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ABSTRACT 

PSAA ENCAPSULATED MUCOADHESIVE POLYCAPROLACTONE MICROPARTICLES 

AS POTENTIAL INTRANASAL VACCINE DELIVERY SYSTEM AGAINST 

PNEUMOCOCCAL INFECTIONS 

Under the direction of Dr Ravi Palaniappan 

              Pneumococcal infections account for up to 1.6 million deaths annually, and the most 

affected population are infants and elderly. Streptococcus pneumonia occurs in more than 100 

serotypes, but currently used vaccines (Pneumovax and Prevnar) protects only against few 

serotypes. Hence, there is an immediate need for vaccine that could protect against all serotypes. 

PsaA (pneumococcal surface adhesin A) is a 37 KDa adhesin, present in all serotypes with 

minimal structural variation. Our objective was to administer PsaA encapsulated microparticles 

intra-nasally to induce mucosal and systemic responses, however, the nasal delivery is limited by 

the mucociliary clearance. Polycaprolactone microparticles were thus coated with mucoadhesive 

polymers such as chitosan (C), alginate (A) and gelatin (G) to improve mucoadhesion, and further 

evaluated as vaccine carriers. 

               PsaA encapsulated polycaprolactone microparticles were prepared using double 

emulsion method. Formulations C, G, A, and various dual coated formulations were tested for 

their mucoadhesion and immunogenicity in vitro. Nasal targeting potential of these microparticles 

in mice was evaluated using NIR dye tagged particles. Balb/c mice were vaccinated with PsaA 

solution, C, G microparticles intranasally (I.N) and uncoated microparticles intra peritoneally 

(I.P). Lymphocytes from lymphoid tissues were isolated and re-stimulated with antigen to study 

proliferation, cytokine profile and memory responses. ELISA and Luminex were used to analyze 

antibody and cytokine titers respectively.  
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               Formulations C, G, alginate & gelatin at different ratios (AG) showed optimum 

immunogenicity and mucoadhesion, amongst which C and G significantly improved (p ≤ 0.05) 

nasal retention in vivo. Mice vaccinated with uncoated (I.P) and G (I.N) induced high (p ≤ 0.05) 

anti-PsaA IgG responses (IgG2a ~ IgG1 >>> IgG3), while only G induced high mucosal anti-

PsaA IgA (p ≤ 0.05). Both proliferation and cytokine responses indicates comparable cellular 

responses in spleen for all the treatments, while only G and C induced high responses in mucosal 

tissues. High induction of IL-6 and IL-10 was observed in the mice that received G and C (I.N). 

               PsaA encapsulated Gelatin coated microparticles delivered I.N induced high anti-

pneumococcal responses in both mucosal and systemic sites. The systemic response induced was 

comparable to parenterally delivered microparticles.      
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CHAPTER1 

INTRODUCTION 

Streptococcus pneumoniae is a common respiratory pathogen, and is a most 

common inhabitant of human respiratory tract; It is gram positive, α hemolytic bacteria 

generally present as a group of two or short chains; and often referred as 'pneumococcus' 

(van der Poll & Opal, 2009). This bacterium is carried asymptomatically in a greater 

proportion of population, and any breach to the host's immune system leads 

pneumococcus to cause infections (Hong‐Yin Wu et al., 1997). S. pneumoniae causes 

infections ranging from local non-invasive diseases (Otitis media, sinusitis) to more 

serious invasive infections (pneumonia, bacteremia, emphysema, meningitis) (Musher, 

1992). Pneumococcal infections account for up to 1.6 million deaths each year worldwide 

(Nga Tong, 2013). Most affected populations include infants (<2 years), younger children 

(<5 years), older people (>65 years) and other immune–compromised individuals (eg. 

HIV patients) (Jackson et al., 2004; Jordano et al., 2004; Hausdorff et al., 2005). 

Polysaccharide capsule surrounding the pneumococcus is major factor determining the 

virulence of the S. pneumoniae. Based on the composition and orientation of these 

polysaccharides in the capsule, S. pneumoniae occurs as more than 90 serotypes (Sven 

Hammerschmidt et al., 2005; Weinberger et al., 2009). Other virulent factors include 

exotoxins and surface proteins such as pneumolysin, pneumococcal surface adhesin A 

(PsaA), choline binding proteins, histidine triad proteins etc. (Kadioglu et al., 2008). 
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Antibiotics have been used to control the pneumococcal diseases, however, the antibiotic 

resistance developed in pneumococci make the treatment very difficult (Baquero et al., 

1991; Fenoll et al., 1998; Croucher et al., 2011). Hence, it is prudent to protect the 

penumococcus vulnerable population with vaccines.  

At present, there are three vaccines that are marketed internationally against 

pneumococcal infections; the first vaccine was introduced in 1983, a 23-valent capsular 

polysaccharide vaccine (PPSV-23). PPSV-23 was formulated using polysaccharide 

capsules from 23 serotypes that were then responsible for up to 85-90% of invasive 

pneumococcal diseases (IPD) in the United States. However, this vaccine is poorly 

immunogenic in younger children (< 2 years) due to the inability of polysaccharide 

vaccines to activate T-cell dependent immune responses (Fry et al., 2002; Watson et al., 

2002; Moberley et al., 2013). This T-cell independent nature of polysaccharide antigens 

result in the lack of memory response in children which causes the failure of vaccine in 

the target population. The 7-valent protein conjugate vaccine (PCV-7) was then 

introduced to overcome this limitation. Genetically detoxified diphtheria protein, Cross 

Reactive Material 197 (CRM197) was conjugated to polysaccharides to induce T cell 

dependent responses, and later the serotype coverage was extended to 13 (PCV-13). 

