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ABSTRACT

SIMON PAULOS
DEVELOPMENT AND EVALUATION OF NASALLY DELIVERED PsaA 
MICROSPHERES FOR PNEUMOCOCCAL VACCINE 
Under the Direction of RAVI PALANIAPPAN Ph.D.

The objectives of this dissertation were, first to develop a nasally delivered 

microsphere formulation, which has the essential characteristics for maintaining the 

stability of a protein antigen. Second, to assess the formulation as a potential vaccine 

candidate by evaluating the immunological responses in an animal model.

Polycaprolactone/maltodextrin microsphere formulation was prepared by a double 

emulsion solvent evaporation method. This formulation was developed for Strepotcoccus 

pneumoniae surface protein pneumococcal surface adhesion A (PsaA) delivery to the 

upper respiratory tract. Process variables like stirring speed, surfactant and polymer 

concentration were varied and evaluated for their effect on size and encapsulation 

efficiency. Since freeze-drying method was essential to store vaccine formulations, the 

effect of lyophilization on protein stability was assessed. Finally the characterized 

microspheres were studied in mouse animal model for their targeting potential and ability 

to trigger mucosal and systemic immune reactions for pneumococcal protection.

Stirring speed and polymer concentration were important factors in modulating 

the microsphere size and the protein encapsulation efficiency. Incorporation of



maltodextrin during the emulsion step improved the physical stability of PsaA during the 

process of homogenization and lyophilization. Dye conjugated PsaA proteins found to 

reside within the upper respiratory tract after nasally delivered in mouse models. Further, 

antibody analysis showed that PCL/MD-PsaA microspheres have the potential to trigger 

mucosal and systemic immunity in animal model.

A process for the formulation of PCL/MD microsphere encapsulating a vaccine 

antigen, pneumococcal surface adhesion A, PsaA was optimized for nasal delivery. Size 

and charge of microspheres were found to be suitable for nasal delivery and stability and 

functional integrity of protein was demonstrated by antibody and cellular response in 

mouse. This microsphere formulation has shown a promise for nasally delivered protein 

antigens for developing a vaccine for pneumococcal pneumonia.



CHAPTER 1 

INTRODUCTION

Pneumococcal pneumonia is a major cause of mortality in children and the elderly 

worldwide (Table 1.1). According to World Health Organization (WHO) figures, up to 

1.6 million people lose their lives due to Streptococcus pneumoniae every year (World 

Health Statistics, 2009) Most of those affected by this condition are children < 5 years of 

age and the elderly in the developing countries (Figure 1). Currently, the main approach 

for preventing this condition is by vaccinating with a polysaccharide-based vaccine. 

Although these vaccines have been used widely, there are several limitations and 

challenges associated with their efficacy and spectrum of coverage. The polysaccharide 

epitopes available in the vaccine formulations are representative of specific bacterial 

serotypes. These serotypes are associated with increased prevalence in particular 

geographical area and age groups and hence lack the broadness required of an ideal 

vaccine. Recently, WHO has stressed that the development of microbial resistance to 

antibiotics demands a more efficient pneumococcal vaccines (GAPP, 2009)

1
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Table 1. Statistics showing the annual deaths worldwide for various diseases. 
Pneumococcal infections are major cause of death compared to other infectious diseases. 
Source: WHO 2006

Disease Deaths/year
Pneumococcal disease 850,000

Measles 550,000
Influenza 450,000
Rotavirus 300,000
Tetanus 200,000

Streptococcus pneumoniae is a commensal bacterium found in the upper 

respiratory tract, and it remains a primary respiratory pathogen in young children and the 

elderly. Globally pneumococcal disease is prevalent in all ages (Fedson et al., 1999). On 

the basis of polysaccharide (PS) capsular chemistry and serological reactions, over 103 

pneumococcal (Pnc) serotypes (STs) have been identified so far. Pnc polysaccharides 

(PS) on their own are known to be poor immunogens, since PS are T cell-independent 

antigens that do not result in long term memory response (Mond et al., 1995). 

Conjugation of polysaccharides to a carrier protein such as inactivated tetanus toxoid 

(TT) or diphtheria toxoid (DT) or the inactivated fragment of DT (CRM) converts them 

to T-dependent antigens that confer immune-memory (Seo et al., 2002). There are 

currently 4 vaccines available for S. pneumoniae including 23-valent non-conjugated 

polysaccharide vaccine, Pneumovax™-23 (Merck, for children >2 years and adults <55 

years of age); a 7-valent conjugate vaccine, Prevnar™ (PCV7, Wyeth, for children <5
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years of age), 10-valent conjugate vaccine (Synflorix, GSK, for children <2 years) and 

the 13-valent conjugate vaccine, Prevnarl3 (PCV13, Wyeth, for children <5 years of age 

and adults >50 years). Pneumovax™-23 is composed of purified Pnc capsular PS from 23 

different STs. Considering the fact that Pnc capsular PS in their native form are poor 

immunogens (O'Brien et al, 2009, Flanagan and Michael, 1999), 23-valent Pnc PS 

vaccine (Pneumovax) may be most effective in healthy, younger adults (O'Brien et al., 

2009, de Roux et al, 2008). On the other hand, Prevnar™ (PCV7/13) Pnc protein 

conjugate vaccine has been demonstrated to induce a greater, highly functional, and 

longer-lasting immune-response in children (Riddell et al., 2007). With over 100 Pnc 

STs in circulation, elimination of a few STs from circulation by conjugate vaccine use 

opens up the niche for STs not included in the vaccines. Pnc disease due to serotype 

replacement is inevitable (Weinberger et al, 2011). Despite the immunological benefits, 

conjugation of PS antigens to protein is complicated and expensive process that drives up 

the overall cost of the vaccine. These limitations have led to a search for a cost-effective 

vaccine that can offer protection against all known Pnc serotypes.
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Figure 1. Illustration comparing the causes of death in low income countries in children 
5 years and under. Source: WHO, World Health Statistics 2012.

S. pneumoniae has two types of virulence determinants, the highly heterogenic 

capsule and the conserved surface and subsurface proteins (Figure 2). Pneumococcal 

surface adhesin A (PsaA), pneumococcal surface protein A (PspA), pneumolysin (Ply), 

pneumococcal adherence and virulence factor A (PavA), choline binding protein A 

(CbpA/PcpA), putative proteinase maturation protein A (PpmA), IgAl protease (IgAlp), 

and the streptococcal lipoprotein rotamase A (SlrA) have all been shown to contribute to 

pneumococcal virulence (Adrian et al., 2004; Audouy et al., 2007; Briles et al., 2003; 

Ogunniyi et al., 2002; Orihuela et al., 2004a; Overweg et al., 2000; Swiatlo et al., 2003; 

Swiatlo and Ware 2003; Weiser et al., 2003). These proteins play vital roles in the 

adherence, internalization, and/or systemic survival of pneumococcus. Surface and 

subsurface proteins mediate the adherence and internalization of Pnc into nasopharyngeal
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(NP) epithelial cells, and the capsule offers protection against phagocytes (Avery and 

Dubos, 1931). Recently, the capsule has also been shown to play a role in the 

enhancement of Pnc colonization by limiting mucus-mediated clearance (Nelson et al, 

2007). It has been demonstrated in vitro and in vivo that a phenotypic switch involving 

down-regulation of the capsule to expose adhesion proteins in the nasopharynx for 

colonization, and vice versa, ensures abundant capsulation for systemic survival 

(Hammerschmidt et al., 2005; Weiser et al, 2001). Thus, use of these common proteins 

in a vaccine is a logical alternative to the use of polysaccharide vaccines to ensure not 

only complete serotype coverage for S. pneumoniae, but also a more vigorous immune- 

response since these proteins generate a T-dependent response with immunologic 

memory.

PsaA, a lipoprotein expressed by all serotypes of S. pneumoniae (Sampson et al,

1997), is a 37-kDa protein composed of 309 amino acid residues. Originally, PsaA was 

identified as a 37-kDa antigen that cross-reacted with a monoclonal antibody against a 

nonencapsulated S. pneumoniae (Russell et al., 1990). PsaA was first recognized as a 

dual-function protein on the basis of sequence homology (Sampson et al., 1994), a status 

later verified by extensive experimentation. PsaA forms part of an ABC-type manganese 

permease complex (Dintilhac et al, 1997), and mutations inpsaA have pleiotrophic 

effects on various Pnc functions, including adherence and virulence (Berry and Paton, 

1996; Claverys et al, 1999; Novak et al, 1998). PsaA is immunogenic (Johnson et al, 

2002), and in an experimental murine NP carriage model, anti-PsaA antibodies were 

shown to reduce Pnc NP colonization.
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Vaccines and vaccination have undergone tremendous changes in the last decade. 

In the past, vaccines usually were comprised of either live attenuated or killed whole cells 

of target pathogens. These vaccines most often provide an immune-response comparable 

to natural infection in quality and longevity. But the down side of these preparations is 

the unwanted local or systemic immunological complications that can detract from the 

benefits. Also some of the chronic pathogens such as Mycobacterium tuberculosis, HIV 

and HCV require alternate vaccine strategies to address their intra-cellular parasitic 

nature (O'Hagan, 2001; O'Hagan and Singh, 2003). Use of recombinant, synthetic or 

purified immunogenic component(s) instead of whole cells of pathogen has successfully 

steered vaccine development away from live and attenuated vaccines. But these 

components are often poorly immunogenic, necessitating the inclusion of an adjuvant. 

Immunological adjuvants are expected to enhance or prolong an antigen specific 

immune-response.
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Figure 2. Illustration of Streptoccus pneumoniae surface antigens. Streptococcus 
pneumoniae virulence is multi-faceted. Important pneumococcal virulence factors 
include: the capsule; the cell wall; choline-binding proteins; pneumococcal surface 
proteins A and C (PspA and PspC); the LPXTG-anchored neuraminidase proteins; 
hyaluronate lyase (Hyl); pneumococcal adhesion and virulence A (PavA); enolase (Eno); 
pneumoiysin; autolysin A (LytA); and the metal-binding proteins pneumococcal surface 
antigen A (PsaA), pneumococcal iron acquisition A (PiaA) and pneumococcal iron 
uptake A (PiuA) (Adapted from Kadioglu et al., 2008)

Particulate vaccine delivery strategy with microspheres is a fast growing 

technology which is poised to provide a fresh direction to vaccinology (Rice-Ficht et al., 

2010). Vaccine drug delivery systems can be broadly classified into polymer-based 

particles, lipid-based particles, bacterial vectors, and viral vectors. Particulate delivery 

systems of polymers and lipids are capable of fabricating particles in the nano-scale 

which is an important property for an efficient drug targeting of any particulate delivery
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system. Particulate delivery systems developed using polymers have been well 

investigated using a variety of synthetic and natural polymers. They can thus 

be broadly divided into those prepared with water-insoluble polymers (mostly synthetic 

polymers like polylactic acid-glycolic acid, polycaprolactone, etc.) and those with water- 

soluble polymers (like starch, gelatin, etc.). A number of viral vectors and bacterial 

delivery systems for vaccine delivery have been investigated and have reached the 

clinical stage of development. In recent times, among particulate drug delivery systems, 

lipid-based particles have also shown a lot of promise. Devineni et al. (2009) have line 

listed some of the major desirable properties in a particulate vaccine delivery system. 

These include:

1. Biodegradability and biocompatibility.

2. Non-toxicity to tissues.

3. Good loading capacity and encapsulation efficiency of vaccine.

4. Targeting ability to Peyer’s patches.

5. In-vivo physical and chemical stability.

6. Size of the particulate system.

7. Optimum surface properties like charge or hydrophobicity.

8. Possibility of scale up.

9. Exhibition of a sustained drug release profile over a given period of time.

Microspheres are particulate delivery systems consisting of a polymer matrix.

Depending on the nature of the polymer, the microspheres have the capacity to modulate 

the release of vaccine. Micro- or nanospheres are promising delivery systems for oral or 

nasal delivery routes of administration which target mucosal tissues and are thus 

perceived to induce mucosal and systemic responses. They are prepared using either a
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solvent evaporation or a spray-drying method. Most of the literature consist of the usage 

of poly (lactic-co-glycolic acid) (PLGA) or alginate as materials for vaccine delivery 

(Bowersock et al, 1999). Significant immune-responses were observed when using 

PLGA microspheres as the delivery system. Oral delivery of Tetanus Toxin (TT) and 

diphtheria vaccines has been shown to increase antibody response that included antibody 

subgroups in serum and other secretions. Similarly, alginate microspheres were found to 

increase systemic and mucosal response upon oral administration. Particle size can play 

an important role in antigen release characteristics and uptake (Eldrige et al, 1990; Desai 

et al, 1996). It has been reported that a size of >5 pm are retained in the region of the 

Peyer’s patch while a size of <5 pm are transported by macrophages into the systemic 

circulation for a serum antibody response (Eldridge et al, 1990; Hodgges et al, 1995).

The mucus layer in the gastrointestinal tract is a significant barrier for the 

diffusion of the particles. Apart from microsphere particle size, other surface 

characteristics like hydrophobicity (Florence et al, 1995), surface charge (Dhawan et al,

2004) and shape appear to play a role in uptake of the particulate delivery system through 

the Peyer’s patch. Polymer-based microspheres offer controlled release properties along 

with the physical protection of the entrapped antigen. Drawbacks of microspheres include 

the inability to have a reproducible size distribution along with the potential stressful 

conditions of formulation like the use of organic solvent affecting the integrity of the 

protein antigen (Friede and Aguado, 2005).

Polymeric nanospheres have been widely investigated as drug delivery systems 

because of their versatile route of administration (mucosal or systemic) and potential to



10

deliver active components for sustained periods and tissue targeting. While some protein 

delivery systems have been shown to deliver antigens in a controlled fashion, these 

systems are either costly or contents are relatively unstable after encapsulation. It is 

possible that the particulate antigen is taken up preferentially by the APCs compared to 

antigens in solution form, resulting in an improved immune-response (Storni et al,

2005). Microspheres also create a depot effect, which may result in prolonged exposure 

of antigens, where antigen kinetics has been indicated as a critical factor in the quality of 

immune-response (Johansen et al., 2008). Further, use of amphipathic polymer 

microspheres was shown to be effective in targeting dendritic cells for selective immune- 

priming (Uto et al., 2007).

Despite the early successes with particulate drug/vaccine delivery systems, there 

are several unanswered questions with microspheres, including understanding the actual 

mechanism(s) that contribute to immune-enhancement to particulated antigen (Sasaki 

and Okuda, 2000).

Based on the published and our unpublished data we have conceived the 

following hypotheses:

1. PCL/MD microsphere entrapped protein can be protected and maintain 

its native conformation which would enhance the therapeutic efficacy.

