosslinking of 

albumin was developed without altering the physical nature of the crosslinked matrix. 

This was also suitable for microencapsulation using the spray dryer. 
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It is a single step process and does not require use of any organic solvents for the 

formulation processing because organic solvents tend to denature protein drugs. The 

formulation process does not alter the chemical structure of the amine group containing 

drug candidates because of the excess GLUT neutralization step. Thus, the formulation 

can also be potentially used for amine containing drugs, vaccines and bioactive proteins. 

However, further physico chemical characterization and bioactivity studies will be 

required to determine the successful microencapsulation of vaccines and bioactive 

proteins by this method. 

Burst release is tremendously decreased which definitely is a positive attribute 

compared to the previously established formulations (Haswani 2005). The microspheres 

prepared have good reproducibility in terms of mean particle size and suspension stability 

based on the zeta potential values which is important for oral delivery of vaccine using 

microspheres. The whole formulation procedure involves simple steps industrially 

possible, which makes this microencapsulation technology feasible for scale up and to 

manufacture. 



CHAPTER 4 

EVALAUATION OF SOLID STATE STABILITY OF MICROSPHERE 

FORMULATIONS USING PHYSICOCHEMICAL CHARACTERIZATION 

Abstract 

Purpose 

To evaluate the solid state stability of the albumin microsphere formulations 

developed for use in microencapsulation of protein drugs and vaccines by 

physicochemical characterization and in vitro bioassay. 

Methods 

Lysozyme was used as the model drug in these studies. Lysozyme loaded albumin 

microspheres were prepared following the formulation technology developed and 

discussed in the previous chapter using a Buchi Mini Spray Dryer. Two formulations 

with 1:5 (FL1) and 1:10 (FL2) drug to polymer ratio were prepared. Crosslinked albumin 

matrix was prepared using 5 % w/v BSA in deionized water and crosslinked using 1 % 

GLUT for 24 hours. 

84 
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The excess GLUT was neutralized by adding 0.006 % w/v of SBS at the end of 

crosslinking reaction. Lysozyme was dissolved in phosphate buffer and added to the 

crosslinked albumin matrix and then spray dried to prepare lysozyme loaded albumin 

microspheres. Various parameters for the spray dryer viz. inlet temperature pump flow, 

aspiration rate and air pressure were optimized. The mean particle size and zeta potential 

was determined using Malvern Zetasizer. Effect of formulation processing on the 

secondary structure of lysozyme was studied using Attenuated Total Reflectance -

Fourier Transform Infra Red (ATR-FTIR) Spectroscopy and Differential Scanning 

Calorimetry (DSC). An in vitro bioassay method using Micrococcus lysodeikticus cells 

was carried out to assess the bioactivity of the microencapsulated lysozyme. 

Results 

The mean microsphere particle size for the two formulations FL1 and FL2 were 

determined to be 5.81 + 1.55 urn and 5.10 + 1.83 jam respectively. The zeta potential 

values were determined to be - 23.47 + 3.96 mV and - 26.36 + 2.78 mV at pH 5.8 for 

formulations FL1 and FL2 respectively. FTIR spectra for the lysozyme before and after 

encapsulation into albumin microspheres showed similar absorption bands at 1646.75 cm" 

1 and 1531.56 cm"1 for FL1 and 1650.04 cm"1 and 1536.68 cm"1 characteristic of the 

amide I and amide II bands of lysozyme. DSC thermograms of the microencapsulated 

lysozyme contained an endotherm corresponding to lysozyme melting or denaturation 

peak. The melting temperatures (Tm) were found to be 214.49 °C and 215.38 °C for FL1 

and FL2 as compared to the Tm value of 74°C for lysozyme in solution at pH 4.0 in 50 
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mM citrate buffer. The bioactivity of the microencapsulated lysozyme was found to be 

70.09 % and 95.57 % for the two formulations FL1 and FL2 respectively. 

Conclusion 

Based on the physicochemical characterization data from FTIR and DSC 

supported by the bioactivity data for the formulations it is evident that the 

microencapsulated Lysozyme did not undergo any significant change in its native 

structure and the bioactivity is still preserved. This succeeds the formulation to be used 

for protein and vaccine drugs. 

Introduction 

In the current project, lysozyme was used as a model protein and 

microencapsulated using the crosslinked albumin as the microsphere matrix. Lysozyme 

has been used often as a model protein to study the effects of protein formulation, 

preparation and manufacture on activity and function (Branchu et al. 1999; Ghaderi & 

Carlfors 1997; Joshi et al. 2004; Remmele et al. 1997; Tzannis & Prestrelski 1999b). 

Lysozyme has a molecular weight of 14,500 D and is a cationic protein with bacteriolytic 

properties. It is bacteriolytic because it degrades the polysaccharide that is found in the 

cell walls of many bacteria by catalyzing the insertion of a water molecule at the 

glycosidic linkage of the polysaccharide. This bacteriolytic activity can be used as a 

biochemical assay using Micrococcus lysodeikticus. The assay involves measurement of 
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the degree of lysis induced by the enzyme onM lysodeikticus (Kim et al. 2005; Liao et 

al. 2001). 

In order to stabilize the native structure of proteins during spray drying which 

imposes potential stresses including exposure to high temperature, distribution at air-

water interfaces and dehydration, protective excipients are generally included as 

components of the final formulations. Generally used excipients include polyols, sugars, 

polymers, surfactants, amino acids and proteins. Addition of disaccharides such as 

sucrose or trehalose often enabled an effective stabilized protein formulation (Tzannis & 

Prestrelski 1999a; Tzannis & Prestrelski 1999b). 

Albumin has been used as a stabilizing agent in protein formulations in several 

studies has gained wide spread use as an excipient. Human serum albumin (HAS) is 

stable even in the liquid form at room temperature for the shelf life of the product 

because of the 17 disulfide linkages present in the molecule. The stability of albumin 

makes its storage and handling easier than typical proteins. Because of its safety profile 

and unique properties, HSA is frequently used as a stabilizer in protein formulations. This 

protein has amphiphilic properties which can inhibit adsorption of the active protein via a 

competitive adsorption mechanism. Albumin also has surface active properties which 

make it suitable for use as a surfactant to prevent aggregation (Chaubal 2005). The 

following table lists the different products utilizing albumin as an excipient and also lists 

the corresponding concentrations used and the companies involved. Although there have 

been no reported cases of disease transmission with the use of HSA, a theoretical or 

perceived risk exists, due to which recombinant human albumin is currently being 

explored (Bosse et al. 2005; Chaubal 2005; Chuang et al. 2002). 
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Table 12: List of products utilizing albumin as an excipient with concentrations used and 
the companies (Chaubal 2005) 

Product 

Aralast (Alphal Proteinase Inhibitor) 

Kogenate (Factor VIII) 

Intron A (Interferon alfa-2b) 

Avonex (Interferon beta-1) 

Urokinase 

Level of Albumin 

5 mg/mL 

10 mg/mL 

1 mg/mL 

16.5 mg 

250 mg 

Company 

Alpha Therapeutics, Baxter 

Bayer 

Schering Plough 

Biogen 

Abbott 

A change in one of the structures (primary, secondary, tertiary or quaternary) of 

the protein can lead to loss of its biological activity and these changes may not be always 

detected by any one particular analytical technique. For this reason several techniques are 

required to characterize a protein or peptide drug along with bioactivity assays which 

provide very important information about the activity of the protein (Banga 2006). 

Several analytical methods are available ex. Spectroscopy, thermal analysis, bio-

assays, immunological assays, electrophoresis etc. which helps in understanding the 

protein structure at different levels and usually more than one analytical technique is used 

for characterization studies. 

In the current project, lysozyme loaded albumin microsphere formulations were 

prepared using spray drying technology developed and were characterized using FTIR 

and DSC. The bioactivity of the microencapsulated lysozyme was also determined. 
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Physicochemical characterization followed by the biochemical assay will help in 

employing the formulation technology developed for use in microencapsulation of 

protein based vaccines and protein drug candidates. 

Materials and methods 

Materials and equipment 

Lysozyme and Micrococcus lysodeikticus cells were obtained from Sigma 

Chemicals, St.Louis, MO. Bovine Serum Albumin (BSA), Glutaraldehyde (25% in 

water) (GLUT) and Sodium bisulfite (SBS) were obtained from Fisher Scientific, 

Norcross, GA. 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. Attenuated Total 

Reflectance - Fourier Transform Infra Red (ATR-FTIR) Spectroscopy from Perkin Elmer 

and Differential Scanning Calorimetry (DSC) from TA Instruments was used for physico 

chemical characterization. Perkin Elmer UV spectrophotometer was used for the 

turbidimetric determinations for the in vitro biochemical activity assay. 
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Methods 

Preparation of microspheres using the spray dryer 

Lysozyme loaded albumin microspheres were prepared using a spray dryer 

following the procedures previously. Crosslinked albumin matrix was used as the 

microsphere matrix prepared using 5 % w/v BSA and crosslinked with 1% v/v GLUT for 

24 hours. Excess GLUT was neutralized using 0.006 % w/v SBS. Lysozyme solution was 

prepared in phosphate buffer and added to the albumin matrix drop wise and then spray 

dried. Two microsphere formulations were prepared as listed in Table-13. 

Table 13: Lysozyme loaded albumin microsphere formulations prepared 

Formulation type 

FL1 

FL2 

Blank MS 

Drug loading 

1:5 (Lysozyme : Matrix) 

1:10 (Lysozyme : Matrix) 

Only matrix 

Spray drying was performed using compressed air from an in-house supply line 

(600NL/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 74°C. Microspheres were aspirated through a tube where they were 
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cooled down to a lower outlet temperature and deposited into a product container through 

a cyclone. Microspheres prepared were collected and stored in refrigerator until further 

use. The microspheres prepared were then characterized and analyzed. 

In vitro characterization of microsphere formulations 

After the preparation of microspheres, the product yield, mean particle size and 

zeta potential values were determined as described in the previous chapter. 

FT1R spectra for lvsozvme and microencapsulated lysozyme 

FTIR over comes all the limitations of IR and has been used often to assess 

protein integrity after microencapsulation. Unlike most analytical methods, an extraction 

procedure is not required and the protein can be studied in the final product state itself. 

This technique requires only small amounts of the sample. FTIR uses special 

deconvolution method to separate and integrate overlapping amide I absorption bands 

associated with secondary and random structures to produce high quality spectra of the 

sample protein in the solid state without problems of background fluorescence, light 

scattering and problems related with the size of the proteins (Banga 2006). Methods are 

also now available that can separate subcomponents that overlap in the spectra of the 

proteins. 

In Fourier Transform Infrared Spectroscopy, a continuum source of light ex: 

Nernst Globar is used to produce light over a broad range of infrared wavelengths. Light 

coming from this continuum source is split into two paths using a half-silvered mirror; 

this light is then reflected from two mirrors back onto the beam splitter, where it is 
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recombined. One of these mirrors is fixed, and the second is movable. If the distance 

from the beam splitter to the fixed mirror is not exactly the same as the distance from the 

beam splitter to the second mirror, then when the two beams are recombined, there will 

be a small difference in the phase of the light between these two paths. Because of the 

"superposition principle" constructive and destructive interference exist for different 

wavelengths depending of the relative distances of the two mirrors from the beam splitter. 

It can be shown that if the intensity of light is measured and plotted as a function of the 

position of the movable mirror, the resultant graph is the Fourier Transform of the 

intensity of light as a function of wave number (JENA 2005). 

In FTIR spectroscopy, the light is directed onto the sample of interest and the 

intensity is measured using an infrared detector. The intensity of light striking the detector 

is measured as a function of the mirror position, and this is then Fourier-transformed to 

produce a plot of intensity vs. wave number. As radiation source a Michelson 

Interferometer is used. To increase the sensitivity, multiple internal reflection is used 

which increases the sensitivity by about a factor of 30-50, making it possible to measure 

the absorption of less than one monolayer of molecules on a surface (JENA 2005). 
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Figure 16: Schematic diagram of FTIR with Michelson Interferometer (JENA 2005) 

FTIR spectra were obtained for lysozyme before microencapsulation and also for 

the microencapsulated lysozyme formulations using a Perkin Elmer ATR-FTIR with a 

resolution of 4cm"1. A total number of 256 scans were obtained for each sample in ratio 

mode for acquiring the sample spectrum. 

FTIR spectra scans were obtained for the following samples: 

Lysozyme solution in phosphate buffer 

Lysozyme solid as obtained from manufacturer 

• Formulation FL1 

® Formulation FL2 

• Blank MS 
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DSC analysis of lysozyme and microencapsulated lysozyme 

Thermal properties of protein drugs or vaccine formulations can indicate stability. 

Unfolding or aggregation of the protein during the formulation process can be detected 

by documenting the changes in the thermal properties of the protein loaded microspheres 

and these changes can be documented using DSC, a physical thermo-analytical method. 

In DSC, a sample and reference materials are placed in separate pans and the 

temperature of each pan is increased or decreased at a predetermined rate. When the 

sample reaches its melting point, it remains at this temperature until all the material has 

passed into the liquid state, because of the endothermic process of melting. A temperature 

difference therefore exists between sample and reference as the temperature of the two 

materials is raised gradually through the range. A second temperature circuit is used to 

provide a heat input to overcome this temperature difference. In this way the temperature 

of the sample is maintained at the same value as the reference. The difference in heat 

input to the sample and the reference per unit time is fed to a recorder and plotted as 

dH/dt versus the average temperature to which the sample and reference are being raised 

(Palmieri et al. 2001). A schematic of a typical DSC is shown in the subsequent figure. 
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Figure 17: Schematic of typical DSC 

S: Sample cell; R: Reference cell 
ATI: Temperature difference between S and R 

AT2: Temperature difference between cells and surrounding adiabatic jacket 
(Cooper et al. 2000) 
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Thermal analysis was carried out using Differential Scanning Calorimetry (DSC) 

Q100 series from TA Instruments. Samples were placed in appropriate aluminum pans 

and hermetically sealed and placed in the sample compartment. Scans were collected 

from 40°C - 250°C for microspheres, heated at the rate of 2°C / min. 

DSC scans were obtained for the following samples: 

® Lysozyme solid 

• Blank MS 

• Lysozyme Microsphere Formulation FL1 

• Lysozyme Microsphere Formulation FL2 

Determination of lysozyme content and biological activity 

For the determination of the bioactivity of lysozyme a previously established 

method was used after appropriate modifications (Kim et al. 2005; Liao et al. 2001). For 

the standard curve, a bacterial suspension of Micrococcus lysodeikticus at a concentration 

of 0.20 mg/mL in 50 mM phosphate buffer at pH 7.2 was prepared. The lysozyme 

solutions were diluted to 10, 15, 20, 30 and 40 u.g/mL enzymes with the phosphate 

buffer. The reaction mixture consisted of 2 mL of the cell suspension and 20 uL of the 

enzyme dilution. The biological activity was proportional to the rate of the decrease in 

turbidity of the cell suspension, which was measured using a spectrophotometer as a 

linear decrease in absorbance at 450 nm for 5 minutes. A standard curve was plotted with 
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concentration of lysozyme and the time required decreasing the absorbance by 0.05 units 

(T0.05). 