Conjugate vaccine was a huge breakthrough and was able to induce serotype specific 

immune response, and protect against all serotypes that were included in the vaccine. 

However, after the introduction of these vaccines, a significant shift in the demographics 

of pneumococcal disease—serotype replacement was noticed (Duclos, 2012). The 

serotypes that were not dominant pre-PCV introduction, started causing infections 
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(Weinberger et al., 2011). In addition, the disease causing serotypes varies geographically 

(Brueggemann & Spratt, 2003), demanding introduction of different and additional 

serotypes in these vaccines, which in turn pose burden to the healthcare costs. Hence, 

there is an immediate need to develop a universal pneumococcal vaccine that can protect 

infection against all serotypes. 

Pneumococcal surface adhesin A (PsaA), is one of the most extensively studied 

vaccine candidate. PsaA is a 37 KDa lipoprotein, ABC -type transporter involved in 

transport of Mn+2, essential for the survival of pneumococcus (Rajam et al., 2008). PsaA 

is also an adhesin molecules that enables pneumococcal colonization in nasopharynx. 

PsaA is immunogenic, and antibodies developed against PsaA were protective in mice. 

Additionally, PsaA is present in all the serotypes with a minimal structural variance, 

making it an ideal vaccine candidate that could offer protection against all serotypes ( 

Berry & Paton, 1996a ; Talkington et al., 1996; Lawrence et al., 1998; Rajam et al., 

2008).  

S. pneumoniae access human body through the nasal cavity; protection at this site 

would prevent initial colonization. Hence, nasal delivery might offer a direct advantage 

over the other routes (Bogaert et al., 2004). In addition, nasal immunization could 

activate both mucosal and systemic immune responses (Bergquist et al., 1997; Kurono et 

al., 1999). Nasal epithelium is also composed of ciliated epithelial cells, covered by a 0.5-

5µm thick layer of mucus; muco–ciliary clearance—a mechanism adopted to get rid of 

foreign particulates from nasal tract could result in faster clearance (approximately 

25min) of vaccine particles (Marttin et al., 1998; Ozsoy et al., 2009 ).  Hence, the premise 
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of this doctoral research is to design a microparticulated targeted vaccine delivery system 

that can effectively deliver PsaA to nasopharyngeal (NP) epithelium and ensure the 

stability of the same sufficient to generate a robust local and systemic immune response. 

For this, we designed a biodegradable muco-adhesive polymeric microparticulate system 

as a carrier for the candidate vaccine (PsaA). Polycaprolactone (PCL), an FDA approved 

biodegradable polymer that has been widely studied for drug delivery was chosen as 

polymer matrix. Maltodextrin (MD), was included in the formulation to protect protein 

during the process of formulation and lyophilization. Various mucoadhesive polymers 

were coated on to these particles and their ability to improve nasal residence time was 

studied.  

Thus, the main goals of this research project include:                            

a) Develop and characterize PsaA encapsulated PCL/MD microparticles (PsaA-PCL/MD 

MPs).  

b) Formulate and characterize PsaA-PCL/MD MPs coated with various muco-adhesive 

polymers.                                                                                                                 

 c) Study the potential of the mucoadhesive PsaA-PCL/MD MPs to improve nasal 

residence time.                                   

d) Study the potential of mucoadhesive PsaA-PCL/MD MPs to induce immune system in 

vivo after nasal delivery. This includes both innate and systemic immune response. 
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                                                           CHAPTER 2 

                                       LITERATURE REVIEW 

Streptococcus pneumoniae 

 S. pneumoniae was one of the first pathogen that was recognized, isolated and 

characterized. Edwin Klebs first identified S. pneumoniae in 1875 in patient's sputum, 

later George M. Sternberg and Louis Pastuer isolated the organism independently in 

1880. The isolated pathogen is 0.5 microns in size, surrounded by aureole like structure 

and usually occur in pairs. This aureole was later identified as capsule, and is responsible 

for pathogenesis of S. pneumoniae (Gray & Musher, 2008). Younger children (<2years) 

and elderly populations are most vulnerable to pneumococcal infections. S. pneumoniae 

causes various infections (Drijkoningen et al., 2014; O’Brien et al., 2009), Primary 

manifestations include pneumonia, acute purulent tracheobronchitis, otitis media, 

sinusitis and empyema in the local sites close to colonization site. As the pneumococcus 

reaches systemic sites, it leads to more serious manifestations such as meningitis, brain 

abscess, bacteremia, endocarditis, pericarditis, nephrosis, and arthritis (Madhi & Pelton, 

2008; van der Poll & Opal, 2009). S. pneumoniae is responsible for more than 35-50% of 

the community acquired pneumonia cases (Lynch & Zhanel, 2009;). Various treatments 

and vaccines have been used against pneumococcal infections, and are discussed in detail 

below. 