2. PCL/MD protein microspheres, due to their propensity for targeted and 

sustained delivery, would ensure sustained immunological stimuli at 

the desired niche and potentiated vaccine efficacy.
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We propose to test these hypotheses with PCL/MD encapsulated pneumococcal 

surface adhesin A (PsaA). There are two rationales for the selection of PCL/MD-PsaA - 

microsphere model. PsaA is the putative adhesion factor for pneumococcus and has 

previously been shown to stimulate NALT immune-response. Further, sustained 

provocation of NALT with PsaA is likely to heighten the localized immune-response and 

prevent pneumococcal NP colonization. As a direct effect, this would reduce the Pnc 

disease burden in the vaccinated individual but also contribute to enhanced herd 

immunity. Sustained immune-response with intra-nasal vaccination may also reduce the 

dosage per se and increase compliance. Hence, the proposed study will be useful to 

further characterize the quality of PCL/MD microspheres as a mucosal adjuvant and 

protein delivery tool to develop nasal-vaccines against S. pneumoniae and other 

pathogens. Standardization of this antigen stabilized - targeted delivery system will open 

up a plethora of other clinical applications including tumor and auto-immune diseases 

therapy. Following specific aims have been set forth which will be addressed with a 

series of hypothesis-driven experiments:

Specific Aims

Specific aim # / . To design and standardize a polycaprolactone-maltodextrin 

(PCL/MD) microsphere formulation for encapsulating and stabilizing vaccine antigen-, 

PsaA. Polycaprolactone and Maltodextrin formulation conditions will be optimized for 

the microsphere size, loading and encapsulation efficiency of PsaA. Further, the 

PCL/MD-PsaA will be tested for its ability for controlled release of PsaA over time.
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Specific aim # 2. To evaluate and characterize the stability and physico-chemical 

characteristics of the PCL/MD-PsaA microspheres. Physicochemical attributes of the 

PCL/MD-PsaA microspheres with respect to the encapsulated vaccine antigen, PsaA, will 

be evaluated. This includes testing the microspheres for physical and chemical integrity 

and extrapolating the observation to simulate in vivo consequences. The chemical and 

biological stability of encapsulated PsaA will be investigated and data discussed.

Specific aim # 3. To examine the feasibility of targeted delivery of PCL/MD- 

PsaA microspheres in an animal model. PCL/MD microspheres will be examined for 

their ability to localize in the upper respiratory tract of mice after delivery using 

fluorescent tagging system.

Specific aim # 4. To examine the immunogenicity of PCL/MD-PsaA 

microspheres in vivo. PCL/MD- PsaA microspheres will be used for intranasal 

immunization of mice. Different dosage formulations will be examined and compared 

with PsaA- control. Serum samples drawn from mice at different time points will be 

analyzed for PsaA specific immune-response that includes both the cellular and humoral 

response.



CHAPTER 2 

LITREATURE REVIEW

2.1. Pneumococcal Pneumonia

Streptococcus pneumoniae, a bacterial pathogen, causes various ailments 

including pneumonia, otitis media, and bacterial meningitis. S. pneumoniae is a Gram- 

positive, facultative bacterium that is commonly found in a capsular form which is the 

basis for the classification in to different serotypes. Currently, there are 103 known 

serotypes of S. pneumoniae (Richter et al., 2013). In addition to these capsular 

polysaccharides, there are covalently and non-covalently linked surface proteins that play 

a role in immunogenicity of the bacterium (Gosink et al, 2000). S. pneumoniae site of 

localization is the upper respiratory tract, and hence its primary route to a progressive 

symptomatic stage is the mucosal compartment of the body. Based on this thought, 

developing a mucosal immunity is a more reasonable way of combating pneumococcal 

pneumonia. Delivery of vaccines via the mucosal route is believed to be the preferred 

means for tackling S. pneumoniae infection with the immunological theory that antigen 

presenting cells of the mucosal compartment will be activated, mainly the macrophages 

and dendritic cells, resulting in both systemic and mucosal immunity (Briles et al, 2011).

Therefore, nasal vaccine formulation would be a good candidate to develop first 

line of defense against pneumococcal carriage. The nasal route of administration holds 

tremendous potential for its several reasons including bioavailability and mucosal tissue

13
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targeting. FluMist ™, also known as, Live Attenuated Influenza Vaccine is the only nasal 

spray vaccine approved by FDA. It is approved for people of age group 2 to 49 years. In 

2005, Menzel et al. (2005) conducted a study evaluating the feasibility of using a 

nebulized Pneumovax® vaccine for inhalative administration and compared the serum 

response with that of an intramuscularly administered group of healthy human volunteer. 

Among the three groups used (alveolar, bronchial and intramuscular vaccination), they 

reported a good serum response for the inhalative routes although the serum antibody 

levels of the nasal routes were lower than the intramuscular ones. However, the effects of 

inhalative delivery on the antibody levels of the mucosal tissue were not investigated.

2.2. Current Approaches and Limitations

The current choice of vaccination against pneumococcal pneumonia includes the 

7-valent protein-polysaccharide conjugate vaccine (PCV-7) (Prevnar; Wyeth 

Pharmaceuticals, Inc., Philadelphia, PA) for children under 2 years and a 23-valent 

pneumococcal polysaccharide vaccine (PPV) (Pneumovax; Merck & Co, Whitehouse 

Station, NJ) for people 50 and older. The numbers are representative of the bacterial 

serotypes that are present in the vaccine making. Depending on different arguments, the 

efficacy of these carbohydrate-based vaccines has been debatable for quite some time 

(O’Brien, 2009). Prevalence of serotypes in various geographic areas is one explanation 

why these approaches are not widely applicable. With over 103 known serotypes of 

Streptococcus pneumoniae, the PPV vaccines may become ineffective in cases where a 

population has few or none of the 23 serotypes. It is understood that the selected 23 

polysaccharides present in PPV are not evenly spread in geographic terms. The capsular
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polysaccharide, which is known to be the driving force for the virulence of pneumonia, 

however, is sometimes implicated in the failure of those vaccines that are designed to 

initiate immunity in response to it. One explanation is that other virulence determinants 

are protected by this capsular layer and the nature of those sugar molecules to dissipate 

from the bacterial surface upon contact with epithelial cells (Bergmann and 

Hammerschmidt, 2006).

In addition to the limitations of serotype specificity, polysaccharide vaccines also 

have compliance and cost issues. At the moment, several candidate pneumococcal 

proteins are under study, including pneumolysin, pneumococcal surface protein A 

(PspA), pneumococcal surface adhesin A (PsaA) and choline-binding protein A (CbpA, 

also referred to as PspC, SpsA or Hie) (Ogunniyi et al., 2007). Out of these 

pneumococcal protein antigens, pneumolysin, PspA and PsaA have been shown to 

contribute to the virulence of pneumococci and are virtually found on all clinical isolates 

(Zhang et al, 2002). Since S. pneumoniae is a mucosal pathogen that colonizes the 

nasopharynx, mucosal immunization may prove a more effective way to protect against 

carriage than parenteral immunization. Inducing protection against carriage is crucial to 

induce herd immunity against pneumococci infection (Briles et al., 2000). PsaA is a 

conserved and highly immunogenic protein of S. pneumoniae expressed at the cell 

surface of all serotypes and is associated with pneumococcal adherence (Lawrence et al,

1998). Hence this protein moiety may be a good vaccine candidate against pneumococcal 

carriage.



16

2.3. Pneumococcal Surface Proteins

The surface proteins present on the surface of Streptococcus pneumoniae have 

different characteristics and functions. The most commonly studied proteins include the 

pneumococcal surface protein C (PspC), pneumococcal surface protein A (PspA) and 

pneumococcal surface adhesin A (PsaA). We will briefly describe each of these protein 

with further emphasis on our protein of interest PsaA.

2.3.1. Pneumococcal Surface Protein C (PspC) and Pneumolysin (Ply). A 

polymorphic protein encoded by the gene, pspC of S. pneumoniae elicits protective and 

cross-reactive Antibodies (Abs) to PspA (Brooks-Walter et al., 1999). PspC is present in 

approximately 75% of all S. pneumoniae strains and binds the complement factor H17 

and avoids complement attack and opsonophagocytosis (Dave et al., 2001). This adhesin 

non-covalently binds to the phosphorylcholine of teichoic acid (Rosenow et al., 1997). 

Moreover, Rosenow et al. (1997) demonstrated that PspC can also inhibit the binding of 

S-IgA to pneumococci. Ply is a cytoplasmic cytolytic toxin of S. pneumoniae that can 

interfere with phagocyte function (Johnson et al., 1981; Benton et al., 1995), and is 

released in vivo during the autolysis of pneumococci for invasion. Extracellular Ply 

causes slowed ciliary beating and disruption of the surface integrity of respiratory 

epithelium (Steinfort et al., 1989). Expression of Ply by pneumococci has a significant 

negative effect on serum complement levels and reduces serum opsonic activity 

(Alcantara et al., 2001).

2.3.2. Pneumococcal Surface Protein A (PspA). PspA is a cell-surface protein of

S. pneumoniae that is present on a number of clinical isolates and inhibits complement
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activation (Benton et al., 1998). It has also been shown to elicit protective pneumococcal 

immunity, necessary for full virulence in mice, and is found on most clinically important 

capsular serotypes (Tu et al., 1999). Intranasal immunization with PspA plus adjuvant in 

mice can protect against systemic infection following intravenous, intra tracheal, and 

intra peritoneal challenge (Crain et al., 1990).

2.3.3. Pneumococcal Surface Adhesin A (PsaA). All S. pneumoniae isolates tested 

to date express a species-common lipoprotein designated as PsaA that is a 37-kDa, cell- 

associated, hydrophobic, immunogenic, and genetically conserved protein (Sampson et 

al., 1994). Antibodies to PsaA are protective in animal models (Berry and Paton, 1996), 

and higher concentrations of antibodies to PsaA are associated with lower risks of 

pneumococcal carriage (Rapola et al., 2000; Obaro et al., 2000). Cross-protective 

immunities against five strains of S. pneumoniae were induced after oral immunization 

with microencapsulated PsaA (Seo et al., 2002).

Immunogenicity is important factor of a protein antigen. As PsaA is a key 

structure of a bacterial surface, which plays a role in adherence and virulence, it is 

designated highly immunogenic. Studies done in mice with non-lipidated rPsaA 

demonstrated protection after intranasal challenge with S. pneumoniae (Briles et al.,

2000; Gor et al, 2002). The topical application of anti-PsaA antibody into the middle ear 

of a chinchilla prevented a fatal pneumococcal infection. (Pelton and Klein, 1999). 

Further, studies done by Ogunniyi et al. (2007) showed that mice immunized with 

combinations of pneumococcal virulence proteins, such as PsaA, had longer survival 

period when compared to control group after pneumococcal challenge. Intranasal
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immunization of mice with the cholera toxin B subunit-PsaA was shown to protect them 

against pneumococcal colonization without changing their normal flora (Pimenta et al,

2006). Oral vaccination of mice with PsaA encapsulated in microalginate microspheres 

also elicited significant protection against pneumococcal colonization, pneumonia, and 

septicemia from an oral challenge (Seo et al., 2002). Johnson et al. (2002) demonstrated 

the immunogenicity of PsaA and its putative binding domains by immunizing mice with 

multi-antigenic peptides (MAPs) made with the putative binding domains of PsaA, PI, 

P2, and P3, then challenging the mice with S. pneumoniae serotypes 2, 4, or 6B. They 

reported a reduction in nasopharyngeal carriage for all 3 serotypes (mean 59%; SD 

20.2%), and an immunologic response of the mice to PsaA and to MAPs with 

consistently high titers. Rajam et al. (2005) reported a similar reduction in 

nasopharyngeal carriage of pneumococci in mice in response to immunization with 

MAPs of another putative binding domain of PsaA, P4.

2.4. Nasal Delivery of Vaccines

Drug delivery and subsequent results is an outcome of a well-designed particulate 

formulation. There are several preparation methods and formulation ingredients that can 

be used depending on the nature of the active product and the intended site of delivery. 

Since the benefits of using biodegradable materials are apparent to reduce dealing with a 

potential toxicity of a drug delivery mechanism, we have assessed the different methods 

and processes involved in the formulation of active ingredient in biodegradable 

polymeric and lipid materials. One of the most useful delivery systems is based on 

particulates. These systems are especially beneficial in delivering formulation liable
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proteins as in a form of drugs, vaccines or anticancer agents. In selecting the right matrix, 

multiple classes of polymers were considered with respect to their physicochemical 

properties and desired outcome for a nasal drug delivery system.

Vaccines, depending on the nature of the active agent, are broadly categorized as 

either live or attenuated vaccines. Live whole vaccines can sometimes have unwanted 

effects in the form of establishing virulence in immunocompromised recipients (Donnelly 

et al, 2001; Cherkasova et al., 2002). This drawback can be overcome by using subunit 

vaccines that are basically proteins or polypeptides, which form a part of the whole 

pathogen.

Except for the Sabin Polio vaccine, most of the vaccines are administered through 

the systemic route. This route of administration has several disadvantages over the nasal 

route. Systemic immunization most of the time does not confer mucosal immunity. 

Further, the problem of patient compliance is present especially for children and the 

geriatric group of a population. Finally, since most of the pathogens enter the body 

through the mucosal route, it is important to induce both systemic and mucosal immune- 

response in an individual thus providing a more efficient protection against various 

diseases. However, the passage of proteins through the nasal pathway and the subsequent 

induction of immune-response face a number of challenges. Following are some of the 

important ones. Proteins are susceptible to degradation by enzymes found in the upper 

respiratory tract. Booster dose is necessary for a significant immune-response. Also, there 

is a need for adjuvants, as some proteins cannot elicit adequate immune-response.
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All the above challenges can be tackled by using a particulate delivery system 

wherein the protein antigen is encapsulated within a biodegradable, sustained release 

polymer. A number of polymers have been investigated for their use in nasal delivery of 

vaccines. Several factors also need to be taken in to consideration when designing a 

particulate delivery system. One of the primary considerations is maintaining the stability 

of the protein used as a vaccine agent. Any degradation or change in the structure of the 

protein that affects its epitope exposure or conformation will ultimately lead to 

compromised or absent immune reaction (Johansen et al, 1998).

2.5. Formulation Considerations

The important particulate drug delivery systems in the pharmaceutical field can be 

broadly classified into polymer and lipid based systems. Delivery systems developed 

using polymers have been well studied using a variety of synthetic and natural polymers. 

They can therefore be classified into water insoluble polymers (polylactic acid, glycolic 

acid, polyeaprolactone) and water-soluble polymers (starch and gelatin). In recent times 

among particulate drug delivery systems, solid lipid particles have also shown lot of 

promise. Both the particulate delivery systems of polymers and lipids are capable of 

manufacturing particles in the nanoscale range, which is an important property for an 

efficient drug targeting of any particulate delivery system.

A desirable property of a delivery system is considered satisfied when certain 

conditions are met. The issue of toxicity in the delivery system is a critical factor. A non

toxic, biodegradable and biocompatible delivery system is and essential characteristics in 

selecting a polymer. Even though, certain other parameters play a role in this aspect, a
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suitable loading and encapsulation efficiency of a polymer matrix is a necessary 

requirement in selecting an appropriate delivery polymer. Size, charge and 

hydrophobicity are essential properties when designing a particulate-based vaccine 

delivery system. The targeting potential of a vaccine delivery system to the appropriate 

site, in this case the NALT, is another property that requires attention. Maintaining the 

physical and chemical stability of the encapsulated protein molecule is significant in 

developing an efficient delivery system. In addition, the scale up potential of the 

formulation parameters needs to be placed in consideration when developing a vaccine 

delivery system.