For the microencapsulated lysozyme bioactivity determination, 30 mg of the two 

microsphere formulations FL1 and FL2 were suspended in 10 mL of 50 mM phosphate 

buffer at pH 7.2 containing 0.5 % w/v of Tween-80 and stirred at room temperature for 

24 hours for the release of the microencapsulated lysozyme. Then samples were taken 

and analyzed for active lysozyme content using the above mentioned assay and the 

concentrations determined using the standard curve. The percent bioactivity was 

calculated based on the theoretical amount of lysozyme present in the microsphere 

formulations. 

Results and Discussion 

In vitro characterization of microsphere formulations 

After the preparation of lysozyme loaded albumin microsphere formulations using 

a spray dryer, in vitro characterization was carried out and the results illustrated in Table-

14. Product yields obtained were in the acceptable range of at least 68 %. The mean 

particle sizes as measured using a laser particle counter were reproducible as discussed in 

chapter 3 and were found to be in the desirable range. The zeta potential values were 

determined using a zetasizer and were found to be close to -30 mV thereby showing good 

suspension stability. 
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Table 14: In vitro characterization of lysozyme loaded albumin microsphere formulations 

Formulation 

FL1(1:5) 

FL2(1:10) 

Product yield 

68.23 % 

73.50% 

Mean particle size 
in u.m 

5.81 + 1.55 

5.10± 1.83 

Zeta Potential in 
mV 

-23.47 ±3.96 

-26.36 ±2.78 

FTIR spectra for lysozyme and microencapsulated lysozyme 

The FTIR spectra for the lysozyme before and after microencapsulation in both 

liquid and solid forms is shown in the subsequent figures and also summarized in the 

tables below. FTIR analysis before and after the microencapsulation using the spray 

drying process demonstrates that the lysozyme secondary structure is not affected by the 

spray drying conditions. 

IR spectra of proteins and polypeptides exhibit a number of amide bands, which 

represent different vibrations of the peptide moiety, and are responsive to changes in the 

secondary structure and conformation of the polypeptide backbone (Banga 2006). The 

peptide group the structural repeat unit of the proteins, gives up to 9 characteristic bands 

and the significant one are listed in the table below. The amide I band is directly related 

to the backbone conformation and amide II band is conformational sensitive (JENA 
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2005). These two bands are important in understanding or determining any changes or 

alterations in the solid state secondary structure. 
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Table 15: List of amide bands exhibited by the IR spectra of polypeptides and proteins 
(JENA 2005) 

Band 

Amide A 

Amide I 

Amide II 

Amide III, IV 

Amide V, VI, VII 

Frequency 

About 3500 cm"1 

Between 1600-1700 cm"1 

Between 1510-1580cm"1 

Around 1300-1400 cm"1 

Out of plane motions 

Association 

> 95 % N-H stretching vibration. 
Independent of backbone conformation. 

70 - 85 % C=0 and 10 - 20 % C-N . 
stretching vibration. 

Related to backbone conformation. 

40 - 60 % N-H bending vibration. 18 -
40 % C-N and 10 % C-C stretching 

vibrations. Conformational sensitive. 

Very complex bands result of 
coordinate displacements. 

Not much use here. 
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FTIR, a method which does not require any sample preparation and does not 

involve any extraction procedure is a powerful technique to study the protein structure in 

the microencapsulated form. It has the advantage of using long IR wave lengths and 

reducing possible scattering and the latest advancements further increase sensitivity. This 

method has been investigated for determining the solid state secondary structure of 

lysozyme and BSA microencapsulated in PLGA. It has been found that lyophilization 

causes changes in the secondary structure of the microencapsulated proteins and one third 

loss of alpha-helix content and also studied the protective effects of trehalose during 

lyophilization (Natsume et al. 1990). FTIR spectroscopy has been used to monitor the 

changes in secondary structure of human calcitonin resulting from interfacial adsorption 

and aggregation (Bauer et al. 1994). In one study with lysozyme, the changes in 

secondary structure of lysozyme were determined by FTIR and a peak at 1650 cm"1 was 

assigned to alpha-helix. A peak at 1620 cm"1 was assigned to aggregation due to 

intermolecular beta-sheets and was interpreted for aggregation related changes (Malzert 

et al. 2002). In one study with recombinant hGH, which is largely alpha-helical protein a 

strong band at 1654cm"1 was observed which was relatively stable with changes in pH. 

With increase in temperature this band decreased and a band at 1620 cm"1 increased 

suggesting the formation of aggregates with an increase in temperature (Cauchy et al. 

2002). 

In the current project, the lysozyme a protein was microencapsulated in BSA 

which is again a protein. As discussed all the proteins give amide bands and in the current 

scenario an overlap of the two protein bands can be observed. In order to solve this, 

several spectra of lysozyme were taken before and after microencapsulation. FTIR 
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spectra were also taken for the blank BSA microsphere. Later, using the software, the 

spectra obtained from blank microspheres was subtracted from the spectra of lysozyme 

microspheres. The result produces the spectra of the microencapsulated lysozyme. This 

resultant spectrum was compared with the FTIR spectra obtained from lysozyme before 

microencapsulation. The results obtained indicate that there is no significant shift in the 

amide I and II bands implying that the microencapsulation procedure did not cause any 

significant alteration or change in the solid state secondary structure. A second derivative 

analysis of the spectra could have given tremendous information regarding the solid state 

secondary structure of the microencapsulated protein but it was not obtained because of 

inaccessibility of the software required. But the results obtained needs to be confirmed 

using another analytical technique and a biochemical assay which is discussed in the 

subsequent sections. 
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Figure 18: FTIR spectra for Lysozyme in phosphate buffer 
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Figure 19: FTIR spectra for Lysozyme solid (before microencapsulation) 
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Figure 20: FTIR spectra for formulation FL1 (1:5; Lysozyme: Matrix) 
Blue: Lysozyme microspheres (Formulation FL1) 

Black: Blank MS Red: Difference (Lysozyme in MS) 



Table 16: Amide I and amide II band locations in FTIR spectra for Lysozyme and 
Lysozyme formulation FL1 

Formulation 

Lysozyme in solution 

Lysozyme solid 

Lysozyme Formulation FL1 

Blank MS 

Difference 

Amide I band (cm"1) 

1648.35 

1645.28 

1646.75 

1646.75 

1646.75 

Amide II band (cm"1) 

1538.46 

1535.07 

1531.56 

1531.56 

1531.56 
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Figure 21: FTIR spectra for formulation FL2 (1:10; Lysozyme: Matrix) 
Green: Lysozyme microspheres (Formulation FL2) 

Blue: Blank MS Black: Difference (Lysozyme in MS) 



Table 17: Amide I and amide II band locations in FTIR spectra for Lysozyme and 
Lysozyme formulation FL2 

Formulation 

Lysozyme in solution 

Lysozyme solid 

Lysozyme Formulation FL2 

Blank MS 

Difference 

Amide I band (cm"1) 

1648.35 

1645.28 

1650.04 

1650.04 

1650.04 

Amide II band (cm"1) 

1538.46 

1535.07 

1536.68 

1536.68 

1536.68 



DSC analysis of lysozyme and microencapsulated lysozyme 

The DSC thermograms obtained for lysozyme before and after 

microencapsulation are shown in the subsequent figures. In DSC, when a protein is 

heated an endothermic peak is obtained which indicates the transition from native state to 

the unfolded state and this is affected by the environmental conditions such as pH, 

excipients and the formulation type (Banga 2006). 

Lysozyme is a thermophilic protein with high thermodynamic stability as 

indicated by its high Tm. In one of the studies involving lysozyme spray drying along 

with sucrose and trehalose, a concentration dependant stabilization effect by the 

excipients was observed based on the DSC and FTIR analysis. It was suggested that the 

denaturation of lysozyme during spray drying was more due to dehydration stress rather 

than high temperature (Lin et al. 2002). Also, it was found that the air water interface 

does not disturb the globular structure of lysozyme or lead to any indication of 

denaturation (Tarelli et al. 1998). In one study involving stability assessment of lysozyme 

along with excipients using DSC, three mechanisms for stabilization were identified. 

Two mechanisms were associated with increase in Tm, responsible for reducing 

irreversible degradation and also stabilizing the folded protein (Cueto et al. 2003). 

It is evident from the DSC scans of lysozyme before and after microencapsulation 

that there is an increase in the melting temperature for the microencapsulated lysozyme 

compared to lysozyme by itself. An increase from 196.15°C to an average value of 

214.93°C of the melting endotherm, imply that the formulation has a stabilizing effect on 

the microencapsulated lysozyme. A high Tm value for microencapsulated lysozyme 

shows that the native structure of the enzyme is maintained after the spray drying process 
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and is further stabilized by the microsphere matrix. This may imply that the formulation 

conditions involved have no significant negative effect on the native structure of the 

enzyme. 
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Figure 22: DSC scans for Solid Lysozyme and Blank Microspheres 

Red: Lysozyme solid; Green: Blank Microspheres 
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Figure 23: DSC scans for Formulations FL1 and FL2 

Blue: Lysozyme MS Formulation FL1 

Red: Lysozyme MS Formulation FL1 after two months storage 

Green: Lysozyme MS Formulation FL2 

Black: Lysozyme MS Formulation after two months storage 
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Table 18: DSC melting endotherm peaks for Lysozyme and Lysozyme Formulations FL1 
and FL2 

Formulations 

Lysozyme solid 

Blank MS 

Lysozyme MS Formulation FL1 

Lysozyme MS Formulation FL1 

(After 2 months storage) 

Lysozyme MS Formulation FL2 

Lysozyme MS Formulation FL1 

(After 2 months storage) 

Melting endotherm peak in °C 

196.15 

227.90 

214.49 

216.28 

215.38 

216.72 
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Determination of lysozyme content and biologic activity 

Lysozyme standard curve was plotted and was then used to calculate the percent 

of active lysozyme present in the microencapsulated formulations. Regression analysis 

gave correlation coefficients (R2) of 0.999. 

The factors that affect the enzymatic efficiency of lysozyme include pH, 

temperature, ionic strength and method of preparation of the substrate (Gorin et al. 1971; 

Grossowicz & Ariel 1983). It has been reported that the bioactivity assay provides a 

simple, rapid and reproducible method for quantitative determination of bioactive 

lysozyme in formulations and also compared this method with an HPLC method (Liao et 

al. 2001). 

The figure below shows the standard curve and the subsequent table and figure 

illustrates the percent bioactivity of lysozyme in microsphere formulations calculated 

using the standard curve and theoretical drug loading. 

As evident from the bioactivity data, formulation FL2 in which the ratio of 

polymer to drug is high (1:10; Drug: Polymer) has higher percent of bioactivity compared 

to FL1 which has lower polymer to drug ratio. In the current case it is evident from the 

data that higher the polymer to drug ratio greater is the stabilization effect of the 

excipient (BSA). In order to completely study the effect of concentration of excipient on 

the stabilization effect of microencapsulated lysozyme further studies will be required. It 

is also reported that the bioactivity assay is less sensitive compared to an HPLC method 

and therefore it is anticipated that the percent of active lysozyme in the 

microencapsulated form is higher (Liao et al. 2001). 
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Table 19: Percent of active lysozyme released from microsphere formulations after 24 
hours in phosphate buffer as determined by bioactivity assay 

Formulation 

FL1 (1:5) 

FL2(1:10) 

Theoretical 
drug loading 

600 ug/mL 

300 (ag/mL 

Experimental 
drug loading 

420.05 |ag/mL 

286.7 ug/mL 

% Active 
released 

70.01 % 

95.57 % 

Standard 
Deviation 

4.05 

2.5 
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Figure 25: Percent bioactivity of lysozyme in microsphere formulations 
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Conclusion 

The mean particle size and the zeta potential values for the microencapsulated 

formulations of lysozyme showed that the microspheres are in the desired size range and 

also have good suspension stability. FTIR and DSC analysis of lysozyme before and after 

microencapsulation showed that the spray drying conditions does not affect the solid state 

secondary structure of lysozyme and BSA acts as stabilizing excipient in protecting the 

native structure of microencapsulated lysozyme during the formulation process involving 

spray drying. This has been further confirmed by the bioactivity assay which showed that 

at least 95.57 % of the total lysozyme microencapsulated is active in one of the 

formulations indicating the stabilizing and protective effect of BSA and efficiency of the 

formulation technology developed. This helps in employing the formulation technology 

developed for use in microencapsulation of vaccines and proteins too. 



CHAPTER 5 

DEVELOPMENT OF MICROSURFACE COATING TECHNOLOGY USING SPRAY 

DRYER FOR ENTERIC COATING OF MICROSPHERES 

Abstract 

Purpose 

To develop a microsurface coating technology using the Spray Dryer, for enteric 

coating of microspheres for conferring gastro resistance to the microsphere formulations 

for oral delivery of vaccines and proteins. 

Methods 

For the establishment of this technique Bromophenol blue (BPB) dye has been 

used as the probe or model drug. 5% albumin solution was prepared in deionized water 

and crosslinked using 1% GLUT for 24 hours. 0.006% SBS was added at the end of the 

crosslinking reaction to neutralize excess GLUT in order to obtain crosslinked albumin 

matrix ready for drug loading and preparation of microspheres. 
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BPB (1:25; BPB to BSA) was added to the crosslinked matrix and stirred well to 

obtain a homogenous mixture of BPB and crosslinked albumin matrix. BPB loaded 

albumin microspheres were then prepared using spray dryer. The product was collected 

and stored until further used. Eudragit LI00-55 was used as the polymer for enteric 

coating of microspheres to confer gastric resistance. The polymer solution was prepared 

using 0.02 M NaOH and 0.5 % tween-80 was added. BPB loaded albumin microspheres 

were then suspended in the polymer solution with tween-80. The microsphere suspension 

in the polymer solution was spray dried again to obtain the surface coated microspheres. 

The concentration of the polymer and the concentration of the microspheres added are the 

two important variables which were worked upon to arrive at a formulation with the 

required characteristics. Four formulations were prepared which are tabulated along with 

the control formulation which, basically are uncoated microparticles containing the 

model drug BPB. The product yield was calculated and particle size analysis was 

performed using Spectrex Laser Particle Counter. In-vitro evaluation of surface coating, 

in the present case enteric coating efficiency and then release studies were performed in 

0.1N HC1 at 37°C and 100 rpm using modified USP I dissolution apparatus. Samples 

were collected at predetermined time intervals and analyzed by UV-Visible 

spectrophotometer at 434.5 nm. 