 



6 
 

 
 

Treatment and Management of Pneumococcal Infections 

Early treatment strategies including nonspecific methods aiming to manage pain and 

conserve patient’s health. Oxygen therapy and mechanical ventilation were useful and 

90% oxygen saturation levels revived patients to health. Numerous strategies including 

bleeding, digitalis, morphine, strychnine, quinine etc. were used and renounced. Later 

around 1910 serum therapy was adopted, The New York City Health Department 

proposed the potential of anti-sera specific to pneumococcus, to protect against 

pneumococcal infections (Gray & Musher, 2008). By 1945, with the advent of antibiotics 

serum therapy was replaced by antibiotics. Many antimicrobials such as mercurochrome, 

potassium permanganate, aspirin etc. were tested against S. pneumoniae. Quinine 

derivatives showed a limited success. In 1930's, sulphanilimides were used against these 

infections, Sulfa pyridine was quoted as a " wonderful new drug"  against S. pneumoniae, 

but its uncontrolled use eventually resulted in the development of resistance (Gray & 

Musher, 2008). This was then replaced by penicillin antibiotics that were very effective 

against pneumococcal infection. However, irrational use of penicillin resulted in the 

evolution of penicillin resistant S. pneumoniae (Gray & Musher, 2008). 

Pneumococcal Vaccines 

Whole cell vaccine was the first vaccine used against pneumococcal vaccines 

(Maynard, 1914; Makela & Butler, 2008). In 1891, studies showed that the whole cell 

vaccine induced protective immunity against pneumococcus, and had vaccine efficacy of 

29% at 95% confidence. However at that time, presence of many serotypes was not 
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known and protective levels of these vaccine was very short lived (2-3 months) (Makela 

& Butler, 2008). In 1940's these whole-cell vaccines were replaced by the hexavalent 

purified polysaccharide vaccine, it was withdrawn from market in 1954 due to the wide 

use of antibiotics during this period (Makela & Butler, 2008; Riddiough, 1979). 

Polysaccharide vaccines are made from capsule polysaccharides from different serotypes, 

number of serotypes included in vaccine define its valency. In 1977, the 14-valent 

pneumococcal PS vaccine (Pneumovax) was licensed in US (Makela & Butler, 2008). 

Further, knowledge on serotype distribution of disease causing pneumococcus, led to the 

development of a 23-valent pneumococcal PS vaccine, which was produced by Merck 

(Pneumovax-23) and approved in 1983 for use in US and Canada (Makela & Butler, 

2008). Polysaccharides are T-cell independent antigens and hence are weak immunogens, 

and the elicited immune response is—mostly IgM mediated, short lived, little or no 

memory response; particularly in the infants ( Beuvery et al., 1982; Mond et al., 1995; 

Toellner et al., 2002; 23-valent pneumococcal polysaccharide vaccine. WHO position 

paper.,” 2008; ;). In a trial conducted in children, vaccine efficacy (VE) of 37% was 

shown in children  vaccinated with 14-valent PS vaccine (Riley et al., 1986). The drop in 

VE in children as compared to adults was reported, and indicates the vaccine failure in 

the former. This indicated the need for a long lived potential pneumococcal vaccine. 

Conjugating the PS to protein could induce T-cell dependent responses, hence 

more potent immune induction could be achieved. In 2000, seven valent pneumococcal 

conjugate vaccine (Prevnar/PCV 7) was licensed. It is composed of  capsular PS from 

serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F conjugated to non-toxic diphtheria toxin 
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(Pneumococcal conjugate vaccine for childhood immunization--WHO position paper., 

2007). This vaccine coverage was increased to 10 and 13 valency to cover emerging 

serotypes, and serotypes that are widespread in other geographical locations (Waight et 

al., 2015). These vaccines have been really efficient in inducing immunity against 

serotypes that were included in the vaccine, however the overall carriage remained same 

(Pletz et al., 2008; Weinberger et al., 2011; Duclos, 2012; Feikin et al., 2013; Waight et 

al., 2015). This is due to an increase in serotypes that causes infection, apart from which 

were earlier prevalent. In a study conducted in Massachusetts, PCV-7 vaccine serotypes 

accounted for only 14% of carriage strains in 2004 compared to 36% in 2001, indicating 

the occurrence of serotype replacement (Huang et al., 2009). Hence, there still is a need 

to develop a vaccine that is potent, and can protect against all the serotypes. 

Potential Pneumococcal Vaccine Candidates 

A successful pneumococcal vaccine should induce antibodies that either 

neutralizes the activity of virulent factors and bind to bacterial surface causing 

opsonization of pathogen. Virulent factors and surface proteins are hence considered as 

potential vaccine candidates. These antigens can be identified by applying biochemical 

and genetic engineering methods and their role in disease pathogenesis deduced. 

Immune-screening methods can also be used to determine potential vaccine candidate, 

where the protective monoclonal sera was used to screen whole bacterial proteome for 

proteins that react with specific sera. Recent advances in bioinformatics could help in 

identifying protein with specific gene motifs that could be a potential immunogen.  

Protein Vaccine Candidates  
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With the success of hepatitis B protein vaccine, the concept of proteins as vaccine 

candidates has gained promise. Various proteins present in the S. pneumoniae have been 

considered as potential vaccine candidates. 