2.6. Polymeric Particulate Delivery Systems

There are several techniques used in the preparation of particulates. These 

methods have benefits and limitations based on specific requirements in their intended 

application. In this section, we will discuss various techniques, their applications and 

advantages when compared to other particle preparation methods.

2.6.1. Polymerization. Polymeric particles have been prepared using 

polymerization of the monomer in the continuous phase. An initiator is normally used for 

the polymerization to progress and the particles to form. The process is usually very rapid 

and is most of the time scalable. However most of the materials used in the formulation 

may not be biodegradable and have toxic effects with the exception of PolyAlkyl- 

CyanoAkrylate (PACA) (Kobayashi et al., 1992). The drug to be encapsulated is added 

during the emulsion process. Another method to entrap the drug is by sorption, where the 

drug is added after the polymerization of the polymer. Unlike emulsion polymerization,
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the sorption method avoids interaction of bioactive compound with the polymer during 

polymerization (Guise et al., 1990). Hydrophilic and hydrophobic drugs can have good 

encapsulation efficiency (Layre et al. 2006). Insulin has been successfully entrapped in 

nanocapusles resulting in the decrease in blood glucose levels after intra gastric 

administration (Watnasirichaikul et al., 2002). Also oral delivery of the antigen resulted 

in increased immunogenic response (O’Hagan et a l, 1989). Modification of functional 

groups such as attachment of PEG for long circulation times, or other ligands for active 

tumor targeting on the polymer surface is also possible (Ilium et al., 1987). A major 

disadvantage of this polymer was possible interaction of the PACA with drug and low 

encapsulation efficiency.

Natural polymers like starch, gelatin, bovine serum albumin, chitosan etc. have 

been used to prepare micro- or nano- particles using a cross linker like epichlorhydrin, 

glutaraldehyde and formaldehyde. They are especially suited for water-soluble 

compounds. The formulation conditions of water in oil emulsion followed by the 

crosslinking offer mild conditions for entrapping thermo labile drugs such as proteins or 

vaccines. Chitosan, a bio polysaccharide obtained from alkaline de acylation of chitin has 

been the most investigated polymer in this class, as it possesses many desirable properties 

for formulation and drug delivery. The chitosan molecules are usually cross-linked by 

ionotropic gelation method (Sinha et al, 2004). Chitosan micro or nanoparticles owing to 

the strong muco-adhesive nature of chitosan have particularly proven to be useful in 

colon targeting and mucosal antigen delivery (Shah et al, 1999; Jain et al, 2006). 

However chitosan can include some undesired proteins and allergens associated with it.
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Furthermore, natural polymers have poor batch-to-batch reproducibility and need specific 

conditions for degradation (Needleman and Smales, 1995).

2.6.2. Emulsions. Depending on the solubility properties of the drug, various 

methods are used. Most of the synthetic preformed water insoluble polymers are prepared 

using solvent displacement emulsion technique which may be a single emulsion of oil in 

water (o/w) for water insoluble drugs or a double emulsion of water in oil in water 

(w/o/w) for water soluble drugs.

In oil in water emulsion, the polymer is dissolved in the oil phase bearing high 

vapor pressure (usually methylene chloride). This phase is emulsified with a larger 

aqueous phase with dissolved surfactant. The solvent owing to its solubility and high 

vapor pressure diffuses into the aqueous continuous phase and escapes into the 

atmosphere leaving behind the spherical precipitated form of the polymer in nano or 

micro size formations. This process however works for encapsulation water insoluble 

drugs (Bodmeier and McGinity, 1987).

Water in oil in water emulsion is one of the most common techniques used for 

water-soluble drugs like proteins and peptides. In this method the water soluble drug is 

dissolved in the inner water phase and emulsified with a polymer dissolved in oil phase to 

result in a primary emulsion. This is further emulsified with a much larger aqueous phase. 

A major challenge of this process is an incomplete release of drug and also the organic 

solvent used can denature some proteins (Crotts and Park, 1999; Perez et al, 2002). 

Among the various preformed polymers used to prepare micro or nanoparticles by these 

techniques, poly (lactic-co-glycolic) acid (PLGA) has been the most widely studied
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polymer. Its success is primarily due to its biodegradable and biocompatible nature along 

with its controlled and sustained release characteristics (Gao et al., 2007; Emerich et al, 

1999). Additionally, it has resulted in good encapsulation efficiencies for both 

hydrophilic and hydrophobic drugs.

2.6.3. Spray Drying. The principle is based on atomization of the polymer and 

drug solution and finally drying using a current of warm air. Both hydrophobic and 

hydrophilic polymers can be used to prepare particulates in the micron range. Compared 

to the emulsification processes, it is a one-step quick process, easy to scale up and 

inexpensive method. Both hydrophilic and hydrophobic drugs can be encapsulated. 

Alkermes has used a novel low temperature spraying method using ProLease technology 

using PLGA polymer for human growth hormone (Johnson et al., 1997).

2.6.4. Supercritical Fluid Technology. This technology is based on the expansion 

of solvent resulting in the desolvation of the polymer particles. The main advantage of 

this technology is that control of the polymers solvation or desolvation is possible 

without the use of harsh organic solvents. Carbon dioxide is used as the solvent due to its 

low critical points of temperature and pressure. Rapid expansion of supercritical solvent 

(RESS) and supercritical antisolvent (SAS) are the two known methods. The difference 

between RESS and SAS is that, RESS involves some amount of shear during expansion 

of solvent and at times application of high temperatures (Phillips and Stella, 1993). 

However, SAS method requires an extra step of purification involving the extraction of 

the residual solvent through pressure reduction. SAS also requires that both the polymer 

and drug should not dissolve in the mixture of solvent and antisolvent. The major
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disadvantage of this technique using supercritical technology is that all biodegradable 

polymers are not soluble in CO2. Also the expense incurred in instrumentation and power 

required for the high pressures or temperatures have to be considered.

2.6.5. Lipid -Based Particulates. Liposomes are one example of lipid-based 

particulates that usually have uni- or multi-lammelar vesicles, which can entrap 

hydrophilic drugs (in its aqueous core) or hydrophobic drugs (within the lipid 

membrane). They can be prepared using either thin film solvent evaporation (Zaru et al.,

2007), which makes use of an organic solvent to dissolve the lipids or a heating method 

without the use or organic solvent (Mozafari, 2005). Size of the liposome can be varied 

with the pressure used in extrusion or homogenization (Olson et al., 1979; Kolchens et 

al., 1993). Surface modification is possible in order to impart long circulation property 

through PEGylation (Sato and Sunamoto, 1992), or targeted delivery through various 

ligands (Yerushalmi and Margalit, 1998). Disadvantages include large size distribution, 

expensive scale up issues and its physical stability (Vemuri and Rhodes, 1995). 

Furthermore, controlled or sustained release is challenging in this delivery system (Chrai 

et a l, 2001). Other type of lipid-based particulates includes the solid lipid nanoparticles. 

In recent times, Solid Lipid Nanoparticles (SLN) has caught the interest of drug delivery 

researchers. This is primarily due to the supposed incorporation of the desirable 

properties and preclusion of the disadvantages associated with polymeric particulate 

delivery system. SLN are prepared by two primary techniques.

2.6.6. High-pressure Homogenization. There are two distinct methods of high 

pressure homogenization; hot and cold methods. In hot method, drug is mixed with lipid
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and allowed to melt so the drug gets dispersed. Hot aqueous surfactant solution is added 

and stirred to form a coarse emulsion. This emulsion is passed through high-pressure 

homogenization at a temperature above the lipid melting point. The emulsion is then 

cooled to room temperature to obtain the particulates. In cold method, the mixture 

obtained after the drug is dispersed in lipid by melting is cooled in liquid nitrogen. The 

dried solid is ground by milling and the resulting particles are dispersed in a cold aqueous 

surfactant solution. The resulting dispersion is passed through a high-pressure 

homogenizer at room temperature. The cold method has an edge over the hot method 

through the standpoint of bioactive compounds susceptible to degradation (Mehnert and 

Mader, 2001). However, the cold homogenization tends to result in larger particle sizes 

and broader distributions.

2.6.7. Solvent Emulsification. Drug is dispersed in a lipid dissolved in organic 

solvent. Aqueous solution is added to result in o/w type of emulsion. Organic solvent is 

removed under reduced pressure. This method avoids heat stress. Smaller particle sizes 

are obtained as compared to hot high-pressure homogenization. However, use of organic 

solvents may affect the integrity of drug (Trotta et al., 2003).

2.7. Upper Respiratory Tract and Mechanism of Particle Transport

The upper respiratory tract is the area of the respiratory system between the 

airways and the vocal cords. This region includes the nasal cavity, pharynx and the 

larynx. The epithelial cells in the upper respiratory tract are ciliated pseudostratified 

columnar epithelium. The main inductive sites responsible for generating mucosal 

immunity in the upper respiratory tract are the nasopharynx-associated lymphoid tissues
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(NALT). Similar in function to the Peyer’s patches in the intestines, the NALT are 

comprised of M cells that are responsible for channeling antigens to the underlying 

processing cells (O'Leary and Sweeney, 1986).

2.8. Mucosal Immunity

Mucosal immunity has now been established as one of the main and effective 

means of defense against invading pathogens (Neutra, et a l, 2001). This is based on the 

huge mucosal surface area that directly becomes in contact with antigenic particles 

starting from the nasal and oral route all the way to the urethral openings. Specialized 

microfold M cells located at those sites have been studied to be the inducers of both cell 

mediated and humoral mucosal immunity by transporting and sampling antigens to 

lymphoid cells, which also ultimately activates the systemic immunity (Cook et al., 2000; 

Neutra et al, 2001). Depending on type of particular antigens under consideration, 

vaccine delivery can be manipulated to achieve the required outcome. Targeting M cells 

of the respiratory epithelium has recently been shown to have an upper hand on 

developing mucosal immunity compared to the M cells of the intestinal epithelium due to 

the biological environment of the stomach.

2.8.1. NALT Features. The NALT is located above the 3rd- 4th palate ridges, with 

teeth below it and all the swirling turbinate bone before, above with skull behind it. 

Despite the functional similarity of NALT and Peyer’s patches in terms of their role as 

mucosal inductive sites, their programs of lymphoid organogenesis are distinct. On the 

basis of recent studies, the unique characteristics of NALT development compared with 

those of Peyer’s patches have become clear in terms of both kinetics and cytokine
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requirements (Iwasaki and Kelsall, 2000; Zhao et a l, 2003). Nonetheless, it is a strong 

possibility that initiation of NALT genesis is programmed to be activated after birth, and 

the subsequent maturation process is controlled by environmental antigens.

2,8.2. Vaccine Antigen Stability. The importance of NALT as a delivery route of 

great potential to induce strong mucosal immune-responses is becoming increasingly 

evident and various groups have attempted to produce appropriate vaccine preparations to 

target specifically the local M cell population. There is growing interest in the 

development of stable powder vaccine formulations and delivery technologies to 

overcome refrigerated storage and distribution requirements associated with liquid-based 

vaccine stability and delivery (Garmise & Hickey, 2008). The essential requirements for 

any vaccine are that it must be able to induce immune-responses that provide protection 

from infection, be safe to administer, cost-effective to manufacture and affordable to the 

communities, where disease prevention is essential. Techniques that were used to deliver 

drugs nasally include aerosolizing the particle containing formulation. Formulating dry 

powders for inhalation involves either micronization via jet milling, precipitation, freeze- 

drying or spray-drying using various excipients, such as lipids and polymers, or carrier 

systems like lactose (Labiris & Dolovich, 2003). Some published research indicated that 

freeze drying followed by milling and sieving wouldn’t produce the needed effect as 

could be from alteration in morphology and size particles. Spray freeze drying is also 

another means with better outcome believed to not or minimally affect powder 

formulations.
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Mucoadhesive compounds have been studied to prolong the residence time on a 

mucosal surface. Maximal mucosal and systemic antibody production would be elicited 

by a dry powder nasal vaccine formulation by increasing the local residence time.

2.8.3. Antigen Presentation and Immune-response. After foreign particles are 

taken up by the M-cells, they are presented to the B and T-cells through antigen 

presenting cells (APCs). Cells known to be APCs include the macrophages and dendritic 

cells amongst many (Biewenga et al., 1993). The antigen is processed by the APC and is 

presented on its MHC molecule ready to be recognized by B and T-cells. Depending on 

the size of the delivery system, it may drain out into the systemic circulation and thus 

reach out to the other organs for a systemic immune-response (Eldridge et al., 1990; 

Shreedhar et al., 2003).

2.8.4. NALT Targeting. The efficiency of the delivery of antigen using either a 

micro or nanoparticle is highly dependent on the overall characteristics of the delivery 

system. Specifically, the ability of the system to target anatomic structures such as the 

Peyer’s patches and nasopharynx-associated lymphoid tissues (NALT) for efficient drug 

or vaccine delivery is significant parameter in the development process (MacPherson and 

Liu, 1999; Hopkins et al., 2000). Some of the parameters that are important in designing 

a delivery system are discussed below.

2.9. Particle Size

Sizes ranging from 0.1-20 pm have been reported to be taken up by the M-cells of 

the Peyer’s patches (Lavelle et al., 1995). Even though the debate for an optimum size 

range of a delivery vehicle is still not settled, there are few areas of agreement within a
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range of particle size. Eldridge et al have reported that a size of 5 pm or above are 

retained in the region of the Peyer’s patches, while a size less than 5 pm are transported 

by macrophages into the systemic circulation for a serum antibody response (Hodges et 

al., 1995). However, certain limitations to this transport system occur because of the 

presence of mucus in target area. Mucus present in the respiratory tract can act as an 

impediment to the proper diffusion of the particles across the epithelial membrane.

2.10. Microsphere Hydrophobicity

Contradicting reports were found on the role of hydrophobicity on the particle 

uptake by intestinal cells. Florence et al used various polymers for adsorption onto the 

polystyrene nanoparticles and have shown that a decrease in hydrophobicity results in 

decrease in particle uptake (Florence et al., 1995). Norris et al. (1998) found an increase 

in uptake with decrease in hydrophobicity. This could be the result of the different 

experimental conditions used by the authors. Although there has been no effort to 

investigate the interaction of mucin with particles, its effect cannot be overlooked. 

Hydrophobic interactions of mucin and bacteria have been reported (Mantle and Husar,

1994)

2.11. Charge of the Delivery System

Since mucin in the upper respiratory tract bears a negative charge, it is supposed 

to have an electrostatic interaction with the particulate system. This would potentially 

slow down the diffusion of the particle through the mucin. However literature in this 

regard is limited. Dhawan et al. (2004) investigated the effect of electrostatic interaction 

of chitosan microspheres with rat mucosal tissue. They found that a decrease in zeta
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potential resulted in decreased binding of the particle with mucin. Chitosan, which 

possesses a positive charge, has mucin binding properties. Chitosan nanoparticles were 

also found to have greater binding capacity with intestinal cells in the presence of mucus 

when compared with polystyrene particles (Behrens et al., 2002).