Results 

Albumin microspheres with BPB were prepared with a product yield of 75.00 % 

and the particle size was found to be 4.09 + 0.88 urn. Four formulations (CF1, CF2, CF3 

and CF4) were prepared with different concentrations of microspheres in suspension and 
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polymer concentration for coating. The mean particle size for the four formulations was 

in the range of 4.68 + 1.76 urn to 5.14 + 2.61 (am. Formulations FL2 and FL3 were found 

to be significantly different (p < 0.005) from the control uncoated microspheres in the 

release of drug in 0.1N HC1 up to 3 hours. FL2 and FL3 formulations released 4.40 + 

0.86 % and 2.40 + 0.50 % respectively and the uncoated formulation released 15.11 + 

1.50 % of the drug from the microspheres. 

Conclusion 

The microsurface coating technology established was efficient to coat the surface 

of the microspheres without significant increase in the mean particle size. Enteric coating 

provides acid resistance for up to three hours along with sustained release making it a 

promising method for enteric coating of microspheres. One of the formulations even 

showed gastroresistance for up to five hours. 

Introduction 

Polymer coating on micro-surfaces (ex. microspheres) presents a major challenge 

in the pharmaceutical field with problems of agglomeration of coated particles and 

significant increase in particle size. Several methods were investigated wherein the drug 

or drug particle were coated but the methods available are not industrially feasible and 

difficult to scale up and manufacture. 
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Industrially acceptable methods and currently in practice include several methods 

of which fluidized bed process and pan process are used more frequently. 

Fluidized-bed processes are mainly used for the coating of small particles. 

Because of the much higher throughput of drying air in comparison with other coating 

operations, spraying is faster and the agglomeration tendency less pronounced. Since 

particles have a much larger specific surface than tablets, the overall coating requirement 

in percent is higher (Degussa 2003b). But this process is not suitable for particles lower 

than 10 microns due to practical considerations. 

In case of Pan Process, a maximum of air should be introduced to ensure rapid 

drying of the sprayed solution. In order to reduce attrition during rotation or fluidization 

to a minimum, cores of adequate stability have to be used. Inclusion of a substantial 

amount of fines increases the permeability of the film coats and may result in loss of 

enteric properties (Degussa 2003b). But the processing conditions involved in pan 

process are not suitable to coat particles less than 10-15 microns which are considered to 

be fines. 

In one study, the suspension of indomethacin in a polymer solution was prepared 

and spray dried to obtain drug loaded polymer microspheres. This was done in order to 

study the dissolution characteristics of the microencapsulated drug in different polymers. 

They found an optimum concentration range required for enhanced drug release from the 

microspheres. Also concluded that the hydrophilicity and concentration of the polymers 

are the major factors which affect the morphology, particle size distribution and in vivo 

release behavior of spray dried indomethacin particles (Ermis & Yuksel 1999). But in this 



122 

case, they directly suspended the drag in the polymer solution and this method is more 

suitable for poorly water soluble drags. 

In another study, dexamethasone loaded PLGA microspheres were prepared using 

emulsion method. These microspheres were surface coated with gelatin using three 

methods: surface adsorption, conjugation using EDC and by spray drying. In the spray 

drying method, the PLGA microspheres were suspended in gelatin solution and spray 

dried to obtain surface coated gelatin microspheres. Compared to the two other methods 

surface adsorption and conjugation, the spray drying method was found to be more 

effective (Tsung & Burgess 2001). 

In the current study, spray drying technology has been used to achieve uniform 

polymeric coating on microspheres. Eudragit LI00-55 has been employed for use as the 

enteric polymer. 

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 particularly suitable for tablets. Fluid-bed coaters are preferred for small particles, 

which show a more pronounced tendency to agglomeration (Degussa 2003c). In the 

current strategy, a spray dryer is employed. 



123 

Materials and methods 

Materials and equipment 

Bovine Serum Albumin (BSA), Glutaraldehyde (25% in water) (GLUT), 

Bromophenol Blue (BPB), Hydrochloric acid (HC1), Sodium hydroxide (NaOH), 

Dimethyl sulfoxide (DMSO), Tween-80 and Sodium bisulfite (SBS) were obtained from 

Fisher Scientific, Norcross, GA. Eudragit L 100-55 was obtained as a free sample from 

Rohm America Inc., Piscataway, New Jersey. Buchi 191 Mini Spray Dryer for 

preparation of microspheres from Brinkman Instruments. Spectrex PC 2000 Laser 

Particle counter, modified USP I Distek Dissolution apparatus and Perkin Elmer UV-

Visible spectrophotometer for in vitro characterization of the microsphere formulations. 

Methods 

Preparation of BPB microspheres 

BPB loaded albumin microspheres were prepared using a spray dryer following 

the procedure discussed in the chapter 3. Crosslinked albumin matrix was used as the 

microsphere matrix prepared using 5 % w/v BSA and crosslinked with 1% v/v GLUT for 

24 hours. Excess GLUT was neutralized using 0.006 % w/v SBS. BPB solution was 

prepared in DMSO and added to the albumin matrix drop wise and mixed using a 



magnetic stirrer. The drug to polymer ratio was 1: 25. The drug and polymer matrix was 

stirred to get a homogenous mixture which was then spray dried. 

Spray drying was performed using compressed air from an in-house supply 

(700NL/hr); a fluid nozzle atomized the homogenous solution at a pump setting of 5 %. 

The filtered air was aspirated at 95 %, the inlet temperature was set at 120°C, giving an 

outlet temperature of 83°C. Microspheres were aspirated through a tube where they were 

cooled down to a lower outlet temperature and deposited into a product container through 

a cyclone. Microspheres prepared were collected and stored in refrigerator until further 

use. 

Enteric coating of BPB microspheres 

For enteric coating of BPB loaded albumin microspheres Eudragit L 100-55, an 

enteric polymer, was employed. Microspheres were suspended in the polymer solution 

and spray dried to obtain surface coated gastroresistant microspheres. The polymer was 

dissolved in 0.02M NaOH and 0.5% v/v tween-80 was added to the polymer solution. 

Tween-80 helps as a suspending and wetting agent for suspending the microspheres in 

the polymer solution. Microspheres were then added to the polymer solution and mixed 

using a magnetic stirrer. This microsphere suspension in enteric polymer solution was 

spray dried to obtain surface coated microspheres. 

Four formulations were prepared as listed in the following table. The two 

formulation variables optimized were concentration of the microspheres and the polymer 

concentration. 



125 

Spray drying was performed using compressed air from an in-house supply 

(700NL/hr); a fluid nozzle atomized the homogenous solution at a pump setting of 3 %. 

The filtered air was aspirated at 95 %, the inlet temperature was set at 110°C, giving an 

outlet temperature of 72°C. Microspheres were aspirated through a tube where they were 

cooled down to a lower outlet temperature and deposited into a product container through 

a cyclone. Microspheres prepared were collected and stored in refrigerator until further 

use. 

Table 20: Formulations of enteric coated BPB loaded albumin microspheres 

Formulation 

CF1 

CF2 

CF3 

CF4 

% w/v of Microspheres 

0.5 % 

0.25 % 

0.25 % 

0.5 % 

% w/v of Eudragit L100-55 

0.5 % 

0.25 % 

0.5 % 

0.25 % 

In the above table with the list of enteric coated formulations, % w/v of 

microspheres indicates the suspension solid concentration of the microspheres added and 

the % w/v of Eudragit LI 00-55 indicates the concentration of the polymer solution used 

for suspending the microspheres for surface coating. 



126 

In vitro characterization of microspheres 

After the preparation of microspheres, product yield and mean particle sizes were 

determined as described in the previous chapter for the BPB loaded albumin 

microspheres and also for all the enteric coated formulations. 

Determination of gastroresistance by dissolution studies 

In vitro dissolution studies were done in 0.1 N HC1 as the dissolution media at 

37°C and at 100 rpm as per the compendial standards for determining the gastro 

resistance. A modified USP type I dissolution apparatus was used and the studies were 

performed in custom made mini baskets in which 50 mg of the microspheres were loaded 

and sealed. Samples were collected at predetermined time intervals and analyzed by UV-

Visible spectrophotometer at 434.5 nm. A standard curve for the drug, BPB, was 

prepared using serial dilutions of the drug analyzed using the UV-Visible 

spectrophotometer. The concentrations for the unknown samples were calculated from 

the calibration curve. 

Results and Discussion 

In vitro characterization of microsphere formulations 

After the preparation of BPB loaded albumin microsphere formulations using a 

spray dryer, in vitro characterization was done. Product yields obtained for preparation of 



BPB microspheres was 75 % but the product yields for the surface coated formulations 

were lower in the range of 54.23 % to 64 %. The mean particle sizes as measured using a 

laser particle counter were reproducible and the mean particle size did not increase 

significantly (p<0.005) compared to the uncoated or control formulation. 

Table 21: Percent yields obtained for the control or uncoated BPB microspheres and the 
enteric coated formulations 

Formulation 

Control 

CF1 

CF2 

CF3 

CF4 

% Yield 

75.00 

54.23 

60.00 

64.00 

69.40 
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Table 22: Mean particle sizes for the enteric coated formulations and the uncoated control 
formulation 

Formulation 

Control 

CF1 

CF2 

CF3 

CF4 

Mean particle size 
((j.m) 

4.09 

4.90 

4.68 

5.14 

4.72 

Standard deviation 

0.88 

1.75 

1.76 

2.61 

1.92 

P value 

0.98 

0.99 

0.95 

0.99 

-

It is evident from the p values listed in the table above for the four coated 

formulations when compared with the mean particle size of the uncoated or control 

formulation, that the enteric coating did not increase the mean particle size significantly 

(p< 0.005). 

Determination of gastroresistance by dissolution studies 

Figure-26 below shows the percent cumulative drug release from the 

microspheres in 0.1N HC1 for 24 hours. The subsequent table and figure illustrates the 

percent cumulative drug release in the first three hours. Three hours was used because it 

is the average gastric emptying time. It is considered to be sufficient if the formulation 

provides gastroresistance for the first three hours. When compared with the uncoated or 

control formulation, the amount of drug released is significantly (p<0.005) less for 

formulations CF2 and CF3. Also the amount of release was much less, 4.40 % and 2.40 
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% for formulations CF2 and CF3, respectively. In the other two formulations, the amount 

of drug release in the acid media was not significantly different from the control 

formulations thereby not providing gastroresistance. Also formulation CF3 shows 

gastroresistance for up to five hours. 

Several methods were evaluated for the surface coating of albumin microspheres 

using enteric polymers before using spray drying technology discussed above. Phase 

separation method and phase coacervation method followed by freeze drying, phase 

inversion microencapsulation (Mathiowitz et al. 1997) followed by freeze drying and 

nebulization method were tried but had several problems associated such as significant 

increase in the mean particle size of the coated particles, use of organic solvents and non-

free flowing product and finally arrived at this method. 



Release of Bromophenofblue from enteric coated 
microspheres in 0.1 N HCI 
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Figure 26: Percent cumulative release of BPB from microspheres in 0.1N HCI 
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Table 23: Percent cumulative release of BPB from enteric coated formulations compared 
to uncoated formulation 

Formulation 

Control 

CF1 

CF2 

CF3 

CF4 

% Cumulative 
release after 3 hrs 

15.11% 

10.90 % 

4.40 % 

2.40 % 

11.90% 

Standard 
deviation 

2.13 % 

1.27% 

1.22% 

0.71 % 

.1.56% 

p value 

-

0.151 

0.004* 

0.002* 

0.309 
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Gastroresistance of enteric coated microspheres 
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Figure 27: Percent cumulative release of BPB in 0.1N HC1 after 3 hours from enteric 
coated and uncoated microsphere formulations 
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Conclusion 

A microsurface coating technology was established capable of surface coating of 

microspheres using conventional spray dryer without significantly increasing the particle 

size and also without using any organic solvents. This method also is easy to scale up and 

manufacture and is a reproducible method because its uses the spray drying technology. 

Two of the four enteric coating formulations exhibited gastroresistance for up to three 

hours and one of the formulations up to five hours making this technology a promising 

one with potential for use in oral delivery of vaccines and proteins. This technology can 

also be employed as a drug delivery technique for targeted release in different parts of the 

intestine. Based on the type of polymers employed, this technology finds its place for 

surface coating of microspheres intended for administration of drug candidates via 

various routes. 



CHAPTER 6 

DEVELOPMENT AND EVALUATION OF AN ORAL ESCHERICHIA COLI 

MICROSPHERE VACCINE FORMULATION 

Abstract 

Purpose 

To develop an oral Escherichia coli vaccine using the microsphere formulation 

technology developed and its in vivo evaluation using Sprague Dawley rats. 

Methods 

BSA was used as the microsphere matrix and formalin inactivated whole cell 

Escherichia coli bacterial antigen was used as the vaccine candidate. Vaccine loaded 

microspheres were prepared following the formulation technology developed as 

discussed in chapter-3 using a Buchi Mini Spray Dryer. Two formulations FE1 and FE2 

were prepared with 0.934 x 109 and 1.46 x 109 bacteria per dose (15mg) respectively. 

Crosslinked albumin matrix was prepared using 5 % w/v BSA in deionized water and 

crosslinked using 1 % GLUT for 24 hours. 
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The excess GLUT was neutralized by adding 0.006 % w/v of SBS at the end of 

crosslinking reaction. Formalin inactivated whole cell Escherichia coli bacterial antigen 

was added to the crosslinked albumin matrix and then spray dried to prepare vaccine 

loaded albumin microspheres. Various parameters for the spray dryer viz. inlet 

temperature pump flow, aspiration rate and air pressure were optimized. The mean 

particle size was determined using Spectrex laser particle counter. Zeta potential was 

determined using Malvern Zetasizer to evaluate the suspension stability. Microspheres 

prepared were loaded into mini gelatin capsules (# 009) and enteric coated using Eudragit 

L-100-55 for oral delivery. Enteric coating was evaluated using 0.1N HC1. Sprague-

Dawley rats were used for in-vivo evaluation of formulation FE1. Oral administration 

was compared with intra-peritoneal injection (IP). A Booster dose of vaccine was 

administered 21 days after the first dose. Blood samples were collected by tail vein 

puncture and analyzed by indirect ELISA for serum IgG levels. 

Results 

Microsphere sizes and zeta potential values (pH 5.86) were 3.46 ± 1.21 urn, -

52.31 ± 1.39 mV and 3.58 ± 1.62 urn, -32.04 ± 1.64 mV for FE1 and FE2 respectively. 

Based on these two values, formulation FE1 was selected for in vivo evaluation. Enteric 

coating of the microsphere filled hard gelatin capsules were stable for at least 3 hours. 