Pneumolysin (Ply). Ply is one of the first vaccine candidate identified for S. 

pneumoniae. It is a 53 KDa protein belonging to cholesterol dependent cytolysin (CDC) 

family. Ply acts on membrane cholesterol causing cytolysis—important to ensure 

bacterial growth in host cells. Pneumolysin is a cytoplasmic protein that is released 

during bacterial lysis, and has major role in host cell cytotoxicity and could activate 

direct complement pathway (Rossjohn et al., 1998). Amino acid sequence and protein 

structure of Ply is highly conserved among all the serotypes, and could protect against 

infections caused by all serotypes (Yun, Lee, Choi, & Lee, 2015). Monoclonal antibodies 

against Ply could protect against the toxin and improve survival time of mice challenged 

with S. pneumoniae type 2 (García-Suárez et al., 2004). Even though naïve Ply 

vaccination is protective against pneumococcal infection, it is highly toxic and cause 

pneumococcal pneumonia like condition, hence, use nontoxic derivatives such as 

inactivated Ply toxoid was suggested (Boulnois et al., 1991; Paton et al., 1991). PdB is 

the most studied Pneumolysin toxoid, which could protect against at least 9 out of 12 

serotypes tested, however, the percentage survival was less than 50% for 5, 7F, 8, 18c, 

and 1, 3 when mice were challenged I.P and I.N respectively, a superior protection was 

achieved after nasal challenge compared to the peritoneal route. This study shows that 

despite the prevalence of Ply with less variance in serotypes, the immune response 

generated is not similar in all serotypes (Alexander et al., 1994). 
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Pneumococcal surface adhesin A (PsaA). PsaA is a 37 KDa protein belonging to 

ABC transporters, involved in transport of Mn+2 to bacterium required for its survival 

(Dintilhac et al., 1997). The PsaA was identified as an adhesin, playing a major role in 

pneumococcal colonization with 80% reduction in carriage reported in PsaA- mutants 

(Berry & Paton, 1996b). Even though x-ray crystallography showed no presence of PsaA 

on cell surface, and that capsule layer prevents the exposure of cell membrane associated 

PsaA in encapsulated stains (Johnston et al., 2004), it was later demonstrated that the 

bacterium undergoes changes between transparent (less capsular carbohydrate layer) and 

opaque (thick capsule) phases during the process of pathogenesis. The pneumococci 

isolated from nasopharyngeal cavity is transparent indicating the exposure of PsaA on 

bacterial surface lacking capsule ( Hammerschmidt et al., 2005). Rajam et al. reported 

that PsaA binds to nasopharyngeal epithelium (NP) with a 28 amino acid (P4) peptide 

binding domain (Rajam, et al., 2008).  Anti-PsaA antibodies reduced the bacterial 

adherence to NP further suggesting the role of PsaA in NP colonization (Romero-Steiner 

et al., 2003a). Zhang et al. (2005) reported that a high titer of anti-PsaA antibodies were 

identified in children aged 2 to 12 years colonized with S. pneumoniae. PsaA is also a 

major virulent factor, PsaA- mutant has significantly less virulence compared to parent S. 

pneumoniae D39 strain in I.P challenged mice model (Berry & Paton, 1996b). PsaA 

administered in non lipidated form or in the presence of adjuvants such as cholera B toxin 

and microalginate microspheres elicited significant protection against pneumococcal 

infections (Briles et al., 2000; Pimenta et al., 2006;  Seo et al., 2002). PsaA is present in 

all the serotype and its structure is conserved, among the 88 strains tested, 10% strains 
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exhibited minor variance, highlighting PsaA as a potential vaccine candidate (Sampson et 

al., 1997).  

Pneumococcal surface protein A (PspA). PspA is a choline binding surface 

protein (67-99 KDa) assisting bacterial adherence to host cell through proline rich C-

terminal motif (Yother & White, 1994). PspA interferes with host’s alternative 

complement path by blocking the C3 deposition on pneumococci, which in turn prevents 

opsonophagocytosis of pneumococci (Ren et al., 2012; Szalai Bullard et al., 2017). PspA 

also has ability to bind lactoferrin—a bacteriostatic agent and thus block its direct contact 

with S. pneumoniae (H Wu et al., 1997). PspA is a major virulent factor, PspA- mutants 

of S. pneumoniae D39 and WU2 are cleared from blood of infected mice rapidly 

(McDaniel et al., 1987; Briles et al., 1997). Intra–nasal immunization with PspA induced 

a long lasting immunity and protected mice against S. pneumoniae R36A induced 

carriage, pneumonia and sepsis (H Wu et al., 1997). Based on the amino acid sequence in 

the α-helical region of PspA, pneumococci are classified to six clades and 3 families. 

Families 1 and 2 accounts for 94-99% infections in United states and only share 54% 

homology (H Wu et al., 1997).  

Pneumococcal surface protein C (PspC). PspC is also a choline binding protein 

(cbpA) with molecular weight in the range of 69 to 120 KDa, playing important role in 

pneumococcal adherence and carriage in the nasopharynx. PspC specifically bind to pIgR 

receptor that enables adhesion and transport of pneumococci to the mucosal epithelium 

(Wu et al., 1997). PspC- mutants showed reduction in pneumococcal proliferation in 

lungs and blood (Balachandran et al., 2002; Iannelli et al., 2004). PspC also binds to 
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complement component C3 and human serum factor H, preventing alternate pathway 

mediated opsonization (Kerr et al., 2006). PspC thus has role in colonization, invasion 

and evasion of complement system (Kerr et al., 2006). Similar to PspA, PspC structure is 

not conserved among all the strains, PspC is divided in to 11 groups based on genetic 

variations (Kerr et al., 2006).   