2.12. Effect of Ligands

The targeting of the delivery system can be made more efficient if ligands which 

could potentially target receptors on the M-cells could be attached covalently to the 

functional groups present on the particle surface. The epithelial cells and the M-cells of 

the respiratory tract are covered with a substance called glycocalyx which consist of 

glycoconjugates. These sugar moieties possess specific binding capacities to certain 

ligands. Considerable success has been achieved by coating microspheres with Ulex 

Europaeus 1 (UEA1), a lectin specific ligand for a-L-fucose residues which bind 

exclusively to the M-cells of the Peyer’s patch (Foster et al., 1998). However the 

disadvantage with the use of lectins is that they may cross-react with other surfaces such 

as mucin. Furthermore, they can also be immunogenic and toxic. The immunoglobulins 

IgA and IgG have a tendency to selectively bind to M-cells and hence coating the 

delivery vehicles with these antibodies is an alternative means. Coating of these 

immunoglobulins on to microspheres increased M-cell uptake (Smith et al, 1995).

2.13. Immune Mechanism

After the process and presentation of antigens, the body’s immune system takes a 

certain amount of time to elicit a measurable primary immune-response (Shreedhar et al., 

2003). On the other hand, the initiation of a secondary immune-response is a matter of



32

hours because of the already formed B and T memory cells. The benefit of particle-based 

delivery systems with a sustained release property is to potentially enhance this response. 

Depending on the nature of the polymer, the kinetics of the immune-response will also be 

affected. For example a polymer with high burst release may result in a delayed immune 

reaction. However, a polymer with release pattern that parallels the uptake of a given 

antigen by the conduit cells can result in faster immune-response (Baras et al, 1999). 

Assuming no delay in the uptake of particles, the average time frame for a primary 

immune-response is understood to be around two weeks (Zimmerman et al, 1996).

2.14. Adjuvants

Adjuvant can be defined as any substance that, when given in association with an 

antigen, increases the body’s immune reaction. Bearing the importance of such elements, 

it is fundamental to address the toxicity and safety during formulation process.

Following, we will discuss some of the most commonly used adjuvants.

2.14.1. Cholera Toxin. Cholera toxin is one of the most potent adjuvant in the 

induction of an immune-response along with heat labile enterotoxin (Shreedhar et a l, 

2003). In order to reduce their toxicity, their mutant derivatives are used. Protective 

immunity has been achieved in mice using a recombinant version of the cholera toxin 

when given in alginate microspheres (Seong et a l, 1999).
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2.14.2. Alum (Aluminum Salt). Alum is the most commonly used adjuvant in 

vaccine formulations and its use dates back to the 1950s in the Salk Poliomyelitis 

vaccine. Alum is safe and is approved by the FDA. This adjuvant is known to induce a 

dominant Th-2 pathway through the influence of IL-4. To overcome this and to obtain a 

Th-1 dominant response, 11-12 was adsorbed as an additional adjuvant to alum and found 

the immune-response shift to a predominant Th-1 pathway (Jankovic et a l, 1997)

2.14.3. Microspheres. Microspheres and nanospheres can not only act as delivery 

vehicles, but also can be utilized as potential adjuvants. The most common rationale 

behind this hypothesis is that the presence of a consistent morphology of subunit antigens 

along with their epitopes over the microsphere matrix will help enhance the immunogenic 

effect as opposed to that of a soluble antigen alone (Peek et al., 2008). However, the use 

of an adjuvant may sometime mask the antigenic determinant and result in poor 

immunogenicity. Additionally, adjuvant-anti gen interaction could be a concern during 

processing and storage.



CHAPTER 3

MICROSPHERE PREPARATION AND CHARACTERIZATION

3.1. Introduction

Microsphere size, encapsulation efficiency, its hydrophobicity and the structural 

integrity of the encapsulated protein antigen within its core are of significant importance 

for an effective particulate vaccine delivery system. According to Eldridge et al. (1993), a 

microsphere size of 10 pm and under is considered to be optimum for cellular uptake. 

However, hydrophobicity of a polymer plays a role in the uptake through the Peyer’s 

patches. It becomes crucial to develop a microsphere formulation having the desired 

characteristics of charge and size while maintaining the integrity of the encapsulated 

protein during the formulation conditions. Since the hydrophobicity of a polymer is an 

intrinsic property of a polymer, emphasis is given to the microsphere size and protein 

stability during formulation.

Protein delivery has been a challenge for scientists primarily due to the fact that 

druing the formulation process or its storage, protein unfold or degrade when subjected to 

either mechanical or chemical stress (Costantino et al, 1994; Cleland and Jones, 1996; 

Uchida et al, 1996; Lager et al, 1997; Cleland, 2001). Microspheres have been used as a 

delivery system for proteins, polypeptideds and vaccines (Couvreur and Puisieux, 1993; 

Tamber et al, 2005). But issues such as protein integrity during microsphere formulation 

still need to be addressed. Water in oil in water (W1/0/W2) emulsion technique is the

34
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most commonly used method to fabricate protein or antigen loaded microspheres. A 

hydrophobic polymer is usually dissolved in organic solvent and is homogenized with 

protein solution to make a primary emulsion, which is in turn emulsified with water. The 

high shear force generated during the homogenization and hydrophobicity of the polymer 

material may affect the protein integrity (Van de Weert et a/., 2000). Use of stabilizing 

agents like mannitol, sorbitol and trehalose along with the protein in the W1 phase has 

been known to improve the stability of the protein (Cleland and Jones, 1996; Langer et 

al, 1997; Van de Weert et al, 2000). We have used maltodextrin as a protein stabilizer in 

the Wl. Maltodextrin is a unique polymer and is available in various forms and possesses 

desirable properties in terms of solubility and viscosity. Moreover maltodextrin also acts 

as a lyoprotectant (Corvelyn and Remon, 1996) enhancing the stability of the lyophilized 

product. Polymer matrix used in microsphere formulation adds additional challenge to the 

stability of the immobilized molecule. Polymer matrix materials such as polycaprolactone 

are hydrophobic whose charge potential has the potential to interfere with the 

conformation of the immobilized protein. The hydrophilic nature of maltodextrin offers 

additional advantage by protecting the protein from the hydrophobic nature of 

polycaprolactone. Selection of specific class of maltodextrin, as a stabilizing excipient is 

crucial and is is chosen based on the Dextroxe Equivalence (DE) value. DE value is a 

quantitative measure of the degree of starch polymer hydrolysis. It is a measure of 

reducing power compared to a dextrose standard of 100. The degree of hydrolysis affects 

the functional properties of maltodextrins. The higher the DE, the greater the extent of
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starch depolymerization, resulting in a smaller average polymer size. Increase in DE 

value decreases the viscosity and increases the solubility of maltoextrins.

Selection of polymer matrix is critical for the successful microsphere formulation 

for vaccine delivery. It is desirable to choose a hydrophobic polymer matrix molecule 

that is biodegradable, biocompatible and proven safe (GRAS) for human consumption 

that would obliterate the need for extensive safety studies. Polycaprolactone (PCL) was 

chosen in this study as a polymer matrix for microsphere formulation of vaccine 

molecule. PCL is hydrophobic, biodegradable and biocompatible polymer. Further, PCL 

is approved by the FDA for human use. Apart from these characteristics, PCL also 

exhibits good release properties for up to 4 weeks and is an ideal polymer for vaccine 

delivery (Youan et al., 1999). Also, unlike Poly-Lactic-co-Glycolic Acid (PLGA), which 

produces an acidic environment during its degradation which may affect the integrity of 

the entrapped antigen (Fu et al, 2000), PCL does not produce acidic environment 

ensuring the protection of entrapped antigen. In this section, we describe the physical 

characteristics, the encapsulation efficiency and release profile of PCL/MD -  PsaA 

microspheres.

3.2. Materials and Methods 

3.2.1 Formulation of PsaA Loaded PCL/MD Microspheres

A modified w/o/w emulsion method (O’donell, 1997) was used to formulate 

microspheres using Power Gen 700D (Cat #12-200-1, Omni, Kennesaw, GA). Briefly, 

200 mg of polycaprolactone (Cat#440744, Sigma, St. Louis, MO) was dissolved in 2.5 ml 

methylene chloride (Fisher Scientific, Pittsburgh, PA) and homogenized with 2.2 mg/ml
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PsaA (gratis, CDC, Atlanta, GA) in 40% (w/v) maltodextrin (gratis, M040, Grain 

Processing Inc. Muscatine, IA) solution. The primary emulsion was made using 

PowerGen700D, at a stirring speed of 15000 rpm. The primary emulsion was in turn 

homogenized under the same stirring speed with 50 ml of (2% w/v) polyvinyl alcohol 

(PVA) solution (Catalogue # 9002-89-5, Fisher Scientific, Pittsburgh, PA). The double 

emulsion was then stirred for 8 hours in order to remove the organic solvent after which 

solid microspheres were obtained. The microspheres were separated by centrifugation at 

5000 rpm for 5 min at room temperature using a bench top centrifuge (Beckman Coulter, 

Brea, CA). The pellet was washed three times with 50 ml PBS and lyophilized for further 

studies.

3.2.2. Particle Size and Charge Analysis

The size of the microspheres was measured using Malvern Mastersizer X (Nano 

series, Malvern, Worcestershire, UK), a laser diffraction particle analyzer equipped with 

fourier lens and helium neon laser as the light source. The microspheres were suspended 

in 1% (w/v) Tween 60 (Cat # 50-493-600, Fisher Scientific, Pittsburgh, PA) as a 

surfactant. The microsphere suspension was sonicated in a water bath sonicator (MXB22, 

Grant Instruments, Essex, England) for 30 seconds and the size elucidated in terms of 

volume, surface area and percentage under various particle sizes.

Zeta potential is a physical property exhibited by microspheres in suspension.

This is the measure of microsphere’s ability to remain dispersed in aqueous medium 

without aggregation. For antigen trapped microspheres that are administered as a 

suspension, it is important that they remain dispersed for the duration of administration.
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Aqueous suspension (10%) of PCL/MD-PsaA microspheres and blank microspheres were 

tested for their Zeta Potential using (ZP) Malvern Zetasizer (Malvern Zetasizer Nano ZS, 

Malvern Instruments, Worcester, UK), adopting the methodology previously described 

(Bhowmik et al., 2011).

3.2.3. Encapsulation Efficiency and Loading of Microspheres

The microsphere loading was determined by a method adopted by Eldridge et al. 

(1990) with minor modification. Briefly, lOmg of microspheres were dissolved in 3ml of 

methylene chloride and vortexed gently in an orbital shaker at 100 rpm at room 

temperature for 15 min. The protein from microsphere digest was extracted in 3ml of 

lOOmM phosphate buffered saline (PBS, pH7.0; Cat # BP399, Fisher Scientific, 

Pittsburgh, PA) solution. The PBS -  microsphere solution was centrifuged in a bench top 

centrifuge at 2000 rpm for lhour in room temperature and the supernatant was analyzed 

for protein content. The protein content was determined using bicinchoninic acid (BCA) 

protein assay. Pierce™ BCA Protein Assay Kit (Cat#23225, 23227, Thermo Scientific, 

Pierce Biotechnology, Rockford, IL) was used for this purpose. BCA assay method 

combines the well-known reduction of Cu+2 to Cu+I by protein in an alkaline medium 

(the biuret reaction) with the highly sensitive and selective colorimetric detection of the 

cuprous cation (Cu+1) using a unique reagent containing bicinchoninic acid. The purple- 

colored reaction product of this assay is formed by the chelation of two molecules of 

BCA with one cuprous ion. This water-soluble complex exhibits a strong absorbance at 

562 nm that is nearly linear with increasing protein concentrations over a broad working 

range (20-2000 pg/mL). Protein estimation was carried out according the manufacturer
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provided assay protocol. The encapsulation efficiency was calculated using the following 

formula and expressed as percentage:

Loading Efficiency = (Amount of PsaA entrapped/Weight of Microspheres) xlOO 

Encapsulation Efficiency = [(Initial amount -Final amount PsaA)/Initial amount] *100

3.2.4. Scanning Electron Microscopy

PCL/MD-PsaA microsphere was screened for size and shape distribution using 

scanning electron microscope (Topcon DS-130F). The lyophilized microspheres were 

processed for SEM analysis. Briefly, the lyophilized microsphere samples were sputter 

coated with gold under low vaccum. The samples were then scanned using Field emission 

scanning electron microscope at magnification of 0.60 and 1.80KX.

3.2.6. PsaA Release Profile

PsaA release profile from PCL/MD microspheres was elucidated adopting the 

methodology developed in our laboratory (Basarkar et al., 2007) with some minor 

modification. An aliquot of PsaA microspheres (200 mg) was incubated in 3ml PBS 

(lOOmM, pH 7.2) in 15ml polystyrene test tubes (Cat# Falcon tubes, Fisher Scientific, 

Pittsburgh, PA) at room temperature for 10 min. After incubation the tube was 

centrifuged at 10000 rpm for 10 min in room temperature at various time points. The 

supernatant was analyzed for protein concentration using BCA. The released protein was 

expressed as percentage (%) cumulative.
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3.3. Results

3.3.1. Microsphere Preparation

PCL/MD-PsaA microspheres were formulated and lyophilized as described 

elsewhere in this thesis. The lyophilized PCL/MD-PsaA microspheres were analyzed for 

their surface integrity and uniformity using standard analytical techniques. PCL/MD- 

PsaA microspheres displayed uniform spherical shape with relatively smooth and 

homogenous surface.

The impact of changes in polymer/surfactant concentration and ratio was 

optimized and data presented in Table 2. To obtain higher loading and encapsulation 

efficiency, it is critical to optimize the PCL/PVA concentration. As indicated in Table 2, 

PCL/PVA concentration at 5% and 4% respectively was found optimal in terms of 

loading and encapsulation efficiency. Even though doubling the PCL concentration to 

10% yielded slightly higher (8%) over the PCL 5% reaction condition, there was a sharp 

(26%) decline in the loading efficiency. Mindful of the importance of loading efficiency, 

PCL/PVA concentration at 5% and 4% was established as the formulation condition and 

the process was proceeded to optimize the stirring speed to increase the size of the 

microsphere in order ensure appropriate target localization and persistence.

The microsphere formulation process was optimized for the size of the 

microsphere product by careful control of formulation factors including stirring speed, 

polymer concentration and surfactant concentration. The effect of each parameter was 

measured while keeping the other factors constant. A sharp decrease in particle size was 

observed when the stirring speed was increased from 20000 rpm to 25000 rpm (8.42 pm
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to 0.42 pm; Table 3). Higher stirring speed also resulted in reduction in the loading and 

encapsulation efficiency. Maximum loading and encapsulation efficiency of 8.10% and 

81.06% respectively was recorded at 20000 rpm with the size of the microsphere 8.4 pm. 