ELISA showed an increase in serum IgG levels for 1, 3 and 5 week samples for both oral 

and IP groups. For oral group serum IgG levels at week 5 were 2.1 and 1.6 times greater 

than week 1 and 3 respectively. In IP group, serum IgG levels at week 5 were 3.7 and 

1.89 times greater than week 1 and 3 respectively. 
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Conclusion 

The mean particle sizes obtained were optimal for uptake of microspheres through 

the Peyer's patches in the intestine. The zeta potential values obtained indicate optimum 

suspension stability of microspheres in the intestinal conditions making the microspheres 

available for uptake. The enteric coating of the microsphere loaded capsule showed 

gastroresistance enough for the mean gastric residence time protecting the vaccine loaded 

microspheres from the harsh acidic conditions. A significant increase in the antigen-

specific serum IgG levels with time implies successful oral delivery of the vaccine. These 

results indicate the potential of the formulation prepared for oral delivery of vaccines. 

Introduction 

The formulation technology has been developed, established and approved for its 

use in delivery of drugs and vaccines using physicochemical characterization and bio-

activity assays. In order to evaluate the in vivo efficacy of the formulation, a microsphere 

vaccine formulation using inactivated whole cell antigen was used and tested in male 

Sprague Dawley rats. The model vaccine, formalin inactivated whole cell Escherichia 

coli (E.coli) vaccine, was used as the model vaccine 

Most human pathogens initiate infection through mucosal membranes. Hence, the 

earliest attempts to protect against infectious diseases were by administrating foreign 

substances to mucosal membranes, predominantly by the oral route. From the early 
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1980s, interest in mucosal immunization has again increased. The principal factors 

responsible for this revival relate 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. 

The mucosal immune apparatus provides an alternative, and possibly less 

expensive, vaccination approach. 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. The formulation should be able to enhance the mucosal immune responses by 

the use of mucosal immunomodulators such as bacterial enterotoxins and cytokines. An 

appropriate regime and route of immunization should be chosen which will potentially 

induce protective responses at the desired mucosal site and preferably a systemic 

response also (Kyd & Cripps 2000; Walker 1994). 
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The whole killed bacterial cell oral vaccine has been largely overlooked despite 

the fact of several clinical studies based on nontypeable Haemophilus influenzae 

(Lehmann et al. 1991), enterotoxigenic Escherichia coli and Vibrio cholerae 

(Svennerholm et al. 1980). Further optimization of whole killed cell oral vaccines 

through technologies to enhance antigenicity can now be achieved by the growth of the 

microorganism in vitro under specific culture conditions to either induce or up regulate 

the expression of protective antigens and by the use of molecular engineering technology 

to produce bacterial ghost particles or bacteria containing S-layers (Cripps et al. 2001). 

In the current project, formalin inactivated whole cell Escherichia coli bacteria 

was used as the antigen or vaccine. E. coli is a bacterium that can cause serious 

infections. Many strains of E. coli live harmlessly in the digestive tracts of humans and 

serve a useful function in the body by suppressing the growth of harmful bacterial species 

and by synthesizing appreciable amounts of vitamins. But some strains produce a 

powerful toxin that causes bloody diarrhea and occasionally can cause severe blood 

problems and kidney failure. The most common of these strains is E. coli 0157:H7 (U.S. 

Department of Labor 1987). 

Currently, there are four recognized classes of enterovirulent E. coli (collectively 

referred to as the EEC group) that cause gastroenteritis in humans. Among these is the 

enterohemorrhagic (EHEC) strain designated E. coli 0157:H7. This serotype is a rare 

variety of E. coli that produces large quantities of one or more related, potent toxins that 

cause severe damage to the lining of the intestine. These toxins (verotoxin (VT), shiga-

like toxin) are closely related or identical to the toxin produced by Shigella dysenteriae 

(FDA 2001). 
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The bacteria are acquired by eating food containing the bacteria. The bacteria live 

in the intestines of some healthy cattle, and contamination of the meat may occur in the 

slaughtering process. Eating meat that is inadequately cooked is the most common way of 

getting the infection but this disease can also be contacted through an infected person. 

People infected by E. coli 0157:H7 can develop a range of symptoms which include mild 

diarrhea or no symptoms at all. Most identified cases develop severe diarrhea and 

abdominal cramps and blood is often seen in the stool. In some people, particularly 

children under five years of age, the infection can cause a complication called hemolytic 

uremic syndrome (HUS). This is a serious disease in which red blood cells are destroyed 

and the kidneys fail. Transfusions of blood or blood clotting factors as well as kidney 

dialysis maybe necessary (U.S. Department of Labor 1987). 

Several approaches are being pursued for the development of vaccines which 

include live, attenuated and killed whole-cell vaccines, polysaccharide protein conjugate 

vaccines, and Stx toxoid subunit vaccines (WHO 1999). Best approach for ETEC 

induced diarrhea would be an immunization program which will provide protection 

against heterologous ETEC serotypes. Formalin inactivated whole cell antigen of E.coli 

can be used as the peroral vaccine (Clements & Finkelstein 1979; Klipstein et al. 1982; 

Liao et al. 2004). 

Because the site of infection of E. coli is through the intestine, immunization 

through the oral route would be best suited because it would confer both mucosal and 

systemic immunity. We hypothesize that by microencapsulation of whole cell killed 

antigen (E.coli), vaccine microparticles can be obtained for oral administration which can 

confer protective immunity without the use of any chemical adjuvants. 
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Materials and methods 

Materials and equipment 

Trypticase soy agar (TSA), trypticase soy broth, barium chloride, Bovine Serum 

Albumin (BSA), Glutaraldehyde (25% in water) (GLUT) and Sodium bisulfite (SBS), 

concentrated sulphuric acid, Formalin and cell culture flasks were obtained from Fischer 

Scientific, Norcross, GA. Escherichia Coli (E.coli) (ATCC # 8739) was obtained from 

ATCC, Rockville, MD. Gelatin capsules 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 was used for preparation of microspheres from 

Brinkman Instruments. Spectrex PC 2000 Laser Particle counter, Malvern Zetasizer 

nanoseries for in-vitro characterization of the microsphere formulations. Perkin Elmer 

UV-Visible spectrophotometer was used for the bacterial suspension concentration 

determinations. 
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Methods 

Culture and preparation oi E.coli standards 

The bacterial strain obtained from ATCC was sub cultured in trypticase soy broth. 

The broth was autoclaved for sterilization before it could be used for sub culturing to rule 

out the growth of any other strains of bacteria and incubated until mid log phase at 37°C 

and stored at 4°C until ready to use. The stock culture obtained was washed with 

deionized water and the concentrations were read at wavelength of 680 nm using a 

Perkin-Elmer UV-Visible spectrophotometer and the concentrations determined from the 

standard curves prepared using McFarland standards and E.coli standards (Haswani 

2005). 

Preparation of microspheres using spray dryer 

E.coli bacterial cells were cultured, collected and then inactivated using formalin. 

The dry weight of the inactivated bacteria was determined for formulation aspects. Cells 

were counted using procedure as described above. Microspheres of E.coli vaccine were 

then prepared as discussed previously. BSA was used as the microsphere matrix prepared 

using 5 % w/v BSA and crosslinked with 1% v/v GLUT for 24 hours. Excess GLUT was 

neutralized using 0.006 % w/v SBS. Inactivated E. coli cells were added to the albumin 

matrix and then spray dried while stirring continuously using a magnetic stirrer. Two 

formulations FE1 and FE2 were prepared with 0.934 x 109 and 1.46 x 109 bacteria per 

dose (15mg) respectively. 



142 

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 5 %. 

The filtered air was aspirated at 95%, the inlet temperature was set at 110°C, giving an 

outlet temperature of 82°C. Microspheres were aspirated through a tube where they were 

cooled to a lower outlet temperature and deposited into a product container through a 

cyclone. Microspheres prepared were collected and refrigerated until used. 

In vitro characterization of microsphere formulations 

After the preparation of the microsphere formulations, product yield, mean 

particle size and zeta potential values were determined as described previously. 

Loading of microspheres in gelatin capsules and enteric coating 

Prepared microspheres were loaded into mini hard gelatin capsules (# 009) using 

a capsule filling device (Harvard apparatus) as shown in the following figure. These filled 

capsules were then enteric coated using Eudragit L-100-55 for oral delivery. For coating, 

the enteric polymer was dissolved in ethanol and then was coated onto the capsules in a 

Petri plate. Three coatings were applied and later the enteric coating efficiency was 

evaluated using 0.1N HC1. The release of microspheres from the capsule was observed as 

the time of gastroresistance exhibited by the enteric coated capsule. 
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Figure 28: Capsule filling procedure for microspheres in hard gelatin capsules using 
Harvard Apparatus 

In vivo evaluation of microsphere vaccine 

These studies are performed to evaluate the effectiveness of the vaccine 

formulations prepared to see if an immune response is elicited when the formulation is 

administered orally. Male Sprague Dawley rats were used as the animal model. The oral 

route was compared with an intra-peritoneal (IP) route of administration. The study is 

summarized in the following table. The microsphere filled capsules were administered 

via oral route using a specialized apparatus provided by Harvard apparatus. An 

equivalent amount of dose administered via oral route was also administered via IP route 

in the form of a suspension in PBS in 1 mL. For the control group (saline group), sterile 

saline lmL was administered via IP route. Blood samples were taken at predetermined 

time intervals and serum was separated after clotting and centrifugation. An immune 



response can be measured by measuring the levels of antigen specific serum IgG 

antibody titers using ELISA. The serum titers were compared with and within the animal 

groups consisting of oral, IP and control groups. 

Table 24: In vivo study design groups and its doses for E.coli vaccine microsphere 
formulation FE1 

Groups 

Oral group 

Intra-peritoneal group 

Control group 

Loading dose 

2 capsules (1.87 xlO9 

cells) 

1.87 xlO9 cells in lmL 
saline 

lmL Saline 

Booster dose 

1 capsule (0.934 xlO9 

cells) every 3 weeks 

0.934 x 10y cells in 
0.5mL saline every 3 

weeks 
0.5 mL saline every 3 

weeks 

Antigen specific ELISA 

Enzyme Linked Immuno Sorbant Assay (ELISA) was used for the determination 

of the antibody titer. There are many different types but in the current project a Sandwich 

ELISA was used. It is termed this because the antibody that we are detecting gets 

sandwiched between an antigen and a chromogenically-conjugated antibody. In this 

procedure: 
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1. The plate was coated with the antigen E.coli cell lysate lmg/mL in carbonate 

buffer at pH 9.62. 50uL of the lysate 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 standard in serial dilutions from lOOng to 3.125 ng per well in 100 uL in 

triplicates were added in carbonate buffer and then incubated 4°C overnight. For 

standards the next step is from step 5 of the current 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 

200uL 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. IOOuL of the diluted serum samples were added to the appropriate wells and 

incubate for 2 hours at RT. 

5. Later the contents were removed and washed 5 times using PBS-Tween. 

6. Appropriate dilutions of the secondary antibody (Goat Anti-Rat IgG-biotinylated) 

were added IOOUL per each well and incubated for 1 hour at RT. 

7. Later the contents were removed and washed 5 times using PBS-Tween and it 

was also soaked for 1 minute before each wash. 

8. Appropriate dilutions of the anti-biotin HRP antibody (Rabbit Anti-Biotin-HRP) 

were added at IOOUL per each well and incubated for 1 hour at RT. 

9. Later the contents were removed and washed 7 times using PBS-Tween and it 

was also soaked for 1 minute before each wash. 
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10. The ABTS substrate solution was prepared in citrate-phosphate buffer containing 

0.25JJ.L of hydrogen peroxide and 0.6mg/mL of the ABTS substrate. IOOUL of 

this 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. 

Results and Discussion 

In vitro characterization of microsphere formulations 

After the preparation of the vaccine loaded albumin microsphere formulations 

using a spray dryer, in vitro characterization was done as illustrated in the subsequent 

table. Product yields obtained were in the acceptable range of at least 72 %. The mean 

particle sizes as measured using a laser particle counter were reproducible as discussed in 

chapter 3 and were found to be in the desirable range. The zeta potential values 

determined using a zetasizer were found to be close to -50 mV. 
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Table 25: In vitro characterization of E.coli loaded albumin microsphere formulations 

Formulation 

FE1 

FE2 

Product yield 

72.00 % 

76.24 % 

Mean particle size 
in urn 

3.46 ±1.21 

3.58 ±1.62 

Zeta Potential in 
mV 

-52.31 ±1.39 

-32.04 ±1.64 

Based on the mean particle size obtained and the zeta potential values, 

formulation FE1 was selected for the in vivo evaluation of the E.coli vaccine loaded 

microspheres in Sprague Dawley rats. Zeta potential measurements can be used as an 

index for suspension stability. When the absolute value of zeta potential is above 30 mV 

the suspension are considered stable due to mutual electrostatic repulsion and when the 

zeta potential is close to zero the coagulation (formation of larger assemblies of particles) 

is very fast and this causes a fast sedimentation. The concept of zeta potential is 

extensively discussed in chapter 3 of this dissertation. Higher the suspension stability 

better and greater is the probability of uptake of the microsphere 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. Smaller the particle size greater 
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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 microspheres in gelatin capsules and enteric coating 

Microspheres were loaded into the hard gelatin capsules using the Harvard 

apparatus. The mean weight characteristics of the empty and filled capsules are listed in 

the subsequent table. The enteric coating provides gastroresistance for up to three hours 

in 0.1N HC1 without releasing any microspheres. 

Table 26: Average weights of capsules and the vaccine microspheres loaded 

Capsule 

Average weight of each empty capsule (n=15) 

Average weight of each filled capsule (n=15) 

Average weight of microspheres in each capsule (n=15) 

Weight 

9.71 mg 

24.98 mg 

15.27 mg 

So, as per the study design and drug loading calculations, when one capsule of the 

vaccine microsphere was administered it is equal to administering approximately 15 mg 

o 

of the vaccine microspheres which is equivalent to the dose of 9.34 x 10 of inactivated 

E.coli whole cell bacteria. 



149 

In vivo evaluation of microsphere vaccine 

Sprague-Dawley rats were used for in-vivo evaluation of formulation FE1. Oral 

administration was compared with intra-peritoneal injection (IP). Blood samples were 

collected by tail vein puncture and analyzed by sandwich ELISA for serum IgG levels. 

The subsequent figure illustrates the serum IgG levels obtained at different time points of 

the vaccine evaluation study. The IgG antibody response specific to the antigen used can 

be used as an indication of the immune response. As one can see the antigen response for 

IP route increased in the third week and fifth week, but for the oral route only the fifth 

week's response was significantly different from the control group. The IgG response for 

oral groups is higher than control but non significant. It has been reported that the IgG 

response does take time to increase in concentration which has been observed in the 

current results too(Galazka 1993). Also with the booster dose at the end of 3 weeks an 

enhanced response in the IgG response is observed agrees with previously reported 

literature (Galazka 1993). 
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Figure 29: Antigen specific serum IgG level response for E.coli vaccine microsphere 
formulation FE1 in Sprague Dawley rats 

Conclusion 

Particle sizes and zeta potential values obtained were optimal for uptake of 

microspheres through the Peyer's patches in the intestine. A significant increase in the 

antigen-specific serum IgG levels with time implies successful oral delivery of the 

vaccine. These results indicate the potential of the formulation prepared for oral delivery 

of vaccines. Although more extensive studies need to be conducted in terms of challenge 

studies and mucosal IgA levels to successfully qualify this formulation for the oral 
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delivery of vaccines. Also immunogenicity studies needs to be conducted for the 

microsphere matrix to determine if the matrix itself was triggering any immune response. 