Pneumococcal histidine triad proteins (Pht). Pht is also a surface protein with 

molecular weights in the range of 77 to 88 KDa. These proteins are characterized by the 

presence of histidine triad motif HXXHXH that repeats four to five times. Pht was 

identified using computer aided screening of pneumococcal genome (Beghetto et al., 

2006); Pht A, Pht B, Pht D and PhtE are paralogs of this gene (Adamou et al., 2001). Pht 

proteins are believed to be involved in pneumococcal adherence, complement evasion 

and Zn+2 ion homeostasis ( A. D. Ogunniyi et al., 2009; Melin et al., 2010; Loisel et al., 

2011; Kallio et al., 2014). Adamou et al. reported that recombinant PhtA, PhtB and PhtD 

protected against serotype 6B, however the response elicited by Pht is highly variable in 

other serotypes (Adamou et al., 2001). Role of PhtD and PhtE as adhesins and potential 

vaccine candidates has been suggested by Khan et al. (Nadeem Khan et al., 2012; Khan 

& Pichichero, 2013). Pht structure is also highly conserved among all pneumococcal 

serotypes (Yun, et al., 2015).  

Pneumococcal protective protein A (PppA). PppA is a 20 KDa protein that can be 

recovered by washing pneumococcal cells with phosphate buffered saline (PBS). 

Structure of PppA is conserved among all the serotypes (92-97%), however the 

pathological role of PppA was not yet understood. Anti-pppA antibodies demonstrated 
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ability to reduce bacterial colonization. Recombinant Lacticacid lactis strain with surface 

expressed PppA was able to induce protective immunity against nasopharyngeal 

colonization (Medina et al., 2008).  

Neuraminidase (Nan). Neuraminidase is an enzyme that cleaves terminal N-acetyl 

neuraminic acid residues in the mucin. Two types of these enzymes have been identified 

in S. pneumoniae so far, Nan A (100 KDa) and Nan B (75 KDa) ( Tai, 2006; Moffitt & 

Malley, 2011). The Nan is believed to remove terminal sialic acid residues from mucin 

and has an important role in nasal colonization (Parker et al., 2009); Nasopharyngeal 

adherence is impaired in Nan A- mutants, while a pretreatment with recombinant 

Lacticacid lactis expressing Nan A restored the adherence in S. pneumoniae D39 strain 

(Brittan et al., 2012). Nan A have been studied as a vaccine candidate, however, Nan A 

also has highly variable sequence that limits its use as vaccine. Nan A immunized mice 

were partially protected against nasopharyngeal colonization and otitis media ( Parker et 

al., 2009; Brittan et al., 2012). 

Other protein vaccine candidates. Many other proteins such as pneumococcal 

autolysin (Lyt A) and iron transport proteins (PiuA and PiaA) have also been studied for 

their vaccine potential against pneumococcal infections. Among all the proteins 

discussed, based on the sequence homology and immunogenicity, PsaA, Ply, PspA, 

PspC, and PhtD have greater potential as vaccine candidates. Combination of these 

proteins were studied in many cases indicating superior immune response in combination 

vaccine compared to individual antigens (Palaniappan et al., 2005; Ogunniyi et al., 2007). 

Nucleic Acids  
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Further, DNA expressing these proteins were also studied as vaccine candidates. 

Daniela et al. reported that DNA encoding PspA was able to mediate protection against 

nasopharyngeal colonization in mice (Ferreira et al., 2010). Xu et al (2011) studied the 

role of DNA encoding PsaA encapsulated in chitosan nanoparticles to protect against NP 

colonization. Mice that received chitosan encapsulated PsaA particles showed superior 

systemic and mucosal immune responses compared to mice that received naked DNA and 

chitosan alone (Xu et al., 2011a).   

Vaccine Vectors  

Live vaccine vectors as vaccines against S. pneumoniae has also been studied. 

Salmonellae, Lactobacillus and viral vectors are used to deliver various pneumococcal 

proteins such as PspA, PsaA, Ply etc.(Shifeng Wang & Curtiss III, 2014; Alderson, 2016) 

Whole Cell Vaccines  

Potential of live attenuated S. pneumoniae as vaccine has been studied 

extensively. Roche et al. developed attenuated strains of S. pneumoniae 6A/4 isolates by 

removing genes encoding capsule (cps), Ply and PspA; cps and Ply/PspA mutants were 

significantly attenuated without losing nasal colonization potential, and these mutants 

could induce serotype non-specific mucosal and systemic response, in addition cross 

protect across different strains (6A  and 4) (Aoife M Roche, King, & Weiser, 2007). 

Attenuated strain developed by Jason et al. that lack ftsY (signal recognition component) 

could induce protection against otitis media, pneumonia, sinusitis and invasive infection 

independent of the serotype (Rosch et al., 2014). Pep27 (autolysis inducing factor) 

mutant could reduce the virulence of the S. pneumoniae D39 parent strain, and 
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vaccination with this strain induce protective IgG responses in a serotype independent 

manner ( Kim et al., 2012; Choi, etal., 2013). 

Proteins as Vaccine Candidate 

Protein vaccines are one of the most studied classification of subunit vaccines. 