When the stirring speed was raised to 22500, there was a 29% decline in the loading 

efficiency (5.72%) with a marginal drop in encapsulation efficiency (3% drop; 78.36%). 

But another step increase in the stirring speed to 25000 exhibited a substantial reduction 

(73.3%; from 8.10% to 2.21%). The most preferred particle size for nasal delivery was 

obtained at the speed of 20000 rpm.

Table 2. Impact of PCL/PVA concentration on the microsphere size, loading and 
encapsulation efficiency. Formulation parameters: Maltodextrin M040: 40% (w/v), 
Protein (PsaA): 2 mg/ml

PCL (w/v) PVA (w/v) Size (nm) Loading (%) Encapsulation (%)

2% 2% 402±21 2.04±0.09 62.85±4.04

2% 4% 241±13 3.52±0.11 79.88±3.02

2% 6% 135±15 1.27±0.07 65.32±2.07

5% 2% 438±19 1.27±0.05 74.88±2.31

5% 4% 436±25 2.43±0.10 80.55±3.74

5% &Vo 137±21 2.77±0.08 72.75±4.03

10% 2% 719±17 1.55±0.06 73.08±3.67

10% 4% 475±23 1.81±0.08 86.89±3.57

10% 6% 168±20 1.22±0.07 69.74±2.69
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Table 3. Impact of stirring speed on microsphere size, loading and encapsulation 
efficiency. Formulation parameters: PCL 5% (w/v), MD (M040) 40% (w/v), PVA 4% 
(w/v)

Stirring Speed 
(rpm)

Microsphere Size 
(nm)

Loading
(%)

Encapsulation
(%)

25000 452±19 2.21±0.13 74.32±2.32

22500 6523±37 5.72±0.17 78.36±3.28

20000 8420±43 8.10±0.22 81.06±3.84

3.3.2. Size Distribution and Charge of Microspheres

Figure 3 shows the microsphere size distribution of the PCL/MD formulation.

The particle sizes were ranged from 1 to 5 pm with a majority in the size range of 2-4 

pm. The particle size distribution was done on 2 batches of blank and antigen loaded 

PCL/MD microspheres. No significant difference was seen in the particle size 

distribution between batches and the blank/PsaA loaded microspheres. The zeta potential 

was found to be -10 mV and -25 mV for blank PCL/MD microspheres and PCL/MD- 

PsaA microspheres (Figure 4).

3.3.3. Scanning Eelectron Micrograph

Scanning electron microscopy revealed uniform spherical shape with each particle 

separated distantly (Figure 5). SEM images of PCL/MD microspheres substantiated the 

size distribution and uniformity determined by Malvern Mastersizer. However it should 

be understood that size ranges outside the optimum 6.8 pm were also noted in the SEM 

micrographs.
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Figure 3. PCL/MD-PsaA microsphere size was measured using Malvern Zetasizer. 
Microspheres were suspended in 1% (w/v) Tween 60 as a surfactant. The microsphere 
suspension was sonicated for 30 seconds and the size elucidated in terms of volume, 
surface area and percentage under various particle sizes.
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Figure 4. PCL/MD-PsaA microsphere Zeta Potential (ZP) was determined with Malvern 
Zetasizer. ZP is a physical property exhibited by microspheres in suspension. Indicates 
the ability of microsphere to remain dispersed in aqueous medium without aggregation. 
Aqueous suspension (10%) of PCL/MD-PsaA microspheres was tested for their ZP. The 
ZP for PCL/MD-PsaA microspheres ranges from -10 to 25 mV.
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Figure 5. Scanning Electron Microgram (SEM) images of PCL/MD microspheres. 
Microspheres were gold coated and images were resolved at the magnification 0.60KX 
using Topcon DS-130F Field Emission Scanning Electron Microscope with accelerating 
voltage of 20keV.

3.3.4. PsaA Release Profile

The vaccine antigen release profile from PCL/MD-PsaA microsphere was 

evaluated over a period of 2 weeks at various sampling time points. A sharp burst of 

release (30%) of PsaA from the microsphere was observed in the first 24 hours of 

incubation. This was followed by a sustained release of the protein from the microsphere 

until the 72 hour. However based on the entrapment efficiencies, an incomplete release 

profile was observed under the given experimental conditions. One possible explanation 

for this could be due to the adsorption of protein to the highly hydrophobic surface of 

polycaprolactone. After a period of 2 weeks, it was found that the released PsaA, which 

adsorbed to the PCL microspheres increased from 1-10%.
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Figure 6. PsaA release profile from PCL/MD -  PsaA microsphere. An aliquot of PsaA 
microspheres was resuspended in 3ml PBS in 15 ml polypropylene test tubes with 
horizontal shaking (150 rpm) at 37°C. Supernatant was sampled at various time points, 
centrifuged at 10000 rpm for 10 min in room temperature. The supernatant was analyzed 
for protein concentration using BCA assay technique. The released protein was expressed 
as percentage (%) cumulative. Error bars indicate standard deviation.

3.4. Discussion

Nasal particulate delivery systems are known to be taken up by the nasopharynx 

associated lymphoid systems (NALT). After being taken up, they are engulfed by antigen 

presenting cells, such as, macrophages and dendritic cells for recognition by T-cells and 

B-cells. Several factors need to be considered to ensure the bioavailability and targeting 

of the vaccine antigen when delivered using particulate systems. While size and shape of 

the microsphere is critical in its in vivo localization, antigen loading and encapsulation 

parameters requires close manipulation for favorable outcome.



46

Formulation process parameters and stabilizing excipients play an important role 

in the successful delivery of vaccine antigen. The integrity of the protein which may be 

affected through use of some stressful formulation conditions may affect the 

immunogenicity of the vaccine antigen resulting in potential loss of its usefulness as a 

vaccine. Size of the delivery system, stability of the protein antigen encapsulated and 

efficiency of the encapsulation process are some of the factors deemed to be important in 

a mucosa targeted particulate vaccine delivery system. The formulation factors affecting 

microsphere size can also affect the encapsulation efficiency (2005; Fu et al, 2008). A 

balance between these outcomes is needed in order to optimize the formulation desired 

for vaccine delivery.

Selection of the microsphere fabricating polymer can influence the ease of 

manufacture and targeting to NALT. Polycaprolactone (PCL) is a hydrophobic polymer 

with favorable characteristics for a NALT targeted delivery system. PCL is biodegradable 

and biocompatible polymer. PCL is approved by the FDA as safe for human use thus 

obliterating exhaustive safety studies. Moreover, this polymer (PCL) was shown to 

exhibit very good release properties for up to 6 weeks and hence is often chosen as an 

ideal polymer for vaccine delivery (Sinha et al, 2004; Youan et al, 1999). 

Hydrophobicity is known to be important for particle uptake by NALT (Hodges et al,

1995). Furthermore, unlike Poly -L-lactic -co-Glycolic Acid (PLGA) which produces an 

acidic environment during its degradation in turn affecting the integrity of the protein 

antigen (Uchida et al, 1996), PCL does not causes any shift in the pH of the media or in 

situ environment. A polymeric drug delivery system has the potential to protect the
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antigen from proteolytic enzymes present in the upper respiratory tract, release the 

protein antigen in a sustained manner thereby also act as an adjuvant.

Size and homogeneous size distribution of the microsphere based vaccine delivery 

system determines the actual locale of the delivery of the vaccine payload. The mean 

particle size was found to depend on both polymer molecular weight and homogenization 

speed. Higher homogenization speed resulted in particles with a lower mean diameter as 

compared to lower homogenization speed irrespective of the polymer type or molecular 

weight. Higher homogenization speed leads to formation of smaller droplets due to 

increased shear during emulsification which may subsequently result in formation of 

smaller particles. Nanoparticles prepared with lower molecular weight PLGA or PLA had 

slightly lower mean size than particles prepared using higher molecular weight polymers 

such as PCL. Increase in polymer molecular weight causes an increase in viscosity of the 

organic solvent phase which results in formation of larger particles as shown in the 

present study. Similar results have been reported by other investigators on the influence 

of polymer molecular weight on particle size (Diez and Tros de Ilarduya, 2006).

Zeta potential of formulations prepared at higher homogenization speed was often 

reported higher as compared to those prepared at lower homogenization speed 

irrespective of the polymer used. Such increase in zeta potential may be due to relatively 

higher amount of strongly bound CTAB on the surface of particles prepared at higher 

speed. Investigators have previously reported a higher amount of surface-associated 

stabilizer in submicron particles as compared to larger particles (Panyam et al, 2003). As 

an increase in the homogenization speed leads to formation of smaller particles, it may
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also result in increased binding of CTAB on the surface causing an increase in the zeta 

potential. Particles prepared with lower molecular weight polymer had significantly 

higher zeta potential as compared to higher molecular weight polymer irrespective of 

polymer type or homogenization speed. This may be due to more hydrophilic nature of 

low molecular weight polymers which may result in higher incorporation of hydrophilic 

CTAB on the oil-water interphase. In this study use of high molecular weight 

(MW=80000) polymer PCL has yielded moderate sized (2-5 pm) microspheres at higher 

stirring speed. This reiterates the previous observation on the importance of polymer 

selection and re-optimizing the formulation conditions irrespective previous literatures. 

Apart from size, structural integrity of the microspheres is vital for the stable and 

controlled release of vaccine antigen on to target surface. Microsphere with the vaccine 

payload should be non-porous in physiological storage conditions and shouldn’t 

aggregate on storage. The ZP and charge greatly impacts the storage stability of the 

microsphere produce. PCL/MD-PsaA microspheres were shown to be smooth surfaced 

with limited- or no-porosity (Figure 4). In this study, ZP indicates low aggregation 

possibilities for the PCL/MD-PsaA microspheres in suspension.

Microsphere formulation and storage imparts a variety of physical and chemical 

conditions that has the propensity to impact the rate of release of chosen vaccine 

molecule and its bioactivity. PCL/MD-PsaA microsphere formulation involves the use of 

organic compounds during the preparatory stage with hard stirring condition at higher 

pressure. This is followed by lyophilization and storage. Hence, despite impressive 

process output in terms size, shape and charge potentials of the microsphere, the
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PCL/MD-PsaA microspheres were tested for the antigen release profile of entrapped 

antigen. In this study, we have demonstrated that PCL/MD based microsphere 

formulation offers sustained release of encapsulated antigen, PsaA over period of 80 

hours that lasted further on to 2 weeks. Release of encapsulated antigen is governed 

largely by the molecular weight of the polymer matrix used in the formulation. Polymers 

degrade by bulk hydrolysis forming progressively smaller polymer fragments, which 

eventually are solubilized. Lower molecular weight polymers, being more hydrophilic, 

degrade faster releasing the encapsulated molecule (Tinsley-Bown et al, 2000). This may 

substantiate the protracted release of the PsaA of PCL/MD microsphere as seen in the 

present study. The choice of the polymer matrix is influenced by the enclosed molecule 

and ultimate intent. In case of encapsulated nucleic acid, the primary intent was swift 

release and hence the polymer matrix system such as PLGA/PLA was used (Basarkar et 

al, 2007). In the present study, higher molecular weight polymer such as PCL is 

desirable for antigens that need to be released over a period of time so as to confer 

continued insult to the immune system for primed immune-response.

3.5. Summary and Conclusion 

Polymer concentration and stirring speed were the two major factors influencing 

the size and encapsulation efficiency of PCL/MD-PsaA microspheres. In this study, we 

have optimized these conditions for PCL/MD-PsaA microspheres with >80% 

encapsulation efficiency @8.1 loading efficiency. Zeta Potential profile of PCL/MD- 

PsaA microsphere indicates the hydrophobicity in these particles restricts aggregation of 

microspheres and relatively narrow size variations. SEM has shown smooth and non-
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porous nature of PCL/MD-PsaA microspheres indicating the successful optimization of 

formulation processes. Further, the PsaA release study has shown sustained release of the 

antigen over a period time in physiological conditions.



CHAPTER 4

PCL/MD-PsaA MICROSPHERE STABILITY AND BIOACTIVITY STUDIES

4.1. Introduction

The stability of a protein antigen is an important factor in the development 

process of a vaccine formulation. The exposure of proteins to physical and chemical 

stresses may compromise their conformation and stability and hence result in poor 

outcome. Therefore, addition of stabilizing excipients is sometimes necessary as the 

formulation process can affect the antigen. Freeze drying of microspheres is an essential 

process for the storage and transportation of protein vaccines active for extended period 

of time (Rathore & Rajan, 2008). The hydrophobic nature of PCL may potentially impact 

the storage stability of antigen. Excipients, which can stabilize the antigen under these 

conditions, are needed to protect the antigen from these harsh freeze drying and 

hydrophobic environment of PCL.

Maltodextrin, a unique polysaccharide, which is a partially hydrolyzed starch is 

available in various forms depending on the degree of hydrolysis and is characterized in 

the form of Dextrose Equivalent (DE) value. Normally, maltodextrins are defined as 

carbohydrates with DE value of less or equal to 20. The higher the DE, the greater the 

extent of starch depolymerization, resulting in a smaller average polymer size. Increase in 

DE value decreases the viscosity and increases the solubility of maltodextrins. Three 

different types of Maltodextrin characterized by the dextrose equivalent value, namely

51
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M040 (DE=5), M l50 (DE=10) and M200 (DE=20) were evaluated as the 

stabilizing excipient. They are composed of sufficiently long polymeric chains that 

promote gelation at high concentrations. The objective of using maltodextrin was to 

protect the protein antigen from the high shear-force of the homogenizer, hydrophobic 

nature of the polymer and harsh conditions of the freeze-drying process. This was 

achieved by dissolving the protein into a concentrated solution of maltodextrin in the wi 

phase of the double emulsion process.

Microspheres are being extensively evaluated to deliver vaccine antigen. When 

administered microspheres can get taken up by the body’s immune cells. In case of 

antigens entrapped or encapsulated in these particles, upon uptake, the antigen is required 

to get processed and expressed on the surface of early immune effector cells such as 

dendritic cells or macrophages resulting in an immune-response. This property of 

particles has been exploited to develop solid form of vaccines. Particle delivery of 

vaccines also opens up the scope for alternate route of vaccination such as oral 

vaccination. Except very few vaccines such as Polio vaccine, the antigens used in most of 

the vaccine are acid labile and can be destroyed by gastric enzymes upon oral 

administration. Particles have the ability to shield these antigens and hence give 

protection to these antigens from harsh gastric conditions. Another advantage of use of 

particles for oral vaccine is the uptake of these particles at Payer’s patch in small 

intestine. M cells are present in large numbers at Payer’s patches which have been proven 

to uptake particles in large numbers. There are large numbers of antigen presenting cells
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under these Payer’s patches to process and express these antigens on their surface 

triggering the cascade of immune-response.

Efficient antigen loading in microspheres is critical to ensure optimal immune 

insult in the desired host niche. But very often vaccines in microspheres may fail to 

invoke strong immune-response despite impressive loading and release profile. Lack of 

bioactivity in the encapsulated vaccine antigen is often the reason for this failure. 