CHAPTER 7 

IN VIVO EVALUATION OF THE IMMUNOGENICITY POTENTIAL OF ALBUMIN 

MICROSPHERE MATRIX 

Abstract 

Purpose 

To determine the immunogenicity potential of the albumin microsphere matrix 

developed by crosslinking albumin using GLUT, by in-vivo studies using Sprague 

Dawley rats as the animal model. 

Methods 

Rat Serum Albumin (RSA) was used in evaluating the immunogenicity potential. 

Albumin microspheres were prepared using a Buchi Mini Spray Dryer. Crosslinked 

albumin matrix was prepared using 5 % w/v RSA in deionized water and crosslinked 

using 1 % GLUT for 24 hours. The excess GLUT was neutralized by adding 0.006 % w/v 

of SBS at the end of the crosslinking reaction. This crosslinked matrix was then spray 

dried to prepare blank albumin microspheres. 
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Various parameters for the spray dryer viz. inlet temperature pump flow, 

aspiration rate and air pressure were optimized. The mean particle size and zeta potential 

was determined using Malvern Zetasizer. For the in vivo evaluation Sprague Dawley rats 

were used. Two doses high and low dose of the blank microspheres were suspended in 

sterile saline and administered via IP injection at different time intervals. Blood samples 

were collected at different time points from the tail vein. Serum was separated by 

centrifugation and then antigen (RSA) specific serum IgG antibodies were analyzed using 

sandwich ELISA. 

Results 

The product yield obtained was 54.27 %. The mean microsphere particle size for 

the blank RSA microsphere formulation was found to be 4.81 + 1.45 um and the zeta 

potential value was determined to be - 24.47 + 2.85 mV. 

Conclusion 

RSA microspheres were prepared using the formulation technology established 

with the desired in vitro characteristics. The in vivo immunogenicity study data with 

different doses and frequency of administration did not show any significant difference in 

the serum IgG levels which were used as a measure of immunogenicity. This implies the 

safety and biocompatibility of the crosslinked albumin matrix. 
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Introduction 

At this point no information is available on the immunogenicity of the 

microsphere formulation developed. Albumin obtained from serum when chemically 

modified by crosslinking, alteration and modification of structure is observed. From this 

study some questions that can be addressed are as follows: 

1. If microspheres prepared using the cross linked albumin, produce antibodies? 

2. If so, what is the time line for such antibody formation? 

3. Are antibodies formed after single doses or only after multiple doses? 

4. Is there a dose response relationship for the antibody formation? 

Biocompatibility of biomaterials and biomaterial based drug dosage forms and 

medical delivery devices is a critical issue for the long term function on multiple 

therapeutic systems. In the last few years there has been an increasing interest in 

producing more biocompatible biomaterials and in developing novel assays to analyze 

the quality of the products (Orive et al. 2005). 

Biomaterials are already having enormous impact on medicine and the use of 

natural and synthetic polymers involve several scientific disciplines including dressings, 

dental implants, tissue engineering and microencapsulation of drugs, peptides and cells as 

controlled drug delivery devices (Orive et al. 2003). However for a successful clinical 
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use of all the biomaterials several issues need to be addressed such as purity, 

biocompatibility and batch to batch reproducibility in case of natural polymers. 

In one of the studies a battery of in vitro techniques to assess the biocompatibility 

of alginates with different compositions and purities and alginate-based microcapsules 

were evaluated (Orive et al. 2005). 

Immunogenicity studies helps in addressing the biocompatibility question. In the 

current study an in vivo study Sprague Dawley rats were used as the animal model to test 

the immunogenicity of the crosslinked albumin matrix. Serum IgG titer specific to the 

albumin matrix was measured at different time points after administration of 

microspheres, this can be used as a measure of immunogenicity (Bosse et al. 2005). 

Materials and methods 

Materials and equipment 

Rat serum albumin was obtained from Sigma Chemicals, St.Louis, MO. 

Glutaraldehyde (25% in water) (GLUT) and Sodium bisulfite (SBS) were obtained from 

Fischer Scientific, Norcross, GA. 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 was used for 

preparation of microspheres from Brinkman Instruments. Spectrex PC 2000 Laser 



156 

Particle counter, Malvern Zetasizer nanoseries for in-vitro characterization of the 

microsphere formulations. 

Methods 

Preparation of microspheres using spray dryer 

RSA microspheres were prepared using a spray dryer following the procedure 

discussed previously. Crosslinked albumin matrix was used as the microsphere matrix 

and prepared using 5 % w/v RSA and crosslinked with 1% v/v GLUT for 24 hours. 

Excess GLUT was neutralized using 0.006 % w/v SBS. This matrix was then spray dried. 

Spray drying was performed using compressed air from an in-house supply line 

(600NL/hr); a fluid nozzle atomized the homogenous solution at a pump setting of 5 %. 

The filtered air was aspirated at 55 % because a new cyclone separator was employed, the 

inlet temperature was set at 110°C, giving an outlet temperature of 74°C. Microspheres 

were aspirated through a tube where they were cooled down to a lower outlet temperature 

and deposited into a product container through a cyclone. Microspheres prepared were 

collected and stored in refrigerator until further use. 

In vitro characterization of microsphere formulations 

After the preparation of microspheres product yield, mean particle size and zeta 

potential values were determined as described in the chapter 3. 
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In vivo immunogenicity evaluation of microspheres 

These studies are performed to evaluate the immunogenicity of the microspheres 

prepared. Sprague Dawley rats were used as the animal model. Microspheres were 

sterilized under UV light for 30 minutes and then suspended in 0.5 mL sterile saline. This 

microsphere suspension was administered via intra-peritoneal (IP) route. The study 

design is summarized in the following table. Two doses, high dose and low dose using 

2.5 mg and 7.5 mg of RSA microspheres were administered to two groups. Blood 

samples were taken at predetermined time intervals and serum was separated after 

clotting by centrifugation. An immune response was measured by determining the levels 

of antigen specific serum IgG antibody titers using ELISA. 
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Table 27: Study design for the in vivo immunogenicity study 

Study groups 

Single dose study 

10 day study 

1 month study 

Dose 
frequency 

1 

3 (Once every 
3 days) 

4 (Once every 
week) 

Dosing groups 

Saline 

Saline 

Saline 

2.5 mgof 
Blank MS 

2.5 mg of 
Blank MS 

2.5 mg of 
Blank MS 

7.5 mg of 
Blank MS 

7.5 mg of 
Blank MS 

7.5 mgof 
Blank MS 

Antigen specific ELISA 

Enzyme Linked Immuno Sorbant Assay (ELISA) was used for the determination 

of the antibody titer. There are many different types but in the current project a Sandwich 

ELISA was used. It is termed this because the antibody that we are detecting gets 

sandwiched between an antigen and a chromogenically-conjugated antibody. In this study 

the procedure described in chapter 6 was used using RSA as the antigen used for coating 

the plate. 

Results and Discussion 

The current formulation technology using albumin as the delivery device is aimed 

for oral delivery of vaccines and drugs in humans. In the current study RSA has been 

used instead of BSA because the animal model used for assessing the immunogenicity of 
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the crosslinked albumin are Sprague Dawley rats. If used in rats, BSA will show immune 

response and BSA has been used in rats as an antigen. Because albumin form different 

species have almost similar structure and physical properties, the technology developed 

using BSA can be easily extrapolated to albumin from Human, Rats and Rabbits also. So, 

BSA was employed as a substitute in all our previous studies for the formulation 

technology development because it is easily available and also very inexpensive. 

Human serum albumin (HSA) is the most studied plasma protein and an attractive 

macromolecular carrier due to its availability in pure form and its biodegradability, non 

toxicity and non immunogenicity. It is widely used as a stabilizing component in 

pharmaceutical and biologic products, such as vaccines, recombinant therapies and 

coatings for medical devices. Drug formulation using albumin as a carrier promises to 

acquire additive beneficial affects physiologically due to its known antioxidant 

properties. 

Albumin is currently obtained by conventional techniques involving the 

fractionation of plasma obtained from blood donors. Also it is available through 

recombinant DNA technology. The expression of rHSA has been examined in Eschericia 

coli, Bacillus subtilis, Saccharomyces cerevisiae, Pichia pastoris, Kluyveromyces lactis, 

plants and transgenic animals. There are several studies involved which compared the 

two sources of HSA for clinical use (Bosse et al. 2005). It was found that there were no 

serious or potentially allergic events reported with either product in the IV study. There 

was no immunological response to either product, and dose level did not influence the 

study outcomes. Serum albumin, colloid osmotic pressure changes, and hematocrit ratio 

were as expected, with no differences between rHA and HSA. rHA and HSA exhibited 
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similar safety, tolerability, and pharmacokinetic/pharmacodynamic profiles, with no 

evidence of any immunological response (Bosse et al. 2005). 

In vitro characterization of microsphere formulations 

After the preparation of the albumin microsphere formulations using a spray 

dryer, in vitro characterization was done and the results are illustrated in the subsequent 

table. The product yield obtained was relatively lower than the average value obtained 

using the spray dryer because the total amount of albumin matrix sprayed is relatively 

less and spray dryer has some standard instrumental loss which decreased in the product 

yield. 

Table 28: In vitro characterization parameters for RSA microspheres 

In vitro characterization parameter 

Product yield 

Mean particle size 

Zeta potential 

Value 

54.27 % 

4.81 ± 1.45 urn 

-24.47 +2.85 mV 

In vivo immunogenicity IgG serum titer 

Using sandwich ELIS A, serum samples were analyzed for the determination of 

antigen specific IgG antibodies towards RSA. The following table and figure illustrates 

the IgG levels. It has been observed that there was no statistically significant increase in 
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the serum IgG levels between the different animal groups specified in. the study design at 

the end of the single dose, ten day and one month study. Also no significant difference in 

the serum IgG levels for the low and high dose was observed. In one of the similar 

studies for determination of immunogenicity, where HSA was compared with rHA in a 

human clinical trial and serum IgG levels were determined. It was found that there was 

no immunological response to either product, and dose level did not influence the study 

outcomes (Bosse et al. 2005). 

Table 29: Serum IgG levels for in vivo immunogenicity study 

Zero time 

1 dose 

10 day 

1 month 

Saline 

Average 
cone. ng/mL 

963.97 

1343.88 

1178.58 

1228.58 

Standard 
deviation 

58.48 

51.42 

108.84 

63.24 

Low dose (2.5 mg) 

Average 
cone. ng/mL 

915.65 

1295.86 

1142.13 

1482.62 

Standard 
deviation 

40.39 

67.33 

85.45 

354.93 

High dose (7.5 mg) 

Average cone. 
ng/mL 

984.44 

1338.78 

1166.48 

1511.84 

Standard 
deviation 

84.99 

54.63 

128.40 

369.71 
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Conclusion 

As observed from the experimental data, the in vitro characteristics for the 

microspheres prepared using RS A were not significantly different form the microspheres 

prepared using BSA which is in coherence with the stated hypothesis and rationale for 

using BSA for formulation development. The in vivo immunogenicity study data with 

different doses and frequency of administration did not show any significant difference in 

the values of IgG levels. Also the serum IgG values which were used as a measure of 

immunogenicity did not increase significantly with time implying the safety and 

biocompatibility of the crosslinked albumin matrix. 



CHAPTER 8 

DEVELOPMENT OF MICROSPHERE FORMULATION FOR POORLY WATER 

SOLUBLE DRUGS AND STUDY THE EFFECT OF CO-MICROENCAPSULATION 

OF BILE SALTS 

Abstract 

Purpose 

To develop a microsphere formulation using the formulation technology 

discussed in chapter 3, for oral delivery of poorly water soluble drugs and to study the 

effect of co-microencapsulation with bile salts on the dissolution and release of drug from 

the microsphere matrix. 

Methods 

BSA was used as the microsphere matrix and prednisolone (PS) was used as the 

model for a poorly water soluble drug. PS loaded microspheres were prepared following 

the formulation technology developed as discussed in chapter-3 with appropriate 

modifications and adaptations. 
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Three formulations FBI, FB2 and FB3 were prepared with varying concentrations 

of bile salt Sodium glycocholate (SG). Crosslinked albumin matrix was prepared using 5 

% w/v BSA in deionized water and crosslinked using 1 % GLUT for 24 hours. The 

excess GLUT was neutralized by adding 0.006 % w/v of SBS at the end of crosslinking 

reaction. An o/w emulsion with drug dissolved in the oil phase and cross linked albumin 

matrix along with emulsifying agent and bile salts in the water phase was prepared using 

a high speed homogenizer @ 15000 rpm. This emulsion was then spray dried. Various 

parameters for the spray dryer viz. inlet temperature pump flow, aspiration rate and air 

pressure were optimized. The mean particle size was determined using Spectrex laser 

particle counter. Zeta potential was determined using Malvern Zetasizer to evaluate the 

suspension stability. In vitro dissolution release studies were performed using modified 

Pharmatest PTWIIUSP dissolution apparatus in phosphate buffered saline (PBS). 

Samples were collected at predetermined time intervals and analyzed at 245nm using 

Perkin Elmer UV-Visible spectrophotometer. 

Results 

Microspheres were prepared using the spray dryer and the yields obtained were 

65.20 %, 71.86 % and 63.70 % for formulations FBI, FB2 and FB3 respectively. The 

mean particle size was found to be 4.14 + 1.12 um, 4.2 + 1.23 um and 6.10 + 2.83 urn 

and the zeta potential values determined were -25.65 + 2.51 mV, -23.12 + 1.97 mV and -

31.27 + 2.96 mV for formulations FBI, FB2 and FB3 respectively. The encapsulation 

efficiencies were found to be 78.57 %, 80.00 % and 82.43 % for formulations FBI, FB2 

and FB3 respectively. All three formulations also displayed a Higuchi like release pattern 
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for a minimum of 8 hours and up to 12 hours in PBS. As expected, the release of Fl and 

F2 up to the first 12 hours, which included SG, was greater than that for F3, which did 

not include SG. However, after about 24 hours there was no significant difference in the 

release between all three formulations. 

Conclusion 

The formulation technology developed for microencapsulation of poorly water 

soluble drugs exhibits good in vitro characteristics based on the data obtained. The 

experimental findings also suggested a diffusion like release pattern in the first few of the 

dissolution of drug from the microspheres and bile salts did show an enhanced drug 

release although not statistically significant. After 12 hours all the formulations exhibited 

similar release patterns because of the matrix degradation mechanism of release. 

However the results imply that bile salts can be used to improve solubility of poorly 

water soluble drugs and potentially improve bioavailability. 