Antigens of the target pathogen that could potentially induce immune response, and offer 

protection against invading pathogens are studied as vaccine candidates. Current 

advances in recombinant DNA technology enables economical ways to produce ample 

amounts of purified antigenic proteins, in addition synthetic chemistry can also be used to 

produce these proteins. Currently there are 3 marketed protein vaccines in the US 

(“Hepatitis B vaccines. WHO position paper,” 2009; “Human papillomavirus vaccines: 

WHO position paper, May 2017,” 2017). Viral envelope protein Hepatitis surface antigen 

(HBsAg) based vaccine against hepatitis B infection was first licensed recombinant 

protein vaccine. It was a blood derived vaccine, where blood collected from high risk 

individuals was treated to retain only the HBsAg and then administered as vaccine. This 

was later replaced by a yeast generated HBsAg protein vaccine using rDNA technology 

(Hepatitis B vaccines. WHO position paper, 2009). Traditional vaccines such as whole 

cell vaccines and live attenuated vaccines often had safety concerns, recombinant 

proteins offer an alternative to these vaccines, however, recombinant proteins alone are 

weak immunogens and require use of an adjuvant to induce optimum immune responses 

(Pérez et al., 2012). Adjuvants can be classified in to two categories 1) 

Immunostimulatory such as alum and cholera toxin, and 2) Vaccine delivery system such 
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as microparticles and nanoparticles. The particulate carriers derived from biodegradable 

polymers are safer compared to immunostimulatory adjuvants, and can be tailored to 

induce desired immune response (O’Hagan & Singh, 2003), a detailed advantages of 

particulate vaccines are described below.  

Particulates for Delivery of Vaccines 

Particulate vaccines are favorably taken up by the immune cells over the soluble 

antigens possibly due to their particulate nature that mimics bacteria. This is because the 

size of the particulate vaccine typically ranges from few hundred nanometers to a few 

microns and are comparable to that of infecting pathogens. These particles are taken up 

by either classic endocytosis, macropinocytosis or phagocytosis depending on the size 

and nature of the particle, which in turn determine the type immune response developed 

(Foged et al., 2005). Particulate carriers protect the antigenic components from 

proteolytic degradation, and has other advantages such as: 1) delivering large quantities 

of antigens, 2) controlled release, 3) possibility of functionalization and addition of 

targeting ligands to the carrier surface, and/or 4) co-delivery of both antigens and 

immuno-stimulatory compounds to the immune cells. Microparticules has been reported 

to enhance the immune responses against encapsulated antigen, B. D’Souza et al., 2015 

reported that microparticulate formulation resulted in an enhanced immune responses 

against the encapsulated pneumococcal polysaccharide. Antigen may be encapsulated in 

to the particles or coated on the surface of particles based on the physicochemical 
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properties of both encapsulating polymer and antigens (De Temmerman et al., 2011). 

Various particulates that have been used as vaccine delivery systems are described below: 

Liposomes  

Liposomes are bilayered vesicular structures with inner aqueous core surrounded 

by lipid layer, derived from amphiphilic lipid molecules. Liposomes typically fall in the 

size range of 25nm to few microns. Liposomes stimulates TH1 mediated response, In 

contrast to alum that induces TH2 biased response (Aramaki, 1995; Altin & Parish, 2006). 

Lipids forming liposomes can be tailored to target receptors on immune cells such CD1 

and TLR4 (Needham & Trent, 2013; Kawasaki et al., 2014). Human papilloma virus 

(HPV) HPV 16 E7 protein encapsulated in Liposome polycation DNA (LPD) carrier 

particles was able to induce strong and robust humoral and cellular immune response 

causing complete regression of cancer in mice model (Cui & Huang, 2005). Liposome 

system AS01 was shown to enhance adaptive immune responses in human subjects 

(Didierlaurent et al., 2014). 

Dendrimers  

Dendrimers forms a new class of highly branched molecules, with a central core 

molecule attached to branching units symmetrically. Presence of well-defined function 

groups in the periphery enables the possibility of multivariate presentation and improves 

antibody avidity (Hong et al., 2007;  Heegaard et al., 2010; Myung et al., 2011, ). 

Dendrimers produced using peptides is called multiple antigenic peptide system (MAP 

system) with a lysine core, and is extensively investigated for vaccine delivery ( Tam, 
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1988); MAP can be further tailored to improve adjuvancy. Lipid-containing MAPs act as 

a built in adjuvant, MAP system containing core lysin coupled to tripalmitoyl-glyceryl 

was able to induce both humoral and cell mediated immunity against HIV derived 

peptide in mice ( Tam, 1996). A MAP-based malaria vaccine was tested  in phase I 

clinical trials, which was later discontinued due to scale up issues (Nardin et al., 2001). A 

MAP based vaccines against pneumococci, developed using putative NP binding 

domains of PsaA, P1, P2, P3 and P4 was able to achieve pneumococcal clearance and 

significant neutralizing antibody response (Johnson et al., 2002; Ades et al., 2005). 

Emulsion  

Two or more immiscible liquids forms emulsion in the presence of a stabilizing 

emulsifier. MF59 and AF03 are squalene based emulsions that have been approved for 

use as adjuvants in vaccines. MF-59 is safe and potent adjuvant and is accepted in more 

than 20 countries (FluadTM) (O’Hagan, 2007). MF-59 adjuvanted flu vaccine was 

approved in Europe in 1997. MF-59 encapsulated meningococcal B protein in 

conjugation with TLR 4 agonist E6020 induced strong CD-4 responses when 

administered intra–muscularly (I.M) (Singh et al., 2012). Af03 is used as adjuvant in 

HumenzaTM. TL4 agonist (GLA) and recombinant hemagglutinin (HA) encapsulated 

emulsion is currently under phase 2 clinical trials against influenza, addition of GLA 

enhanced the anti-HA antibody titer following I.M administration in healthy adults 

(Treanor et al., 2013). 