Microspheres can be prepared using several techniques such as spray drying, double 

emulsion and many others. Preparation of Microspheres involves different steps during 

which there could be a loss of bio-potency of antigens especially due to conformational 

changes. Physical characterization techniques such as determination of particle size, 

Scanning Electron Microscopy and Zeta Potential tell us about the physical property of 

these particles and help us to extrapolate the results to the behavior of particle upon 

administration. Differential Scanning Calorimetry and Fourier Transform Infrared 

Spectroscopy are some of the common techniques used to investigate in detail of the 

structural integrity of microspheres.

Calorimetry is a primary technique for measuring the thermal properties of 

materials to establish a connection between temperature and specific physical properties 

of substances and is the only method for direct determination of the enthalpy associated 

with the process of interest. Amongst various types of calorimeters, differential scanning 

calorimeter (DSC) is a popular one (Haines et al, 1998). DSC is a thermal analysis 

apparatus measuring how physical properties of a sample change, along with temperature 

against time. In other words, the device is a thermal analysis instrument that determines
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the temperature and heat flow associated with material transitions as a function of time 

and temperature. During a change in temperature, DSC measures a heat quantity, which 

is radiated or absorbed excessively by the sample on the basis of a temperature difference 

between the sample and the reference material. As a powerful analytical tool, DSC is 

capable of elucidating the factors that contribute to the folding and stability of 

biomolecules. Changes in the heat capacity (Cp) are believed to originate from the 

disruption of the forces stabilizing native protein structure. For example, this includes van 

der Waals, hydrophobic, and electrostatic interactions, hydrogen bonds, hydration of the 

exposed residues, conformational entropy, and the physical environment (such as pH, 

buffer, ionic strength, excipients). Therefore, thermodynamic parameters obtained from 

DSC experiments are quite sensitive to the structural state of the biomolecule. Any 

change in the conformation would affect the position, sharpness, and shape of 

transition(s) in DSC scans. In the pharmaceutical research, DSC has also been used to 

determine the thermal stability and conformation of proteins during formulation and 

product development (Wen et al, 2012). Comparison is made between a protein sample 

and reference pan without protein under the same solution conditions. The difference in 

heat capacity between the two cells is measured as function of temperature and results are 

noted by observing differences in thermal transition midpoints.

Encapsulation and loading efficiency of antigens in the microspheres is elucidated 

by traditional protein or carbohydrate quantification techniques such as BCA for protein 

and Phenol-sulphuric acid for carbohydrates. However, none of these tests gives a clear 

picture on the bioactivity of antigens in microspheres. Due to the lack of a simple antigen
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specific bioactivity quantification technique in vitro, animal studies are often the primary 

starting point in the microsphere formulation assessment. Based on the ethic standpoint 

and the need for prudent and judicious use of resources, it is desirable to have an in vitro 

technique to assess the bioactivity of encapsulated antigen. To address this challenge, we 

have developed a simple in vitro quantification assay to determine the bioactivity of 

PsaA. This novel technique uses homologous competition between the target 

biological(s)/antigen(s) and specific antibody or ligand. In case of an antigen with 

multiple epitopes, this technique also provides an opportunity to examine the effect of 

formulation process on any one or more of those epitopes.

The functional stability of protein antigens after formulation is essential 

requirement in the development of the vaccine. For this reason, proteins are assessed for 

the integrity of antigenic epitope using monoclonal antibodies. Western blot is one of the 

most common used methods for determining the presence of a given set of protein in a 

sample. Monoclonal antibodies (MABs) produced against native PsaA were used to 

assess whether the antigenicity of the protein was preserved after formulation. These 

MABs, namely 8G12, 1B6 and 6F6, have been shown to react with PsaA and therefore be 

useful in detecting the pneumococcal antigen for diagnostic purposes (Crook et al.,

1998).

In this chapter, a brief over view of microsphere formulation was provided to 

impress upon the harsh conditions that may jeopardize the integrity of the encapsulated 

antigen. Also, in this chapter, experimental details pertaining to stability and bioactivity 

testing of PCL/MD-PsaA microspheres will be discussed.
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4.2. Materials and Methods

4.2. PCL/MD-PsaA Microspheres

PCL/MD microspheres are primarily synthesized with polycaprolactone (PCL) 

polymer as a basic scaffolding material along with poly vinyl alcohol (PVA). 

Maltodextrin (MD) was used as a stabilizing agent for the antigen. A modified w/o/w 

emulsion method was used to formulate microspheres. PCL was dissolved in methylene 

chloride and homogenized with PsaA (target antigen) in maltodextrin solution. The 

primary emulsion was made at stirring speed of 20000 rpm. The primary emulsion was in 

turn homogenized under the same stirring speed with polyvinyl alcohol (PVA) solution. 

The double emulsion was then stirred for 8 hours in order to remove the organic solvent 

after which solid microspheres were obtained. The microspheres were separated by 

centrifugation, washed and lyophilized at 0.133 mBar and -50°C.

4.2.2. Process of PsaA Extraction from PCL/MD Microspheres

For studying the stability of protein after formulation and lyophilization process, 

the PsaA was extracted from PCL/MD microspheres. Briefly, 10 mg of microspheres was 

added to 1 ml of 0.1 Normal Sodium Hydroxide (0.1N NaOH) in a 50 ml glass beaker. 

The solution was kept on stirring at 37°C overnight and the supernatant was collected 

after centrifugation at 10000 rpm for 5 min. This was subjected to stability and 

bioactivity tests.

4.2.3. Differential Scanning Calorimetry

Thermal measurements were performed with a TA instrument (Q100, Newcastle, 

DE) DSC-2910 equipped with a TA instrument computer. The instrument was calibrated
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using Indium standard. The stand by temperature was set to the room temperature. An 

empty pan is loaded on the reference cell and the sample pan is loaded on to the sample 

cell. Samples were scanned from 20°C to 300°C under a constant flow of nitrogen 50 psi 

with scanning rate of 10 Kmin"1. The sample is heated through a temperature ramp. 

Thermal events occurring in sample cell with respect to the reference cell was measured. 

The generated graphs are than normalized to sample weight. Scans were first run for pure 

PsaA pre formulation and then for PsaA extract from a PCL/MD microsphere.

4.2.4. In vitro Protein Characterization

PsaA extracted from the microspheres was quantified using BCA technique as 

described in the previous chapter. PsaA characterization was carried out on 3 separate 

stages: 1) Primary characterization of protein using SDS-PAGE, 2) Secondary 

characterization of the conformational integrity using western blot with PsaA specific 

polyclonal antibody and 3) Third, the epitope integrity based on their reactivity with the 

monoclonal antibodies (Mabs).

4.2.5. Sodium Dodecyl Sulphate -  Poly Acrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE for assessing the integrity of PsaA in PCL/MD microsphere was 

carried out adopting the methods described by the manufacturer (Bio-Rad). Glass SDS- 

PAGE plates were used with spacers smeared with silicone lubricant and an alignment 

card. Running and stacking gels were prepared and poured in to the glass gel plates as per 

the manufacturer’s instruction. Equal volumes of sample buffer (5% SDS,10% 2- 

mercaptoethanol, 20% glycerol in 0.01 M Tris hydrochloride [pH 8.0], 1% Bromophenol 

blue) and microsphere supernatant containing 2.4 pg/ml of protein (based on BCA
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quantification) were mixed and incubated at 100°C for 5 min. Low-molecular-mass 

protein standard (Bio-Rad) was used according to the manufacturer’s instructions. 

Samples were loaded on the gel into 10-well comb at 30pl/well along with the protein 

standard ladder (30pl/well). This was run through stacking gel at 150V. Once the dye 

front gets past the stacking gel, run the gel at 100V-200V until the dye front reaches the 

bottom of the gels. Once completed, the glass plates were separated and the gel was 

immersed in Coomassie Blue stain (Coomassie blue R-250 -2.5g; methanol -  1L, Acetic 

acid-0.2L, and DI water -0.8L) for at least lh at 50°C in a covered box. After this the gel 

was destained first in destaining solution I (50% methanol +7% acetic acid) two times for 

30 min and overnight in destaining solution II (5% methanol +7% acetic acid). The gel 

was examined for appropriate protein bands.

4.2.6. Western Blot Assay

The SDS-PAGE gel was transferred to gel transfer buffer (Bio-Rad) and held on 

with mild agitation for 15-20 min at room temperature. The gel was then packed with 

pre-wet (in TGM) nitrocellulose membrane along with fiber pads in to western blot 

casserole. The casserole was placed in the transfer tank and run over night at 30 V in the 

cold room. After the run, the membrane was transferred to 1% casein for lh to block and 

washed twice with TBST (TBS + 0.1%Tween20). Blot was incubated with PsaA specific 

antibody (1:500 dilution) overnight in cold room. This was washed twice with TBS and 

the enzyme conjugated species specific secondary antibody and incubated for lh. After 

wash DI water twice, detection solution was added and kept in rocker for 5 min. Bands 

were scanned in Alphalmager and images were stored for analysis.
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4.2.7. In vitro Assessment of Encapsulated PsaA Bioactivity

Immune-reactivity is the basic bioactivity expected in PsaA as a vaccine antigen. 

To quantify and assess the immune-reactivity the PsaA entrapped in microsphere we 

developed a homologous competitive ligand binding assay using luminex (Dunbar & 

Jacobson, 2007; Pickering et al, 2002). PsaA specific polyclonal serum/MAbs with 

known IgG concentration assignment for PsaA was adsorbed overnight at 4°C with 

increasing concentration of pure PsaA. This was centrifuged at 1000 x g for 5 min and 

the supernatant was tested for reactivity against PsaA beads and a calibration graph was 

generated by plotting mean fluorescence index (MFI) vs antigen concentration. Pre

weighed microspheres were digested using standard techniques. The digest obtained from 

the extraction was pre-diluted and 50 pi of the samples were absorbed with 1:20 dilution 

of the PsaA control serum (that was used to generate calibration graph) overnight at 4°C. 

The absorbed samples were then centrifuged at lOOOxg for 5 min and the supernatant was 

tested for reactivity against PsaA beads using singleplex luminex technique. Briefly, 

luminex beads pre-conjugated with PsaA was added to pre-wet filter plate (EMD 

Millipore, Bedford, MA). Plate was incubated at room temperature for 20 min with 

shaking at 150 rpm. After three washes 1:200 dilutions of Phycoerythrin (PE) labeled 

species specific secondary antibody was added and the plate was incubated for 20 min at 

150 rpm. At the end of the incubation, the plate was washed thrice and 130 pi of luminex 

sheath was added and he plate was read in luminex plate reader. We interpolated the MFI 

into the calibration graph and calculated the anti-PsaA IgG concentration in the
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microsphere lysate and back calculated the microsphere loading efficiency for the 

respective antigen.

4.2.8. In vitro Assessment of Encapsulated PsaA Epitope Integrity

To determine the epitope integrity of encapsulated PsaA in PCL/MD-PsaA 

microspheres, microsphere digest was absorbed out with 3 MAbs (8G12B10C2, 

1B6E12H9 and 6F6F9C8) that recognize different epitopes on native PsaA. The eluent 

after overnight absorption was tested for anti-PsaA IgG as described above.

4.3. Results

4.3.1. Differential Scanning Calorimetry

PCL/MD-PsaA microsphere was alkali digested and the digest was analyzed in 

differential scanning calorimetry (DSC) to assess the presence and structural status of 

PsaA. Data obtained in the DSC analysis of PCL/MD-PsaA formulation extract vs non

encapsulated PsaA standard indicates the stability of PsaA during the microsphere 

formulation process (Figure 7). The heat flow seen in Y-axis indicates the presence of 

PsaA in the microsphere extract with its native unaltered molecular size and possibly the 

conformation also.
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Figure 7. Differential Scanning Calorimetry (DSC) of PsaA in microsphere post 
formulation. PsaA microspheres were digested with NaOH and the digest was run 
through DSC. PCL/MD-PsaA microsphere extract exhibited peaks that overlap with that 
of native PsaA indicating less or no degradation of PsaA during the formulation process.

4.3.2. In vitro Protein Characterization

PCL/MD-PsaA microsphere digest was analyzed for the integrity of PsaA using 

SDS-PAGE and western blot. PsaA microspheres were digested with NaOH and the 

digest was elucidated through SDS-PAGE. Gel with protein bands transferred to 

nitrocellulose membrane and western blotted with a cocktail of PsaA epitope specific 

monoclonal antibodies (MAb), 8G12, 1B6 and 6F6 indicate the presence of PsaA in the 

microsphere digest with unaltered molecular mass as the parent molecule (Figure 8).
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Figure 8. Western blot assay to assess the stability of PsaA in microsphere post 
formulation. PsaA microspheres were digested with NaOH and the digest was run 
through Sodium dodecyl sulphate -  Poly acrylamide gel electrophoresis (SDS-PAGE). 
Gel with protein bands, where A is Protein marker; B is PsaA control; C, D & E are PsaA 
microsphere digest, was transferred to nitrocellulose membrane and western blotted with a 
cocktail of PsaA epitope specific monoclonal antibodies (MAb); 8G12B10C2, 
1B6E12H9 and 6F6F9C8.

4.3.3. In vitro Assessment of Encapsulated PsaA Bioactivity

PsaA subjected to various microsphere formulation stages was tested for its 

bioactivity in terms of its ability to react to anti-PsaA antibodies with no compromise on 

the kinetics. Data presented in Figure 9 reiterated the immunological integrity of PsaA in 

post formulation microsphere digests. The percent coefficient of variance (%CV) 

between the control and PCL/MD-PsaA digest absorbed sera was <25%.



63

Im m u n e -re a c tiv ity o f  PCL/MD e n c a p s u la te d  PsaA

10X

PCL/MD-Pm A m lc ro ip h trc  d lgM t ab so rb ed  

Control

D i lu t io n

Figure 9. Immune-reactivity of PsaA in microsphere post formulation. PsaA 
microspheres were digested with NaOH and the digest was tested for its reactivity to anti- 
PsaA antibodies adopting homologous competition (cold-chase) technique. %CV 
between the control and PCL/MD-PsaA digest absorbed sera was <25%

4.3.4. In vitro Assessment of Encapsulated PsaA Epitope Integrity

PsaA microspheres were digested with NaOH and the digest was tested for its 

epitope integrity using three different anti-PsaA MAbs, 8G12, 1B6 and 6F6. PCL/MD 

microsphere formulation has limited impact on the epitope chemistry as the PsaA from 

the microsphere digest has retained >80% reactivity to all 3 MAbs.
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Figure 10. Impact of PCL/MD formulation on PsaA. PsaA microspheres were digested 
with NaOH and the digest was tested for its epitope integrity using three different MAbs, 
8G12,1B6 and 6F6. PCL/MD microsphere formulation has limited impact on the epitope 
chemistry as the PsaA from the microsphere digest has retained >80% reactivity to all 3 
MAbs. Histogram represents median values with lower and upper limits error bars.