Introduction 

Oral formulations of poorly water-soluble drugs often provide limited 

bioavailability if dissolution is the rate-limiting step in the overall oral absorption 

process. Design of sustained-release systems for some of these drugs that have short 

biological half-lives are challenging because of their low solubility and dissolution rate. 



Several techniques and methods have been employed and investigated for the 

formulation of poorly water soluble drugs. In this study, we propose co-

microencapsulating a poorly water soluble drug in a microsphere with a solubility 

enhancer like bile salts to increase the solubility of the drug and to improve the release 

pattern. Bile salts can operate as a solubility and absorption enhancer by helping 

solubilize the poorly water soluble drug. In one study employing matrix formulations of 

sulfobutylether-beta-cyclodextrin, the main mechanism involved in improving the drug 

release rate was by improving the dissolution rate in the matrix by forming an in situ 

complex (Rao et al. 2001). 

Dissolution of a solid dosage form depends on the physicochemical characteristics 

of the formulation as well as the pure drug. Several authors have proposed schemes 

describing the dissolution process which included the initial mechanical lag, wetting of 

the dosage form, penetration of the dissolution medium, acid-base reactions, 

disintegration, dissolution of the drug and occlusion of some drug particles (Liu 2000). 

The rate of absorption of insoluble drugs will be determined by the dissolution 

rate of the solid drug and the disintegration of the dosage form, both of which depend on 

the composition and the process of preparation of the dosage form. Therefore in the 

current study, dissolution testing was used as an in vitro test, because dissolution testing 

of a drug from a dosage form gives vital information for screening formulations. For this 

reason, the usually the dissolution test methods are designed to mimic in vivo 

gastrointestinal conditions (Liu 2000). 



Bile salts included in the formulation will be able to provide a microenvironment 

around each microparticle to enhance solubility of the drug releasing from the 

microparticle. 

Materials and methods 

Materials and equipment 

Bovine Serum Albumin (BSA), Glutaraldehyde (25% in water) (GLUT), Tween-

80 and Sodium bisulfite (SBS) were obtained from Fischer Scientific, Norcross, GA. 

Prednisolone and Sodium glycocholate (SG) 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, Malvern Zetasizer nanoseries for in-vitro 

characterization of the microsphere formulations. Perkin Elmer UV-Visible 

spectrophotometer was used for analysis of the drug. 

Methods 

Preparation of microspheres using spray dryer 

Microspheres of prednisolone were prepared using crosslinked albumin matrix as 

discussed in chapter 3 but appropriately modifying and adapting the method for 

microencapsulation of poorly water soluble drugs. In this case, the formulation involved 
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two steps and the emulsion technology was employed. The drug and the matrix along 

with the excipients were prepared in the form of an o/w emulsion and then spray dried to 

obtain drug loaded microspheres. 

1. Preparation of water or continuous phase 

Crosslinked albumin matrix was the major part in this phase and it was prepared 

using 5 % w/v BSA and crosslinked with 1% v/v GLUT for 24 hours. Excess GLUT 

was neutralized using 0.006 % w/v SBS. In this matrix 0.5 % v/v Tween 80 was 

added as an emulsifying agent and dissolved using a magnetic stirrer. Appropriate 

amount of bile salt, Sodium glycocholate (SG) was also weighed and dissolved in this 

water phase if required in the formulation. 

2. Preparation of oil or inner phase 

The inner phase included only the poorly water soluble drug and in the current 

project, Prednisolone (PS) was used as the model drug which has low water solubility 

of 0.2mg/mL at 37°C (Rao et al. 2001). This was dissolved in 15:1 ratio of ethyl 

acetate to methanol mixture. 

3. Preparation of o/w emulsion 

The oil or inner phase with the drug was added drop wise into the water or 

continuous phase with the albumin matrix and other excipients while using a high 

speed homogenizer at 15000 rpm. This process was conducted while placing the 

emulsion mixture in ice to avoid evaporation of the oil phase. 
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4. Spray drying of emulsion 

Once the emulsion was prepared, it was spray dried while continuously stirring 

using a magnetic stirrer in order to keep the emulsion fully stable during the spray 

drying process. Prednisolone loaded albumin microspheres were prepared and 

refrigerated until used. 

Three formulations FBI, FB2 and FB3 with varying concentrations of bile salt, 

0.5 % w/v, 1.0 % w/v and 0.0 % w/v respectively were prepared. Spray drying was 

performed using compressed air from an in-house supply (700NL/hr); a fluid nozzle 

atomized the homogenous solution at a pump setting of 5 %. The filtered air was 

aspirated at 95%, the inlet temperature was set at 110°C, giving an outlet temperature of 

75°C. Microspheres were aspirated through a tube where they were cooled down to a 

lower outlet temperature and deposited into a product container through a cyclone. 

In vitro characterization of microsphere formulations 

After the preparation of the microsphere formulations product yield, mean particle 

size, zeta potential values and encapsulation efficiencies were determined as described in 

the previous chapters. 
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Microsphere dissolution studies 

In vitro release studies or dissolution studies were performed using a modified 

USP type I dissolution apparatus. Release studies were performed using Dialysis 

membrane bags in which 50 mg of the microspheres were loaded and sealed. These 

studies were performed at 37°C at 100 rpm in Phosphate buffered saline (PBS) at pH 7.4. 

Samples were taken at predetermined time points and stored in dark under refrigeration 

until analyzed. Prednisolone was analyzed at 245nm using a Perkin Elmer UV-Visible 

spectrophotometer. 

The concentration of prednisolone was calculated from a standard curve and then 

cumulative percent of the amount of drug released with time was calculated. The 

cumulative percent release of the drug was plotted against time to get the release pattern 

of the drug from the microsphere formulations. Higuchi plots with cumulative percent 

release against square root of time were also plotted in order to predict the mechanism of 

release pattern. 

Results and Discussion 

Preparation and in vitro characterization 

For the preparation of the oil phase of the emulsion, methanol cannot be used to 

dissolve the drug directly because methanol is completely miscible in water and therefore 

will not form an emulsion with the aqueous phase. But ethyl acetate is not miscible in 
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water but the drug is not fully soluble in absolute ethyl acetate. It was determined that PS 

was fully soluble in the ethyl acetate and methanol mixture and this mixture was still able 

to form an emulsion with the aqueous phase. 

PS loaded albumin microsphere formulations were prepared and the in vitro 

characteristics determined are summarized in the subsequent tables. 

Table 30: In vitro characterization of PS loaded BSA microsphere formulations 

Formulation 

FBI 

FB2 

FB3 

Product 
yield 

65.20 % 

71.86% 

63.70% 

Mean particle size 
in Jim 

4.14+ 1.12 

4.20 ±1.23 

6.10 ± 2.83 

Zeta Potential in 
mV 

-25.65 ±2.51 

-23.12 ±1.97 

-31.27 ±2.96 



Table 31: Encapsulation efficiencies of PS loaded albumin microsphere formulations 

Formulation 

FBI 

FB2 

FB3 

Theoretical 
drug loading 

.1.96% 

3.50 % 

8.69% 

Experimental 
drug loading 

1.54% 

2.80 % 

7.16% 

Encapsulation 
efficiency 

78.57 % 

80.00% 

82.39 % 

Microsphere dissolution studies 

The cumulative % release of prednisolone is summarized in the following figures. 

The release pattern in PBS helps identify the optimized formulation with the required 

release pattern. As expected, the release of Fl and F2 up to the first 12 hours, which 

included SG, was greater than that for F3, which did not include SG though the 

difference in the amounts of drug released was statistically significant. However, after 

about 24 hours, there was no significant difference in the release between all three 

formulations. 
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Figure 31: Percent cumulative release of PS from microsphere formulations in PBS 
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Figure 32: Higuchi plot for formulation FBI 
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As shown by the Higuchi graphs of Fl, F2, and F3, the primary mechanism of 

release during the first four hours is through diffusion. It is during this time that we see 

differences between the formulations with and without bile salts. Further, as matrix 

degradation predominates, it becomes more responsible for the release in the later hours 

and therefore the difference between formulations is not apparent. This indicates that 

only the initial release of the drug during the diffusion phase was affected by the bile salt 

and this fact correlates with the hypothesis stated earlier that the drug when released 

along with the bile salt by diffusion through the microspheres creates a microenvironment 

enhancing the drug dissolution. However, this phenomenon does not seem to occur 

during the drug release by matrix degradation. 

Conclusion 

The formulation technology has been successfully adapted and modified using the 

emulsion technology for microencapsulation of poorly water soluble drugs. The effect of 

co-microencapsulation of bile salts on the dissolution of the drug from the dosage form 

has been studied. Also the hypothesis of bile salts creating a microenvironment and 

enhancing the drug release can also be implied based on the experimental data. 



CHAPTER 9 

SUMMARY AND CONCLUSIONS 

The current dissertation work was mainly focused on development of a 

microsphere based formulation platform technology for the delivery of small molecule 

drugs, protein drugs and vaccines using albumin as the microsphere matrix. Special 

emphasis was given for oral delivery of vaccines. Throughout the formulation 

development process, feasibility of the technology for a potential scale up and 

manufacture was considered. 

A novel method of crosslinking the albumin using glutaraldehyde (GLUT) as the 

chemical crosslinking agent was developed. The cardinal feature of the method included 

neutralization of the excess or unreacted GLUT at the end of the crosslinking reaction 

and thereby enabling the technology for use in microencapsulation of amine containing 

drugs. The microsphere formulations prepared using this technology had good 

encapsulation efficiencies. The mean particle sizes obtained were found to be in the 

required range with the zeta potential values optimal for suspension stability. The release 

studies helped narrow down the formulation with the required characteristics. 
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The burst release of the drug from the microspheres were found to be significantly 

lower than the burst release of drug from microsphere formulations prepared following 

previously established procedure. 

The platform technology developed was also characterized using physicochemical 

characterization and biochemical assays for using this technology for microencapsulation 

of proteins and vaccines without loss of bioactivity. Lysozyme was used as the model 

drug for the characterization and biochemical assay studies. As part of the 

physicochemical characterization studies FTIR and DSC analysis of lysozyme before and 

after microencapsulation showed that the spray drying conditions does not affect the solid 

state secondary structure of lysozyme and that BSA acts as a stabilizing excipient in 

protecting the native structure of microencapsulated lysozyme during the formulation 

process involving spray drying. This has been further confirmed by the bioactivity assay 

which showed that at least 95.57 % of the total lysozyme microencapsulated is active in 

one of the formulations indicating the stabilizing and protective effect of BSA and 

efficiency of the formulation technology developed. This succeeds the formulation 

technology developed for use in microencapsulation of vaccines and proteins too. Also 

qualifies this technology as a platform for microencapsulation of vaccines, proteins and 

drugs for delivery through various routes. 

One of the hurdles for a successful oral delivery of proteins and vaccines is the 

harsh acidic conditions in the stomach which needs to be addressed. Also there were not 

many established technologies for surface coating of microspheres. A microsurface 

coating technology was established capable of surface coating of microspheres using 

conventional spray dryer without significantly increasing the particle size and also 



181 

without using any organic solvents. This method also is easy to scale up and manufacture 

and is a reproducible method because it uses a spray drying technology. Enteric coating 

of the microspheres performed using this technology exhibited gastroresistance for up to 

a maximum of five hours making this technology a promising one with potential for use 

in oral delivery of vaccines and proteins. Based on the type of polymer employed this 

technology can also be used for extended, controlled, sustained and targeted release 

microsphere dosage forms. 

After the establishment of the platform technology, it was also evaluated in vivo 

to see the effectiveness in oral delivery of vaccines. Escherichia coli vaccine was used as 

the model vaccine and it was evaluated in Sprague Dawley rats. A significant increase in 

the antigen-specific serum IgG levels with time was observed which implies a successful 

oral delivery of the vaccine. These results also indicate the potential of the formulation 

prepared for oral delivery of vaccines, although more extensive studies need to be 

conducted in terms of challenge studies and determination of mucosal IgA levels to 

successfully qualify this formulation for the oral delivery of vaccines. 

An immunogenicity study was also conducted using Sprague Dawley rats to 

evaluate the immunogenicity potential of the crosslinked albumin matrix as the polymer. 

The in vitro characteristics for the microspheres prepared using RSA were not 

significantly different form the microspheres prepared using BSA which is in coherence 

with the stated hypothesis and rationale for using BSA for formulation development. The 

in vivo immunogenicity study data with different doses and frequency of administration 

did not show any significant difference in the values of IgG levels. Also the serum IgG 
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values which were used as a measure of immunogenicity did not increase significantly 

with time implying the safety and biocompatibility of the crosslinked albumin matrix. 

In order to truly qualify the formulation developed as a platform technology, it 

was also modified and adapted appropriately for microencapsulation of poorly water 

soluble drugs which involved use of emulsion technology. Also the effect of co-

mi croencapsulation of bile salts along with the poorly water soluble drug in enhancing 

the release was studied with the help of dissolution studies. 

The formulation technology developed for microencapsulation of poorly water 

soluble drugs exhibited good in vitro characteristics. The experimental findings also 

suggested a diffusion like release pattern in the first few hours of the dissolution of drug 

from the microspheres and bile salts did show an enhanced drug release although not 

statistically significant. However the results imply that bile salts can be used to improve 

solubility of poorly water soluble drugs and potentially improve bioavailability. Also the 

hypothesis of bile salts creating a microenvironment and enhancing the drug release can 

also be implied based on the experimental data. 

To summarize, a microsphere based platform technology using chemically 

modified albumin matrix was successfully developed for microencapsulation of drugs 

and vaccines for oral use and also for other routes of drug administration. 



BIBLIOGRAPHY 

Akers, M. J. & S. L. Nail: Top 10 current technical issues in parenteral science. 
Pharmaceutical Technology 1994, 18, 26-36 

Arshady, R.: Albumin microspheres and microcapsules: Methodology of manufacturing 
techniques. Journal of Controlled Release 1990, 14, 111-131 

Artursson, P., I. L. Martensson & I. Sjoholm: Biodegradable microspheres. Ill: some 
immunological properties of polyacryl starch microparticles. JPharm Sci 1986, 75(7), 
697-701 

Baca-Estrada, M. E., M. Foldvari & M. Snider: Induction of mucosal immune responses 
by administration of liposome-antigen formulations and interleukin-12. J Interferon 
Cytokine Res 1999, 19(5), 455-62 

Banga, A. K.: Therapeutic peptides and proteins : formulation, processing, and delivery 
systems. CRC/Taylor & Francis, Boca Raton, FL, 2006, pp. 354 p. 