Immuno-stimulating Complexes (ISCOMs)  
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ISCOMs are formed from cholesterol, saponin, phospholipid and viral envelope 

proteins. ISCOMs were first developed by Morein et al, using membrane proteins from 

para-influenza-3 (PI-3), measles and rabies viruses, which were able to induce antibodies 

against poorly immunogenic proteins like fusion (F) proteins (Morein et al., 1984). 

ISCOMS are hollow, spherical, cage-like particles that have a heterogeneous size 

distribution typically around 40 nm in diameter and are usually negatively charged. Cell 

wall or membrane proteins are amphipathic molecules that can bind to the ISCOMs via 

hydrophobic interactions. However, relatively less hydrophobic recombinant proteins can 

be conjugated to ISCOMS by temporarily exposing the reactive hydrophobic portions 

(Bror Morein et al., 1990). In a study conducted by Verschoor EJ et al, rhesus monkeys 

that received rgp120 incorporated  ISCOMS yielded faster response against HIV 

infection compared to rgp120 incorporated in MF9 as indicated by the release of 

cytokines; both the protein and DNA incorporated in to ISCOMs protected monkeys 

against the HIV infection (Verschoor et al., 1999). Particle nature, organized structure 

and other components like the lipids, saponins present in ISCOMS enhance their ability 

to be taken up by the cells. 

Virosomes  

Virosomes are novel vaccine carrier systems that mimics natural viruses but they 

lack genetic material. Hence virosomes possess the immunogenic nature of viral envelope 

but lacks the ability to cause infection due to lack of genetic material. Virosomes are 

typically prepared by surfactant based removal of genetic material, followed by 

reconstitution of envelope proteins along with the encapsulating antigen. Virosome may 
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be used as a vaccine by itself or any vaccine candidate that are of non-viral origin could 

me encapsulated. Intact surface proteins facilitates virus like uptake of virosomes (Gluck 

et al., 1992; Glück, Moser, & Metcalfe, 2004). Inflexal V is a trivalent influenza vaccine, 

virosome based vaccine licensed in more than 20 countries.It constitutes viral proteins 

from 3 different strains of influenza virus. These virosomes were well tolerated in all 

populations and reduced the required dose of antigen by up to 200 times (Mischler & 

Metcalfe, 2002). 

Virus like particles (VLPs)  

Virus like particles are similar to virosomes, however the manufacturing 

techniques are different. Virus like particles are prepared by genetic engineering, where 

viral genes encoding the protein capsid structure are introduced in to expression systems 

like E.coli, plants, yeast etc. to produce virus like particles that lack genetic material (Roy 

& Noad, 2008).  There are many approved VLPs in market against diseases such as 

Hepatitis B (Engerix, Recombivax) and cervical cancer (Cervarix, Gardasil) (Roldão et 

al., 2010). VLP-based vaccines for Influenza, Norwalk and Parvovirus are under clinical 

and preclinical evaluation (Roldão et al., 2010). Gardasil demonstrated 100% efficacy 

against both strains of human papilloma virus causing cervical cancer (“Nat Biotech,” 

2007). 

Polymeric Particulate Vaccines  

Biodegradable polymers commonly used for preparing polymeric particulates are 

aliphatic polyesters such as poly lactic acid (PLA), poly glycolic acid (PGA), and poly e-
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caprolactone (PCL), polyanhydrides, poly hydroxybutyrate (PHB) and their copolymers 

(Almeida et al.,1993; Devineni et al., 2007; Pawar et al., 2010). These particles are 

generally prepared by techniques such as solvent evaporation, precipitation, spray drying 

and complex coacervation. PLGA is one of the well-studied polymer for vaccine carrier. 

Hagan et al demonstrated the ability of PLGA encapsulated ovalbumin (OVA) to induce 

production of serum IgG antibodies was superior to that of OVA emulsified in Freund's 

adjuvant for 12 weeks, and the antibody titers were comparable in both the formulations. 

Antigen encapsulated in particulates favors prolonged antigen presentation in dendritic 

cells compared to soluble antigens (Waeckerle-Men & Groettrup, 2005). PLGA however 

releases acids on degradation that are detrimental to protein. On the other hand, PCL has 

good permeability to proteins, furthermore PCL degrades very slowly and does not 

generate an acidic environment. In vitro release studies of PCL particles showed a release 

for up to 6 months and the pH of the release medium was unaltered, making it a choice of 

polymer for long term delivery of antigen. In vivo studies carried out in rat showed that 

one dose of BSA-loaded PCL microspheres generated an immune response comparable 

to that of conventional three dose schedule (Jameela et al., 1997). PCL micoparticles co-

delivering BSA and muramyl peptide was able to induce protective immunity and the 

structural integrity of both the components were preserved from harsh gastric secretions 