4.4. Discussion

PCL/MD-PsaA microsphere was tested for its ability to conserve the 

bioactivity/immune-reactivity of encapsulated antigen. This information is critical for the 

successful application of PCL/MD microsphere technology as there would be no benefit 

to pursue this technology if the biological or chemical integrity of the encapsulated 

antigen is compromised.
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Stability studies with DSC indicated that the PCL/MD microsphere formulation 

process had least impact on the chemical integrity of the encapsulated PsaA. This was 

evident with the comparable calorimetric peaks between naked PsaA and the PCL/MD- 

PsaA formulation extract. Wen et al. (2012) have drawn the attention on the usefulness of 

DSC in pharmaceutical research. They have indicated that the changes in Cp reveal the 

bond breakage between the secondary and tertiary structure in the encapsulated protein. 

Hence, if the final product indicates such distortion, one may carry out retrograde 

analysis which would help pin point the formulation that is deleterious to the target 

molecule. In that case, it would be possible to opt for formulation strategies to bye-pass 

that stage or replace the formulation components with alternates.

While DSC analysis reiterated the chemical integrity of PsaA in PCL/MD 

microspheres, SDS-PAGE and Western Blot protein characterization analyses were 

performed to ascertain bio-stability of PsaA in formulation. SDS-PAGE and Western 

Blot has shown the retention of bioactivity in PsaA post formulation, which was 

comparable to native PsaA. Lin et al. (2001) have restated the importance of SDS-PAGE 

in the evaluation of formulation process with BSA encapsulated microspheres. Further, 

serological assessment of PCL/MD- PsaA microsphere demonstrated the immune- 

reactivity with PsaA specific antibodies through cold-chase experiments. Homologous 

competition or cold-chase experiments are often used to demonstrate the antigen- 

antibody specificity in a serological assay (Rajam et al, 2007). In the present study, we 

have been successful in demonstrating the immune-reactivity of PsaA derived from 

PCL/MD microsphere digest. The microsphere formulation using PCL polymer with MD
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excipient along with the organic solvent PVA was found to have least impact on the 

immune profile of PsaA as there was very minimal (<25%) change in its epitope 

chemistry. Immune-reaction studies with the MAbs had revealed the epitope integrity in 

the post formulation PsaA. D’Souza et al. (2014) have demonstrated the usefulness of 

homologous competition concept to quantify the loading efficiency and immune- 

reactivity in the microspheres loaded pneumococcal serotype specific polysaccharides. In 

fact the major caveat in their formulation technique is the use of polysaccharide which 

impede the use of traditional phenol-sulphuric acid technique due to poor noise:signal 

ratio.

4.5. Summary and Conclusion 

PCL/MD-PsaA microsphere was tested for the bioactivity/immune-reactivity of 

encapsulated antigen. Stability studies with DSC demonstrated that the PCL/MD 

microsphere formulation process had no effect on the chemical integrity of the 

encapsulated pneumococcal protein antigen, PsaA. SDS-PAGE and Western Blot protein 

characterization analyses has shown the retention of bioactivity in PsaA post formulation 

Cold-chase experiments with PsaA specific polyclonal and MAbs have revealed the 

immune-reactivity and epitope integrity in PCL/MD-PsaA despite harsh physical and 

chemical formulation conditions. PCL/MD microsphere formulation process at optimal 

reaction conditions is suitable for encapsulating protein antigens such as PsaA.



CHAPTER 5

PCL/MD-PsaA MICROSPHERE IN VIVO TARGETING AND RESIDENCE

POTENTIAL STUDIES

5.1. Introduction

The delivery of a drug or vaccine to a specific target is of extreme importance for 

the desired clinical outcome. The absorption of antigens by specialized cells in the body 

depends to a significant extent on the ability of the drug or vaccine design to effectively 

deliver the antigen to the right spot. Nasal delivery of microspheres to the antigen 

channeling and processing site is dependent on several factors. The size of the 

microsphere, surface morphology and charge of the particle, and degree of 

hydrophobicity are all features that dictate the proper migration of particles after delivery.

Currently, there are several imaging methods of assessing the presence of a given 

delivery system in a given region with in a live animal model. In vivo imaging has 

become an important tool for the development of new drug delivery systems, shedding 

new light on the pharmacokinetics, bio-distribution, bioavailability and drug delivery.

In vivo imaging is a non-invasive technique for imaging biological processes in live 

animals an can provide insight without doing analytical processes. IR dyes are some of 

the analytes used in the imaging process. IR dyes are optimized for excitation and 

detection in the near infrared spectrum, providing numerous benefits including low 

background auto fluorescence, low light scattering, depth of tissue penetration and higher
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signal-to-noise ratios (Osterman et al., 2007). The IRDye 800CW dye bears an NHS ester 

reactive group (Figure 11) that will couple to free amino groups and form a stable 

conjugate with low molecular weight proteins (15-45  kDa). Protein conjugates labeled 

with IRDye 800CW display an absorption maximum of 774 nm and an emission 

maximum of 789 nm in IX PBS. This dye will label the primary and secondary amines 

present in the protein of interest during conjugation.

5.2. Materials and Methods

5.2.1. PsaA -  IR Dye Conjugation

PsaA solution (lmg/ml) was prepared in IX PBS (pH 8.5). The pH of the solution 

was adjusted by adding 1M potassium phosphate buffer. The protein solution was kept at 

room temperature before conjugation process. Based on the manufacturers 

recommendation the volume of dye needed to be added to the protein solution in order to 

achieve a D:P ration of 1:1 to 3:1 was calculated by dividing 233.2 by the molecular 

weight of PsaA 37kDa. Hence, 630 pi of 20 mg/ml of IR 800CW dye was mixed with 

lml of lmg/ml PsaA and incubated under dark conditions at 20°C for 2 hours.

Conjugated PsaA was separated from free dye by using Pierce Zeba™ Desalting Spin 

Columns. This process removes free dye ensuring that the fluorescence directly 

correlated to the labeled antigen and not free floating dyes. Hence, fluorescence 

documented in the animal study is attributed only to the loacalization of PCL/MD-PsaA 

microspheres and not free dye.
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Figure 11. The chemical structure of Infrared (IR) dye 800CW

5.2.2. Animal Model

Female BALB/C mice, ages 8-12 weeks, were procured from The Jackson 

Laboratory. All mice were housed in horizontal laminar flow cabinets free of microbial 

pathogens. To ensure that micer were pathogen free, they were routinely screened for a 

large panel of pathogens, and histological analysis was performed on organs and tissues. 

Experimental groups consisted of 5 mice control group and 5 mice dosed group. The 

procedure involving mouse models was approved by Institutional Animal Care and Use 

Committee of Mercer University (Atlanta, GA).

Experimental group mice were given dye conjugated PsaA encapsulating 

microspheres and control group were given blank PCL/MD microspheres through the 

nasal opening. A 5-50 pi micropipette was used to introduce 25 pi of sample to the upper 

respiratory tract. Mice were not sedated during this procedure.
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5.2.3. Fluorescence Imaging

Mice were anaesthetized with ketamine-xylazine cocktail. Briefly, 1.0ml of 

ketamine (lOOmg/ml) and 0.5ml of xylazine (20 mg/ml) were added to 8.5ml of normal 

saline. The anesthetic dose (200 pi) was injected using a 27.5 gauge syringe through the 

intraperitoneal (IP) route. The cocktail kept mouse sedated for 20-30min.

Mice were placed prone position parallel to the axis of scanning with the limbs extended 

away from the body. Applicable Odyssey Li-COR imaging software was used to capture 

the fluorescence intensity of tagged IR-800CW.

5.3. Results

After delivery of IR 800CW conjugated PsaA microsphers through the nasal 

route, BALB/c mouse were monitored for 3 days by capturing images using Licor bio

imager at periods of 6, 12, 24, 48 and 72 hour post dosing. It was clearly noted that 

microspheres were present in the upper respiratory tract with high concentration for the 

first 24 hours. At time points 48 and 72 hours, even though there was a slight 

fluorescence, the intensity was markedly reduced (Figure 12).
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Figure 12. Targeting and residence time of PCL/MD microsphere encapsulated IR- 
800CW conjugated PsaA in BALB/c mouse model. From top left clockwise shows a 
control mouse, and 6,12,24,48 and 72 hours post nasal delivery images taken using 
Odyssey bio-imager. Black arrow points to microsphere localization based on 
fluorescence.

5.4. Discussion

Streptococcus pneumoniae is a pathogen of the upper respiratory tract. For an 

effective vaccine development, the mucosa of the upper respiratory tract, which is the site 

of adherence, is the most suitable location for potential antigen delivery. Microspheres 

are optimized for their size for several purposes. The particles in the range over 5 pm are 

expected to reside in the lumen of the upper respiratory tract and get endocytosed by M- 

cells. Microspheres less than 5 pm are generally believed to migrate either to the deep
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lung or transcytosed for possible systemic immune reaction. So the targeting of a 

microsphere delivery system to the cells of the upper respiratory system is critical in 

inducing the right immunity.

PsaA conjugated IR dyes are used to monitor the presence and period of 

microsphere formulation in the upper respiratory tract. The intensity in fluorescence of 

the dye is representative of the concentration of particles. From our findings, we can infer 

that PsaA encapsulated PCL/MD microspheres were localized in the upper respiratory 

tract for the entire period of 72 hours albeit a gradual reduction in number as seen with a 

slow reduction in fluorescence intensity. This prolonged residence time will be vital in 

providing adequate time for the vaccine antigen delivery to the antigen presenting cells in 

nasopharyngeal mucosa and epithelium thereby jump start the immune system.

5.5. Summary and Conclusion 

PCL/MD formulation has shown the capability of localizing in the nasal and 

nasopharynx for prolonged duration ensuring continued availability of vaccine antigen to 

induce both localized and systemic immune-response.



CHAPTER 6

IN VIVO PCL/MD-PSAA MICROSPHERE IMMUNIZATION STUDIES

6.1. Introduction

Streptococcus pneumonia, a bacterial pathogen causes wide range of ailments including 

pneumonia, otitis media, and bacterial meningitis. S. pneumoniae is a Gram-positive, 

facultative bacterium that is commonly found in a capsular form which is the basis for the 

classification in to different serotypes. Currently, there are 103 known serotypes of S. 

pneumoniae. In addition to these capsular polysaccharides, there are covalently and non- 

covalently linked surface proteins that play a role in immunogenicity of the bacterium 

(Gosink et al., 2000). S. pneumoniae site of localization is the upper respiratory tract, 

and hence its primary route to a progressive symptomatic stage is the mucosal 

compartment of the body. Based on this knowledge, developing a mucosal and systemic 

immunity is a more reasonable way of combating pneumococcal pneumonia. Delivery of 

vaccines via the mucosal route is believed to be the preferred means for tackling S. 

pneumonia infection with the immunological theory that antigen presenting cells of the 

mucosal compartment will be activated, mainly the macrophages and dendritic cells, 

resulting in both systemic and mucosal immunity (Briles et al., 2011).

Therefore, nasal vaccine formulation would be a good candidate to develop first 

line of defense against pneumococcal carriage. The nasal route of administration holds
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tremendous potential for its several reasons including bioavailability and mucosal tissue 

targeting. FluMist ™, also known as, Live Attenuated Influenza Vaccine is the only nasal 

spray vaccine approved by FDA. It is approved for people of age group 2 to 49 years. In 

2005, Menzel et a l (2005) conducted a study evaluating the feasibility of using a 

nebulized Pneumovax® vaccine for inhalative administration and compared the serum 

response with that of an intramuscularly administered group of healthy human volunteer. 

Among the three groups used (alveolar, bronchial and intramuscular vaccination), they 

reported a good serum response for the inhalative routes although the serum antibody 

levels of the nasal routes were lower than the intramuscular ones. However, the effects of 

inhalative delivery on the antibody levels of the mucosal tissue were not investigated.

The comparison to oral routes and parenteral routes is evident when dealing with 

several adverse biological factors and compliance issues. Even though mucosal access is 

similar to nasal route, delivery of protein antigens through the oral route is a difficult 

challenge considering the unfavorable acidic pH of the stomach. Parenteral route, besides 

compliance issues, has the tendency of overstepping the generation of mucosal immunity, 

which is critical in preventing a pathogen that primarily affects the mucosal compartment 

of the body (Sansonetti and Phalipon, 1999). In addition, the need for trained personnel 

and storage requirement makes parenteral less desirable options of developing vaccines.

Nasal immunization against influenza is currently the only approach form 

mucosal vaccination of the respiratory tract that has successfully reached commercial use. 

Current attenuated mucosal vaccines, including oral vaccines, have the disadvantage of 

possibility of the reversion of the attenuated form of the bacteria or virus to its original
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wild type virulence (Fine, 2004). With the increasing biotechnological advances made in 

the recent years, subunit vaccines have started to emerge as promising vaccine antigen 

molecules.

Based on the stability and bioactivity studies, PCL/MD-PsaA microspheres are 

seen promising as particulated vaccine molecule. Encouraged by the preliminary in vitro 

studies, animal studies were perused to assess the vaccine potential of PCL/MD-PsaA 

microsphere formulation. BALB/c mouse are used in animal study and appropriate 

approvals were received from the Institutional Review Board. Several cellular and 

humoral aspects of immune-response were monitored and reported in this chapter.

6.2. Material and Methods

6.2.1. Non-invasive Challenge Strain

S. pneumoniae capsular group 19 strain EF3030 was obtained from A. Parkinson 

of the Arctic Investigations Laboratory, Centers for Disease Control (Anchorage, AK). 

This strain is among the human isolates of capsular group 19 that were examined 

previously and found to be relatively non-invasive in mice. Pneumococci were grown in 

Todd-Hewitt broth and stored frozen in aliquots at 70°C in sterile lactated Ringer’s 

injection solution (Abbott Laboratories). To establish nasal carriage, groups of BALB/C 

mice were nasally administered 106.88 CFU of S', pneumoniae strain EF3030 in 15ul 

Ringer’s solution.

6.2.2. Animal Model

Female BALB/C mice, ages 8-12 weeks, were procured from the Jackson 

Laboratory, GA. All mice were housed in horizontal laminar flow cabinets free of
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microbial pathogens. To ensure that mice were pathogen free, they were routinely 

screened for a panel of pathogens, and histological analysis was performed on organs and 

tissues. Experimental groups consisted of 10 mice /group. The procedure involving 

mouse models was approved by Institutional Animal Care and Use Committee of Mercer 

University (Atlanta, GA).

6.2.3. Experimental Design

Mice were divided in to four groups of 10 animals each. Group 1 was a control 

group and administered with plain normal saline solution. Group 2 mice were 

administered with PsaA loaded PCL/MD microspheres. Group 3 mice were administered 

with blank PCL/MD microspheres and Group 4 animals were administered naked PsaA 

solution. All groups received challenge strain EF3030 on the 14th after dosing.