Baras, B., M. A. Benoit, L. Dupre, O. Poulain-Godefroy, A. M. Schacht, A. Capron, J. 
Gillard & G. Riveau: Single-dose mucosal immunization with biodegradable 
microparticles containing a Schistosoma mansoni antigen. Infect Immun 1999, 67(5), 
2643-8 

Bauer, H. H., M. Muller, J. Goette, H. P. Merkle & U. P. Fringeli: Interfacial adsorption 
and aggregation associated changes in secondary structure of human calcitonin monitored 
by ATR-FTIR spectroscopy. Biochemistry 1994, 33(40), 12276-82 

Bosse, D., M. Praus, P. Kiessling, L. Nyman, C. Andresen, J. Waters & F. Schindel: 
Phase I comparability of recombinant human albumin and human serum albumin. J Clin 
Pharmacol 2005, 45(1), 57-67 

Branchu, S., R. T. Forbes, P. York & H. Nyqvist: A central composite design to 
investigate the thermal stabilization of lysozyme. Pharm Res 1999, 16(5), 702-8 

Broadhead, J., S. K. Rouan, I. Hau & C. T. Rhodes: The effect of process and 
formulation variables on the properties of spray-dried beta-galactosidase. J Pharm 
Pharmacol 1994, 46(6), 458-67 

183 



184 

Buge, S. L., E. Richardson, S. Alipanah, P. Markham, S. Cheng, N. Kalyan, C. J. Miller, 
M. Lubeck, S. Udem, J. Eldridge & M. Robert-Guroff: An adenovirus-simian 
immunodeficiency virus env vaccine elicits humoral, cellular, and mucosal immune 
responses in rhesus macaques and decreases viral burden following vaginal challenge. J 
Virol 1991, 71(11), 8531-41 

Burger, J. J., T. E., E. M. A. Mulder & J. G. McVie: Albumin microspheres for intra
arterial tumour targeting. I. Pharmaceutical aspects. International Journal of 
Pharmaceutics 1985, 23, 333-344 

Burgess, D. J., S. S. Davis & E. Tomlinson: Potential use of albumin microspheres as a 
drug delivery system. I. Preparation and in vitro release of steroids. International Journal 
of Pharmaceutics 1987, 39,129-136 

Carter, J. S.: Digestive System, 2004 

Cauchy, M., S. D'Aoust, B. Dawson, H. Rode & M. A. Hefford: Thermal stability: a 
means to assure tertiary structure in therapeutic proteins. Biologicals 2002, 30(3), 175-85 

Chaubal, M. V.: Human serum albumin as a pharmaceutical excipient. Drug Delivery 
Technology 2005, 5(8), 22-23 

Chen, C. Q., W. Lin, A. G. Coombes, S. S. Davis & L. Ilium: Preparation of human 
serum albumin microspheres by a novel acetone-heat denaturation method. J 
Microencapsul 1994, 11(4), 395-407 

Childers, N. K., G. Tong, S. Mitchell, K. Kirk, M. W. Russell & S. M. Michalek: A 
controlled clinical study of the effect of nasal immunization with a Streptococcus mutans 
antigen alone or incorporated into liposomes on induction of immune responses. Infect 
Immun 1999, 67(2), 618-23 

Chuang, V. T., U. Kragh-Hansen & M. Otagiri: Pharmaceutical strategies utilizing 
recombinant human serum albumin. Pharm Res 2002, 19(5), 569-77 

Clements, J. D. & R. A. Finkelstein: Isolation and characterization of homogeneous heat-
labile enterotoxins with high specific activity from Escherichia coli cultures. Infect 
Immun 1979, 24(3), 760-9 

Conley, M. E. & D, L. Delacroix: Intravascular and mucosal immunoglobulin A: two 
separate but related systems of immune defense? Ann Intern Med 1987, 106(6), 892-9 

Conti, B., F. Pavanetto & I. Genta: Use of polylactic acid for the preparation of. 
microparticulate drug delivery systems. Journal of Microencapsulation 1992, 9(153) 

Cooper, A., M. A. Nutley & A. Wadood: Differential scanning microcalorimetry. In: 
Protein-LigandInteractions: hydrodynamics and calorimetry. Eds.: S. E. Harding and B. 
Z. Chowdhry. Oxford University Press, Oxford New York, 2000, pp. 287-318 



185 

Couvreur, P. & F. Puisieux: Nano- and microparticles for the delivery of polypeptides 
and proteins. Advanced Drug Delivery Reviews 1993,10(141) 

Cripps, A. W., J. M. Kyd & A. R. Foxwell: Vaccines and mucosal immunisation. Vaccine 
2001, 19(17-19), 2513-5 

Cueto, M., M. J. Dorta, O. Munguia & M. Llabres: New approach to stability assessment 
of protein solution formulations by differential scanning calorimetry. Int J Pharm 2003, 
252(1-2), 159-66 

D'Souza, M. & P. DeSouza: Preparation and testing of cyclosporine microsphere and 
solution formulations in the treatment of polyarthritis in rats. Drug development and 
industrial pharmacy 1998, 24(9), 841-52 

D'Souza, M. J., G. W. Oettinger, G. V. Milton & K. J. Tracey: Prevention of lethality and 
suppression of proinflammatory cytokines in experimental septic shock by 
microencapsulated CNI-1493. J Interferon Cytokine Res 1999a, 19(10), 1125-33 

D'Souza, M. J., C. W. Oettinger, A. Shah, P. G. Tipping, X. R. Huang & G. V. Milton: 
Macrophage depletion by albumin microencapsulated clodronate: attenuation of cytokine 
release in macrophage-dependent glomerulonephritis. Drug Dev Ind Pharm 1999b, 25(5), 
591-6 

D'Souza, M. J. & R. Pourfarzib: Improved efficacy of a microencapsulated macrophage 
colony stimulating factor and methotrexate in melanoma. Drug development and 
industrial pharmacy 1999, 25(5), 583-90 

D'Souza, M. J. & P. J. DeSouza: Site specific microencapsulated drug targeting strategies 
to the liver and the gastrointestinal tract. Advanced Drug Delivery Reviews 1995, 17, 247-
254 

Degussa: Colonic Drug Delivery: EUDRAGIT PROVIDES THE SOLUTION. Degussa: 
Rohm Pharma Polymers, 2003a, pp. 2 

Degussa: Enteric Coatings-pH control with EUDRAGIT. Degussa: Rohm Pharma 
Polymers, 2003b, pp. 8 

Degussa: Sustained-Release Formulations for Oral Dosage Forms. Degussa: Rohm 
Pharma Polymers, 2003c, pp. 4 

Delgado, A., E. C. Lavelle, M. Hartshorne & S. S. Davis: PLG microparticles stabilised 
using enteric coating polymers as oral vaccine delivery systems. Vaccine 1999, 17(22), 
2927-38 

DeLuca, P. P., R. Mehta, A. G. Hausberger & B. C. Thnoo: Biodegradable polyester for 
drug and polypeptide delivery. In: Polymeric delivery systems : properties and 
applications, ACS symposium series,; 520;. Eds.: M. A. El-Nokaly, D. M. Piatt and B. A. 
Charpentier. American Chemical Society, Washington, DC, 1993, pp. xii, 411 p. 



186 

Digestive-Tract: Human Digestive Tract, 2003 

Ermis, D. & A. Yuksel: Preparation of spray-dried microspheres of indomethacin and 
examination of the effects of coating on dissolution rates. JMicroencapsul 1999, 16(3), 
315-24 

Esposito, E., F. Cervellati, E. Menegatti, C. Nastruzzi & R. Cortesi: Spray dried Eudragit 
microparticles as encapsulation devices for vitamin C. Int JPharm 2002, 242(1-2), 329-
34 

Evans, S. & P. Grassam: Considerations for parenteral dosage form development of 
natural alpha interferon. J Par enter Sci Technol 1986, 40(3), 83-7 

FDA, U.: Escherichia coli 0157:H7. Center for Food Safety and Applied Nutrition, 2001 

Fynan, E. F., R. G. Webster, D. H. Fuller, J. R. Haynes, J. C. Santoro & H. L. Robinson: 
DNA vaccines: protective immunizations by parenteral, mucosal, and gene-gun 
inoculations. Proc Natl Acad Sci US A1993, 90(24), 11478-82 

Galazka, A. M.: Immunological Basis for Immunization: Module 1: General Immunology 
Ed.: E. P. O. I. GLOBAL PROGRAMME FOR VACCINES AND IMMUNIZATION. 
World Health Organization, Geneva 
1993, pp. 13 

Gallo, J. M., C. T. Hung & D. G. Perrier: Analysis of albumin microsphere preparation. 
International Journal of Pharmaceutics 1984, 22, 63-74 

Gerber, D. A., C. W. Oettinger, M. D'Souza, G. V. Milton, C. P. Larsen & T. C. Pearson: 
Prolongation of murine cardiac allograft survival by microspheres containing TNF alpha 
and ILl-beta neutralizing antibodies. J Drug Target 1995, 3(4), 311-5 

Ghaderi, R. & J. Carlfors: Biological activity of lysozyme after entrapment in poly(d,l-
lactide-co-glycolide)-microspheres. Pharm Res 1997, 14(11), 1556-62 

Giunchedi, P., B. Conti, I. Genta, U. Conte & G. Puglisi: Emulsion spray-drying for the 
preparation of albumin-loaded PLGA microspheres. Drug Dev Ind Pharm 2001, 27(7), 
745-50 

Gorin, G.,.S. F. Wang & L. Papapavlou: Assay of lysozyme by its lytic action on M. 
lysodeikticus cells. Anal Biochem 1971, 39(1), 113-27 

Green, M. D., M. J. D'Souza, J. M. Holbrook & R. A. Wirtz: In vitro and in vivo 
evaluation of albumin-encapsulated primaquine diphosphate prepared by nebulization 
into heated oil. JMicroencapsul 2004, 21(4), 433-44 

Grossowicz, N. & M. Ariel: Methods for determination of lysozyme activity. Methods 
Biochem Anal 1983, 29, 435-46 



187 

Gupta, P. K., C. T. Hung & D. G. Perrier: Albumin Microspheres. I. Release 
characteristics ofadriamycin. International Journal ofPharmaceutics 1986a, 33, 137-146 

Gupta, P. K., C. T. Hung & D. G. Perrier: Albumin Microspheres. II. Effect of 
stabilization temperature on the release of adriamycin. InternationalJournal of 
Pharmaceutics 1986b, 33, 147-153 

Haswani, D.: Evaluation of Microencapsulated Gentamicin on Escherichia coli in Gram 
Negative Sepsis. In: Department of Pharmaceutical Sciences. Mercer University, Atlanta, 
2005, pp. 198 

Hilton, A. K. & P. B. Deasy: Use of hydroxypropyl methylcellulose acetate succinate in 
an enteric polymer matrix to design controlled-release tablets of amoxicillin trihydrate. J 
Pharm Sci \ 993, 82(7), 737-43 

Holmgren, J., C. Czerkinsky, K. Eriksson & A. Mharandi: Mucosal immunisation and 
adjuvants: a brief overview of recent advances and challenges. Vaccine 2003, 21 Suppl 2, 
S89-95 

Ilium, L.: Chitosan and its use as a pharmaceutical excipient. Pharm Res 1998, 15(9), 
1326-31 

Ilium, L. & S. S. Davis: The targeting of drugs parenterally by use of microspheres. J 
Parenter Sci Technol 1982, 36(6), 242-8 

Jabbal-Gill, I., A. N. Fisher, R. Rappuoli, S. S. Davis & L. Ilium: Stimulation of mucosal 
and systemic antibody responses against Bordetella pertussis filamentous haemagglutinin 
and recombinant pertussis toxin after nasal administration with chitosan in mice. Vaccine 
1998, 16(20), 2039-46 

Jani, P., G. W. Halbert, J. Langridge & A. T. Florence: The uptake and translocation of 
latex nanospheres and microspheres after oral administration to rats. J Pharm Pharmacol 
1989,41(12), 809-12 

Jani, P., G. W. Halbert, J. Langridge & A. T. Florence: Nanoparticle uptake by the rat 
gastrointestinal mucosa: quantitation and particle size dependency. J Pharm Pharmacol 
1990,42(12), 821-6 

JENA, I.: Determination of Secondary Structure in Proteins by Fourier Transform 
Infrared Spectroscopy (FTIR). Image Library of Biological Macromolecules, 2005 

Jones, D. H., B. W. McBride, C. Thornton, D. T. O'Hagan, A. Robinson & G. H. Farrar: 
Orally administered microencapsulated Bordetella pertussis fimbriae protect mice from 
B. pertussis respiratory infection. Infect Immun 1996, 64(2), 489-94 

Jordan, S. L., M. R. Russo, R. L. Blessing & A. B. Theis: Inactivation of glutaraldehyde 
by reaction with sodium bisulfite. J Toxicol Environ Health 1996, 47(3), 299-309 



188 

Joshi, H. N., R. W. Tejwani, M. Davidovich, V. P. Sahasrabudhe, M. Jemal, M. S. 
Bathala, S. A. Varia & A. T. Serajuddin: Bioavailability enhancement of a poorly water-
soluble drug by solid dispersion in polyethylene glycol-polysorbate 80 mixture. Int J 
Pharm 2004, 269(1), 251-8 

Kelsall, B. & W. Strober.: Gut associated lymphoid tissue: antigen handling and T-
lymphocyte responses. In: Mucosal immunology. Eds.: P. L. Ogra, J. Mestecky, M. E. 
Lamm, W. Strober, J. Bienstock and J. R. McGhee. Academic Press, New York, 1999, 
pp. 293-317 

Kerneis, S., A. Bogdanova, J. P. Kraehenbuhl & E. Pringault: Conversion by Peyer's 
patch lymphocytes of human enterocytes into M cells that transport bacteria. Science 
1997, 277(5328), 949-52 

Killeen, K., D. Spriggs & J. Mekalanos: Bacterial mucosal vaccines: Vibrio cholerae as a 
live attenuated vaccine/vector paradigm. Curr Top Microbiol Immunol 1999, 236, 237-54 

Kim, D. H., S. W. Jun, M. S. Kim, S. Lee & S. J. Hwang: Micronisation of Lysozyme 
Suitable for Pulmonary Drug Delivery using Solution Enhanced 
Dispersion by Supercritical fluids. In: Controlled Release Society, Miami, Florida, 2005 

Klipstein, F. A., R. F. Engert & J. D. Clements: Development of a vaccine of cross-linked 
heat-stable and heat-labile enterotoxins that protects against Escherichia coli producing 
either enterotoxin. Infect Immun 1982, 37(2), 550-7 

Knezevic, I., E. Griffiths, F. Reigel & R. Dobbelaer: Thiomersal in vaccines: a regulatory 
perspective WHO Consultation, Geneva, 15-16 April 2002. Vaccine 2004, 22(15-16), 
1836-41 

Kramer, P. A.: Letter: Albumin microspheres as vehicles for achieving specificity in drug 
delivery. J Pharm Sci 1974, 63(10), 1646-7 

Kreuter, J.: Nanoparticles and microparticles for drug and vaccine delivery. JAnat 1996, 
189 (Pt 3), 503-5 

Kyd, J. & A. Cripps: Identifying vaccine antigens and assessing delivery systems for the 
prevention of bacterial infections. JBiotechnol 2000, 83(1-2), 85-90 

Labrude, P., M. Rasolomanana, C. Vigneron, C. Thirion & B. Chaillot: Protective effect 
of sucrose on spray drying of oxyhemoglobin. J Pharm Sci 1989, 78(3), 223-9 

Langer, R.: New methods of drug delivery. Science 1990, 249(4976), 1527-33 

Lee, T. K., T. D. Sokoloski & G. P. Royer: Serum albumin beads: an injectable, 
biodegradable system for the sustained release of drugs. Science 1981, 213(4504), 233-5 

Lehmann, D., K. J. Coakley, C. A. Coakley, V. Spooner, J. M. Montgomery, A. Michael, 
I. D. Riley, T. Smith, R. L. Clancy & A. W. Cripps: Reduction in the incidence of acute 



189 

bronchitis by an oral Haemophilus influenzae vaccine in patients with chronic bronchitis 
in the highlands of Papua New Guinea. Am Rev Respir Dis 1991, 144(2), 324-30 

Liao, C. W., S. H. Lin, P. Y. Lin, H. Y. Chiou, W. F. Ghang & C. N. Weng: Orally 
administrable enterotoxigenic Escherichia coli vaccine encapsulated by ethylcellulose 
powder dispersion. Applied microbiology and biotechnology 2004, 65(3), 295-300 

Liao, Y. H., M. B. Brown & G. P. Martin: Turbidimetric and HPLC assays for the 
determination of formulated lysozyme activity. J Pharm Pharmacol 2001, 53(4), 549-54 

Lin, J. H., M. J. Pan, C. W. Liao & C. N. Weng: In vivo and in vitro comparisons of 
spray-drying and solvent- evaporation preparation of microencapsulated Mycoplasma 
hyopneumoniae for use as an orally administered vaccine for pigs. Am J Vet Res 2002, 
63(8), 1118-23 

Linders, L. J. M., G. Meerdink & K. van't Riet: Influence of temperature and drying rate 
on the dehydration inactivation of Lactobacillus plantarum. Trans. IchemE 1996, 74, 
110-114 

Liu, R.: Water-insoluble drug formulation. Interpharm/CRC, Boca Raton, 2000, pp. xix, 
651 p. 