6.2.4. Blood and Tissue Collection

Blood samples were collected by retro-orbital plexus puncture using non- 

heparinized capillary tubes. Samples were collected on days 1,4, 7, 14, 21 and 28. After 

collection of in an eppendorf tube, samples were centrifuged to separate serum and 

immediately placed at -80°C freezer until further analysis. Nasal wash was collected on 

day 28 after mice were sacrificed by C02 inhalation and dissected. In order to obtain 

nasal wash samples, the interior of the nasal tract was flushed with 150ul of sterile PBS 

by placing 1mm diameter polyethlyene tubing attached to a lcc syringe through the 

trachea toward the nasal cavity. Tissue samples of spleen, lung, cervical lymph node 

(CLN) and nasopharyngeal-associated lymphoid tissue (NALT) were removed surgically 

for lymphocyte proliferation studies.
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6.2.5. Lymphocyte Isolation

Single-cell suspensions of spleen, lung, CLN and NALT were prepared by 

aseptically removing tissues and passing through a sterile glass wool mesh. Lungs were 

perfused with 1ml cold PBS to remove blood before surgical removal. Tissues were 

subjected to collagenase digestion using lmg/ml collagenase type IV (Sigma, St. Louis, 

MO) in RPMI 1640. NALT lymphocytes were isolated by gently washing nasal cavities 

with 200ul of cold PBS to remove blood. Afterwards, NALT was removed by scarping 

the nasal tract using a sterile spatula. Lung and NALT cells were further purified using a 

discontinuous Percoll gradient (Sigma, St. Louis, MO).

Cell suspensions were washed twice in RPMI 1640, and lymphocytes were 

maintained in complete medium that was prepared by supplementing RPMI 1640 with 

10ml/l non-essential amino acids (Sigma, St. Louis, MO), ImM sodium pyruvate (Sigma, 

St. Louis, MO), lOmM HEPES (Sigma, St. Louis, MO), 100 U/ml penicillin, 100 ug/ml 

streptomycin, 40 ug/ml gentamicin (Elkins-Sinn), and 10% fetal bovine serum (FBS) 

(Sigma, St. Louis, MO). After the final wash, cells were stained with trypan blue and 

counted using a manual hemocytometer. 106 Cells were prepared in complete media and 

seeded in 24-well plates (Corning) filled with 5ul of 2.2mg/ml PsaA. The plates were 

incubated at 5.0% C02 incubator at a temperature of 37°C for 3 days after which the 

supernatant was collected for cytokine analysis.

6.2.6. Lymphocyte Count

The number of lymphocytes from spleen, lung, CLN and NALT was counted 

manually under a compound microscope. Briefly, lOul of cell suspension prepared using
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the above isolation method from the tissues, was mixed with equal volume of trypan blue 

on a clean glass slide. After adequate mixing, a drop of cell-stain mixture was applied in 

a hemocytometer chamber and placed on microscope stage for counting. Then number of 

viable lymphocytes was counted using the aid of tally counter in the 16 corner squares of 

the hemocytometer under the 16X objective lens. Total number of cells = [cells counted x 

dilution factor x 10000].

6.2.7. Lymphocyte Proliferation Assay

Lymphocyte proliferation was measured by BrdU adsorption and detection 

(Roche Diagnostic Systems, Indianapolis, IN). Briefly, purified CD4 T cells were 

cultured at a density of 5xl06 cells/ml in the complete medium containing 0.5 g/ml PsaA 

at 37°C in 5% CO2. After 48 hours of ex vivo antigen re-stimulation, lxlO6 cells/ml were 

transferred to polystyrene 96-well plates (Corning). Ten microliters of BrdU labeling 

solution (lOmM/ml final concentration per well) was added, and the cells were incubated 

for 18 hours at 37°C in 5% CO2 The cells were then fixed and incubated with 100 ul of 

nuclease in each well for 30 min at 37°C. Next, cells were washed with complete medium 

and incubated with BrdU-peroxidase solution for 30 min at 37°C. The incorporation of 

BrdU was similarly developed by adding 100 pi of tetramethylbenzidine substrate. The 

substrate reaction was allowed to continue for 20 min. The OD was read at 405 nm with 

reference wavelength at 490 nm.

6.2.8. Quantification of Immune-response to PsaA

Serum antibody titers were chosen as the bench mark to assess the immune- 

response to PCL/MD-PsaA microspheres or controls. For this serum samples drawn at
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different time points were tested for anti-PsaA IgG using antibody capture technique. 

Serum samples were analyzed for PsaA specific IgG using luminex technique (Lai et al., 

2005) with some modification. Briefly, the filter plates (Millipore) were pre-wet with 100 

pi Phosphate buffer saline (PBS). The PsaA conjugated fluorescent microspheres were 

added to the plates at 25 pl/5000 beads/well. To this, 25 pl/well of serum sample or in- 

house reference standard was added. This was incubated at 37 °C for 30 min with 

agitation. After 3 washes with 100 pi/well of PBS, a PE labeled anti-mouse secondary 

antibody was added and incubated for 20 min with agitation. On completion, plates were 

washed thrice with 100 pl/well PBS and beads resuspended in 130 pL of luminex sheath 

fluid and read in the luminex reader (L200, Luminex Corp, Austin, TX). Masterplex QT 

was used for quantitative analysis of data obtained from the luminex reader. In the 

absence of a reference standard for mouse anti-PsaA IgG, we have used CDC1644, a 

human anti-PsaA reference standard with appropriate secondary antibody. Anti-PsaA IgG 

levels were expressed as mg/ml. One-way ANOVA Turkey test was performed on in 

vivo data using graph pad Prism. Results were considered significant at a P value of 

<0.05.

6.3. Results

6.3.1. Lymphocyte Proliferation

PCL/MD-PsaA microsphere immunization studies were carried in BALB/c mice 

and various parameters were investigated to assess the immune-response. The 

lymphocyte count in each of the organs is a potential indication of the immune-response 

to the PsaA antigen. Following ex vivo re-stimulation with the antigen PsaA, the overall
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response was significantly higher in lungs as seen with BrdU analysis (p<0.05) followed 

by CLN and NT (Figure 13). However there was marked difference between the mucosal 

and systemic indicative organs as the spleen demonstrated lower OD value compared to 

lung and cervical lymph node in the experimental groups that received the antigen PsaA. 

Mouse that received PsaA encapsulating microspheres showed significant increase in 

lymphocyte proliferation compared to PsaA only group.

Figure 13. Ex vivo lymphocyte proliferation assay. Following ex vivo re-stimulation with 
the antigen PsaA, the overall response was significantly higher in lungs as seen with 
BrdU analysis (p<0.05) followed by CLN and NT. Mouse that received PsaA 
encapsulating microspheres showed significant increase in lymphocyte proliferation 
compared to PsaA only group.
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6.3.2. Lymphocyte Count

Lymphocyte count was higher in all groups that received the protein 

encapsulating microsphere formulation (Figure 14). Naked PsaA groups have not shown 

marked difference compared to the control groups. Interestingly, the nasal tract tissue 

collected from PsaA microsphere group was found to have significantly higher 

lymphocyte count in comparison to lung and cervical lymph nodes. Although we were 

expecting to see an increase in lymphocyte count in the mucosal organs compared to the 

spleen, it should be noted that the total number of cells present in each tissue is a rather 

relative to the size and function. Therefore comparison across tissues is redundant in this 

regard.

Figure 14, Lymphocyte count. PCL/MD-PsaA immunized group showed higher 
lymphocyte count compared to naked PsaA group and microsphere control group. Nasal 
tract tissue (NT) collected from PsaA microsphere group was found to have significantly 
higher lymphocyte count in comparison to lung and cervical lymph nodes (CLN).

Lymphocyte Count
40

0

■ PsaA

■ PsaA MS

Spleen Lung CLN NT
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6.3.3. Immune-response to PsaA
PsaA specific immune-response was evaluated based on the quantity of

circulating PsaA specific IgG in serum. While the PCL/MD-PsaA microspheres provided 

sustained immune-response in mouse based on the anti-PsaA IgG concentration, the 

animals that received the naked PsaA had very weak immune-response that did not 

prime. Day 21 samples clearly indicated sharp priming potentials in PCL/MD-PsaA 

microspheres in response to booster dosing (Figure 15).

In the present study, an additional analysis was made to capture the intra-group 

variations with respect to an antigen specific immune-response. As shown in Figure 16, it 

can be noticed that median antibody concentration among 10 animals/group has not 

reflected the overall immune-response while pooled sera bias towards the cumulative 

outcome.
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Figure 15. PsaA specific immune-response. BALB/c mice were immunized with either 
PCL/MD-PsaA microspheres, native PsaA, naked PCL/MD microspheres or PBS and 
serum tested drawn at different time points. Anti-PsaA IgG in serum was quantified using 
antibody capture luminex assay. While the animals in control groups were negative for 
anti-PsaA IgG, PCL/MD-PsaA microsphere group had demonstrated robust immune- 
response over time. This analysis also captures intra-group variations in immune- 
response. Mouse ID: N = Naive, MC = Microsphere control, PC = PsaA control, MS = 
PCL/MD-PsaA microsphere.
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100%

I
Naive Microsphere control PsaA control PCL/MD-PsaA

Microsphere
■ pool 1.07 0.1 1.71 30.82
■ upper 0.75 0.1 0.85 8.6
■ median 0.7 0.05 0.65 0.85
■ lower 0.65 0.05 0.05 0.4

Figure 16. Comparison of pooled vs individual immune-response. Day 28 data was 
compiled to compare the immune-response among individual animals and pooled sera. 
While, pooled sera indicated relatively high cumulative immune-response in the 
PCL/MD-PsaA microsphere group, median IgG titer that normalize the intra-group 
variation failed to capture this superior immune-response.

6.4. Discussion

In this chapter, we have demonstrated the superior immunogenicity in PCL/MD- 

PsaA microspheres compared to naked PsaA or other control groups. Immunization with 

microsphere is relatively new and novel concept which is gaining momentum in the 

recent past. Here we have demonstrated that the encapsulated PsaA not only provoked 

robust immune-response but also sustained immune-response over 28 days. This 

immune-response also responded efficiently to booster doses with respective spikes in
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antibody titers. Even on day 28, the group mouse the received multiple dose of PCL/MD- 

PsaA microspheres continued to have elevated anti-PsaA antibodies in circulation 

contrast to the group animals that received naked PsaA. In fact the immune-response in 

this group that received just PsaA was comparable to PBS control. Immune-response 

studies such as this should have experimental data analysis provision to capture intra

group variations in immune-response. As indicated in this chapter, capturing intra-group 

variation may be useful to understand the individual variations it may sometime bias the 

analysis towards non-responders (less optimistic). On the other hand, presenting results 

drawn from pooled sera would provide cumulative concentration that may mislead the 

overall outcome. IT may be desirable to indicate the immune-response based on pooled 

sera with additional information pertaining to intra-group variations.

The proliferative potential of a lymphocyte is an important parameter for 

evaluating its immune status. Upon leaving the thymus, naive T cells have the capacity to 

expand and give rise to effector and memory cells (Lanzavecchia and Sallusto, 2000; 

Champagne et al., 2001). The T cells that are part of the memory collection attain a high 

proliferative potential and therefore can mount a fast a secondary immune-response. 

Gradually, after terminal differentiation into effector cells, these T cells lose their ability 

for clonal expansion and stop to exist (Moraes et al., 2011). Simply put, a proliferation 

assay is an assay that measures the numbers of cells surviving ex vivo following 

stimulation. Proliferative responses to antigens happen after an interaction of the 

associated epitope presented by a restricting molecule on the surface of the anigen- 

presenting cells with the T cell receptor on the responsder T cells (Hayball et al., 2004).
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Measuring of antigen-specific responses is considered to be more useful, because it 

focuses attention on responses that may be, and often are, relevant to the disease process 

or therapeutic intervention.

The marked increase in proliferation as noted, by the BrdU result, and lymphocyte 

count in the PsaA microsphere group was in line with the expected hypotheses. The 

group that received naked protein failed to establish significant proliferation. The reason 

for this could be the absence of memory T cell formation that arises from lack of proper 

presentation by the cells underlying the epithelial wall of the upper respiratory tract. 

Naked PsaA are susceptible to degradation and functional compromise because of the 

potential exposure to proteolytic enzymes present in the airways. In addition, the 

possibility of adjuvant effect that could arise from formulation excipients could play a 

role in minimal proliferative activity and cell count.

6.5. Summary and Conclusion

PCA/MD-PsaA microspheres are assessed for their immunogenicity in lab animal 

(BALB/c mice) and compared with naked protein and microsphere controls. PsaA 

microspheres are immunogenic that led to robust immune-response in mouse. Further, the 

PCL/MD-PsaA microspheres have successfully triggered the T-cell mediated immune- 

response with memory. This is evident from the lymphocyte proliferation study where the 

there was a sharp increase in lymphocytes population in lungs derived lymphocytes in 

response to PsaA re-stimulation. The animal immunization study had clearly shown the 

vaccine delivery potentials in PCL/MD microsphere formulation technique and vaccine 

potential in PsaA for Streptococcus penumoniae.



SUMMARY

In this doctoral research work, PCL/MD microspheres were successfully 

formulated with a pneumococcal common protein vaccine candidate, PsaA. Several 

formulation conditions that include stirring speed, polymer/solvent ratio were optimized 

and their relationship and impact on the size of microsphere, loading and encapsulation 

efficiency was elucidated. Equipped with this knowledge, PCL/MD-PsaA microspheres 

were formulated with homogenous size range of 2 -  5 pm (>90% 2 - 4  pm). This particle 

size ensures the phagocytic processing of vaccine antigen payload. Zeta Potential (ZP) 

indicated non-aggregative nature of the microspheres in suspension. As it is commonly 

known, aggregated microspheres leads to gross increase in their size leading to sharp 

decline in the immunological benefits. The smooth spherical surface morphology of the 

microspheres as seen in SEM images ensures uniform release of antigens. DSC analysis 

indicated successful encapsulation of PsaA in PCL/MD microspheres with no 

compromise in chemical structure.

After test verifying the physical and chemical integrity of PCL/MD entrapped 

PsaA, the stability, release profile and immune-reactivity were tested. PCL/MD-PsaA 

microspheres were stable with sustained release after an initial burst. The formulation 

process had minimal or no impact on the bioactivity of PsaA as evidenced by the 

homologous competition (cold-chase) experiments. Antibody-antigen interaction assay

87



88

with PsaA specific MAbs had demonstrated epitope integrity in PCL/MD entrapped PsaA 

despite exposed to harsh physical and chemical conditions.

Our preliminary in vivo studies showed superior immune-response with multi-fold 

increase in PsaA specific IgG with PCL/MD-PsaA microspheres over PsaA in solution in 

mice. This was statistically significant (30-fold increase, P<0.05). PCL/MD microsphere 

delivered PsaA not only stimulated the humoral immune-response but also the cellular 

arm of the immune system. This is evident from the increase in lymphocyte population in 

the PCL/MD-PsaA microsphere immunized mice but also in memory recall as seen with 

BrdU assay.

Microsphere formulation is a simple and effective way to enhance and expand 

immune-response to various antigens. PCL/MD formulation technique offers great 

promise in terms of physical, chemical and biological stability of the encapsulated 

vaccine antigen. By careful manipulation of particle size and surface chemistry, we have 

demonstrated that it is possible to deliver and localize the PCL/MD-PsaA microspheres in 

vivo to stimulate the much needed T-dependent immune-response with memory recall.
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