Malvern-Instruments: Zeta potential: An introduction in 30 minutes. In: Zetasizer 
nanoseries technical note. Malvern Instruments, pp. 6 

Malzert, A., F. Boury, D. Renard, P. Robert, J. E. Proust & J. P. Benoit: Influence of 
some formulation parameters on lysozyme adsorption and on its stability in solution. Int J 
Pharm 2002, 242(1-2), 405-9 

Mason, H. S., J. M. Ball, J. J. Shi, X. Jiang, M. K. Estes & C. J. Arntzen: Expression of 
Norwalk virus capsid protein in transgenic tobacco and potato and its oral 
immunogenicity in mice. Proc Natl Acad Sci USA 1996, 93(11), 5335-40 

Mason, H. S., D. M. Lam & C. J. Arntzen: Expression of hepatitis B surface antigen in 
transgenic plants. Proc Natl Acad Sci USA 1992, 89(24), 11745-9 

Mathiowitz, E., J. S. Jacob, Y. S. Jong, G. P. Carino, D. E. Chickering, P. Chaturvedi, C. 
A. Santos, K. Vijayaraghavan, S. Montgomery, M. Bassett & C. Morrell: Biologically 
erodable microspheres as potential oral drug delivery systems. Nature 1997, 386(6623), 
410-4 

McDermott, M. R., P. L. Heritage, V. Bartzoka & M. A. Brook: Polymer-grafted starch 
microparticles for oral and nasal immunization. Immunol Cell Biol 1998, 76(3), 256-62 

McGarvey, P. B., J. Hammond, M. M. Dienelt, D. C. Hooper, Z. F. Fu, B. Dietzschold, 
H. Koprowski & F. H. Michaels: Expression of the rabies virus glycoprotein in transgenic 
tomatoes. Biotechnology (N Y) 1995, 13(13), 1484-7 



190 

McGhee, J. R., M. E. Lamm & W. Strober: Mucosal immune responses: An overview. In: 
Mucosal immunology. Eds.: P. L. Ogra, J. Mestecky, M. E. Lamm, W. Strober, J. 
Bienstock and J. R. McGhee. Academic Press, New York, 1999, pp. 485-506 

Morris, N. J. & B. Warburton; Three-ply walled w/o/w microcapsules formed by a 
multiple emulsion technique. J Pharm Pharmacol 1982, 34(8), 475-9 

Morrow, C. D., M. J. Novak, D. C. Ansardi, D. C. Porter & Z. Moldoveanu: 
Recombinant viruses as vectors for mucosal immunity. Curr Top Microbiol Immunol 
1999,236,255-73 

Mumenthaler, M., C. C. Hsu & R. Pearlman: Feasibility study on spray-drying protein 
pharmaceuticals: recombinant human growth hormone and tissue-type plasminogen 
activator. Pharm Res 1994, 11(1), 12-20 

Murphy, T. V., P. M. Gargiullo, M. S. Massoudi, D. B. Nelson, A. O. Jumaan, C. A. 
Okoro, L. R. Zanardi, S. Setia, E. Fair, C. W. LeBaron, M. Wharton & J. R. Livengood: 
Intussusception among infants given an oral rotavirus vaccine. N Engl J Med 2001, 
344(8), 564-72 

Natsume, H., K. Sugibayashi, K. Kazuhiko, Y. Morimoto, T. Shibata & S. Fujimoto: 
Preparation and evaluation of biodegradable albumin microspheres containing mitomycin 
C. International Journal of Pharmaceutics 1990, 58, 79-87 

O'Hagan, D. T.: The intestinal uptake of particles and the implications for drug and 
antigen delivery. JAnat 1996, 189 ( Pt 3), 477-82 

O'Hagan, D. T.: Recent advances in vaccine adjuvants for systemic and mucosal 
administration. J Pharm Pharmacol 1998, 50(1), 1-10 

Oettinger, C. & M. D'Souza: Microencapsulation of tumor necrosis factor oligomers: a 
new approach to proinflammatory cytokine inhibition. J Interferon Cytokine Res 2003, 
23(9), 533-43 

Oettinger, C. W., M. D'Souza & G. V. Milton: In vitro comparison of cytokine release 
from antithymocyte serum and OKT3. Inhibition with soluble and microencapsulated 
neutralizing antibodies. Transplantation 1996, 62(11), 1690-3 

Ogra, P. L., H. Faden & R. C. Welliver: Vaccination strategies for mucosal immune 
responses. Clin Microbiol Rev 2001, 14(2), 430-45 

Okada, H. & H. Toguchi: Biodegradable microspheres in drug delivery. CritRev Ther 
Drug Carrier Syst 1995, 12(1), 1-99 

Okada, U., M. Yamamoto, T. Heya, Y. Inoue, S. Kamei, Y. Ogawa & H. Toguchi: Drug 
delivery using biodegradable microspheres. Journal of controlled release 1994, 28(121) 



191 

Orive, G., A. M. Carcaboso, R. M. Hernandez, A. R. Gascon & J. L. Pedraz: 
Biocompatibility evaluation of different alginates and alginate-based microcapsules. 
Biomacromolecules 2005, 6(2), 927-31 

Orive, G., R. M. Hernandez, A. R. Gascon, R. Calafiore, T. M. Chang, P. De Vos, G. 
Hortelano, D. Hunkeler, I. Lacik, A. M. Shapiro & J. L. Pedraz: Cell encapsulation: 
promise and progress. Nat Med 2003, 9(1), 104-7 

Palmieri, G. F., G. Bonacucina, P. Di Martino & S. Martelli: Spray-drying as a method 
for microparticulate controlled release systems preparation: advantages and limits. I. 
Water-soluble drugs. Drug Development and Industrial Pharmacy 2001, 27, 195-204 

Palmieri, G. F., G. Bonacucina, P. Di Martino & S. Martelli: Gastro-resistant 
microspheres containing ketoprofen. JMicroencapsul 2002, 19(1), 111-9 

Parker, S. K., B. Schwartz, J. Todd & L. K. Pickering: Thimerosal-containing vaccines 
and autistic spectrum disorder: a critical review of published original data. Pediatrics 
2004, 114(3), 793-804 

Rao, V. M., J. L. Haslam & V. J. Stella: Controlled and complete release of a model 
poorly water-soluble drug, prednisolone, from hydroxypropyl methylcellulose matrix 
tablets using (SBE)(7m)-beta-cyclodextrin as a solubilizing agent. JPharm Sci 2001, 
90(7), 807-16 

Remmele, R. L., Jr., C. Stushnoff & J. F. Carpenter: Real-time in situ monitoring of 
lysozyme during lyophilization using infrared spectroscopy: dehydration stress in the 
presence of sucrose. Pharm Res 1997, 14(11), 1548-55 

Rettenmaier, M. A., A. E. Senyei, K. J. Widder, J. A. Stratton, M. L. Berman & P. J. 
Disaia: In vivo alteration of RES phagocytosis by magnetic albumin microspheres. J Clin 
Lab Immunol 1985, 17(2), 99-103 

Roy, K., H. Q. Mao, S. K. Huang & K. W. Leong: Oral gene delivery with chitosan— 
DNA nanoparticles generates immunologic protection in a murine model of peanut 
allergy. Nat Med 1999, 5(4), 387-91 

Royer, G. P., T. K. Lee & T. D. Sokoloski: Entrapment of bioactive compounds within 
native albumin beads. J Par enter Sci Technol 1983, 37(2), 34-7 

Saffran, M., G. S. Kumar, C. Savariar, J. C. Burnham, F. Williams & D. C. Neckers: A 
new approach to the oral administration of insulin and other peptide drugs. Science 1986, 
233(4768), 1081-4 

Scheffel, U., B. A. Rhodes, T. K. Natarajan & H. N. Wagner, Jr.: Albumin microspheres 
for study of the reticuloendothelial system. JNuclMed 1972, 13(7), 498-503 

Schroder, U. & A. Stahl: Crystallized dextran nanospheres with entrapped antigen and 
their use as adjuvants. J Immunol Methods 1984, 70(1), 127-32 



Senyei, A. E., C. F. Driscoll & K. J. Widder: Biophysical drug targeting: magnetically 
responsive albumin microspheres. Methods Enzymol 1985, 112, 56-67 

Shah, A. & M. J. D'Souza: Sustained release of interleukin-12 microspheres in the 
treatment of cancer. Drug Development and Industrial Pharmacy 1999, 25(9), 21-30 

Shah, M. V., M. D. De Gennaro & H. Suryakasuma: An evaluation of albumin 
microcapsules prepared using a multiple emulsion technique. JMicroencapsul 1987, 
4(3), 223-38 

Sheu, M. T. & T. D. Sokoloski: Entrapment of bioactive compounds within native 
albumin beads: III. Evaluation of parameters affecting drug release. J Par enter Sci 
Technol 1986, 40(6), 259-65 

Siewert, M., J. Dressman, C. K. Brown & V. P. Shah: FIP/AAPS guidelines to 
dissolution/in vitro release testing of novel/special dosage forms. AAPS PharmSciTech 
2003, 4(1), E7 

Silva, C. J. S. M., F. Sousa, G. Gubitz & A. Cavaco-Paulo: Chemical modifications on 
proteins using glutaraldehyde. Food Technology and Biotechnology 2004, 42(1), 51-56 

Smith, K. L., M. E. Schimpf & K. E. Thompson: Bioerodible polymers for delivery of 
macromolecules. Advanced Drug Delivery Reviews 1990, 4, 343 

Steinbrink, K., M. Wolfl, H. Jonuleit, J. Knop & A. H. Enk: Induction of tolerance by IL-
10-treated dendritic cells. J Immunol 1997, 159(10), 4772-80 

Svennerholm, A. M., L. A. Hanson, J. Holmgren, B. S. Lindblad, B. Nilsson & F. 
Quereshi: Different secretory immunoglobulin A antibody responses to cholera 
vaccination in Swedish and Pakistani women. Infect Immun 1980, 30(2), 427-30 

Tarelli, E., A. Mire-Sluis, H. A. Tivnann, B. Bolgiano, D. T. Crane, C. Gee, X. 
Lemercinier, M. L. Athayde, N. Sutcliffe, P. H. Corran & B. Rafferty: Recombinant 
human albumin as a stabilizer for biological materials and for the preparation of 
international reference reagents. Biologicals 1998, 26(4), 331-46 

Tomlinson, E. & J. J. Burger: Monolithic albumin particles as drug carriers. In: Polymers 
in Controlled Drug Delivery. Eds.: L. Ilium, and S. S. Davis. Wright, Bristol, 1987, pp. 
25-48 

Tong, W., L. Wang & M. J. D'Souza: Evaluation of PLGA microspheres as delivery 
system for antitumor agent-camptothecin. Drug Dev Ind Pharm 2003, 29(7), 745-56 

Tsung, M. J. & D. J. Burgess: Preparation and characterization of gelatin surface 
modified PLGA microspheres. AAPSpharmSci [electronic resource] 2001, 3(2), El 1 

Tzannis, S. T. & S. J. Prestrelski: Activity-stability considerations of trypsinogen during 
spray drying: effects of sucrose. J Pharm Sci 1999a, 88(3), 351-9 



193 

Tzannis, S. T. & S. J. Prestrelski: Moisture effects on protein-excipient interactions in 
spray-dried powders. Nature of destabilizing effects of sucrose. JPharm Sci 1999b, 
88(3), 360-70 

U.S. Department of Labor, O. S. H. A.: OSHA analytical methods manual, Method 64, 
Glutaraldehyde. Salt Lake City, Utah: OSHA Analytical Laboratory, 1987 

Walker, R. I.: New strategies for using mucosal vaccination to achieve more effective 
immunization. Vaccine 1994, 12(5), 387-400 

Watarai, S., M. Han, Tana & H. Kodama: Antibody response in the intestinal tract of 
mice orally immunized with antigen associated with liposomes. J Vet Med Sci 1998, 
60(9), 1047-50 

WHO: New frontiers in the development of vaccines against enterotoxinogenic (ETEC) 
and enterohaemorrhagic (EHEC) E. coli infections Part II. Ed.: G. World Health 
Organization. WHO, 1999, pp. 105-112 

Widder, K., G. Flouret & A. Senyei: Magnetic microspheres: synthesis of a novel 
parenteral drug carrier. J Pharm Sci 1979, 68(1), 79-82 

Zhou, X. H. & W. Li: Peptide and protien drugs. I. Therapeutic applictions, absorption 
and parenteral adiminstration. InternationalJournal of Pharmaceutics 1991, 9(153) 

Zolle, I., B. A. Rhodes & H. N. Wagner, Jr.: Preparation of metabolizable radioactive 
human serum albumin microspheres for studies of the circulation. Int J Appl Radiat hot 
1970,21(3), 155-67 