(Youan et al., 1999). Microspheres prepared from PCL and PLGA blends were developed 

as vaccine delivery system against brucellosis. Adding PCL to the PLGA reduced the 

protein release kinetics and the acidification caused by hydrolysis of PLGA. PCL 

particles also showed a higher uptake by J744-macrophages and induced immune cell 
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respiratory burst, suggesting the potential of PCL particles as vaccine carriers (Jameela et 

al., 1997b). Antibody response to mucosally delivered Diphtheria toxin was greater with 

PCL particles compared to PLGA particles. Synthetic polyanhydrides, such as poly 

methyl vinyl ether-co-maleic anhydride (PVM/MA) can also be used to develop potential 

vaccine carriers due to their bio-adhesive property and lower toxicity (Arbós et al., 2002; 

Tamayo et al., 2010). Several polysaccharides such as alginate, inulin, hyaluronic acid 

and chitosan were also studied for their vaccine delivery potential ( Layton et al., 2011; 

Mata et al., 2011; Verheul et al., 2011). Chitosan has been  extensively studied as a 

vaccine delivery system, due to its mucoadhesive and immuno-modulatory properties, 

particularly for mucosal delivery (Gorzelanny et al., 2010; Marchand et al., 2010).  Single 

immunization with monovalent influenza A subunit using trimethyl chitosan 

nanoparticles resulted in strong hemagglutination inhibition and antibody responses 

(Amidi et al., 2007). Harsh manufacturing conditions and lack of direct immuno-

stimulatory effects limits the use of these polymeric particulates as vaccine carriers. 

Various excipients like sugars, amino acids, surfactants and albumins have been 

investigated for their role in protecting antigen from degradation during encapsualtion, 

and various immunostimulatory components can be incorporated to make the particulates 

immunostimulatory.   

Nasal Delivery of Polymeric Particulate Vaccine 

Streptococcus pneumoniae is a mucosal pathogen that access the human body 

through nasal passages; if vaccine could induce immunity along the nasopharyngeal tract, 
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this can in turn protect from initial colonization and from subsequent systemic 

pneumococcal infection. Furthermore,  mucosal route of vaccination induces both 

mucosal and systemic immune systems (Bergquist et al., 1997; Kurono et al., 1999). 

Nasal route is the most accessible mucosal route, with very little enzymatic activity, no 

acid degradation and porous epithelia compared to the oral route. Nasal vaccination also 

has potential to induce immune response at other mucosal effector sites, such as 

urogenital and gastrointestinal tracts.  However, mucociliary clearance—body's defense 

mechanism to protect from particulates toxins and bacteria clears particulates from nasal 

mucosa very frequently (Marttin et al., 1998; Ozsoy et al., 2009). Hence, we need a 

mechanism that could help particulates withstand mucociliary clearance and reach 

epithelia for being taken up.  

Mucoadhesive Agents 

Particulates formulated from biodegradable materials such as PCL, PLGA alone 

may not withstand nasal muco-ciliary clearance. Polymers such as chitosan, gelatin and 

alginate have good mucoadhesion properties, and hence have prolonged residence time 

on nasal mucosa thus allowing enough time for vaccine uptake by effector immune cells. 

However, particles prepared directly using mucoadhesive polymers such as chitosan, 

gelatin have poor encapsulation and faster release of vaccine molecule compared to PCL 

and PLGA particles. Hence, coating conventional particles with mucoadesive agents like 

PEG, chitosan, gelatin and alginate may increase residence time of these particles on 
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mucosal surfaces  without compromising encapsulation and release properties ( Li et al., 

2008; Lai et al., 2009; Pawar et al., 2010; Pawar et al., 2013). 

Chitosan  

Chitosan [2-amino-2-deoxy-(1→4)-β-d-glucopyranan] is a non-toxic (LD50 > 

16g per Kg in mice) linear cationic polysaccharide produced from chitin, by 

deacetylating its acetamido groups (Paul et al., 2000). It is a positively charged polymer 

and the interaction with mucin is widely mediated through electrostatic interactions, 

hydrogen bonding and hydrophobic interactions are also involved in mucoadhesion 

(Sogias et al., 2008). Chitosan also slows down muco-ciliary clearance (Soane et al., 

2001). Positively charged chitosan also absorbs the moisture from the epithelial tight 

junction resulting in transient opening of epithelial tight junctions and thus provide a 

paracellular route of transport (Artursson et al., 1994; Dodane et al., 1999). Chitosan was 

also reported to possess adjuvant activity to potentiate humoral and cell mediated 

immune responses ( Gong et al., 2015; Carroll et al., 2016). Chitosan nanoparticles are 

taken up by antigen presenting cells effectively (Koppolu et al., 2013). Low cost, 

biodegradability, and biocompatibility of chitosan has led to increased use of this 

polymer in drug delivery.  

Chitosan formulation improved the immunogenicity of various antigens such as 

inactivated NIBRG-14 (H5N1) subunit antigen, diphtheria toxoid, luteinizing hormone 

releasing hormone (Smith et al, 2014). Soane et al., 2001 reported that chitosan particles 

exhibited more retention in sheep nasal tract compared to chitosan solution, suggesting 

potential of chitosan particulates for nasal drug delivery. Chitosan and matrix protein 1 
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(M1) were able to protect mice against lethal doses of  H9N2, H1N1 and H5N1 viruses 

(Sui et al., 2010).  Positively charged chitosan can easily interact with negatively charged 

DNA and thus can be a useful tool in delivering DNA vaccines. Chitosan when 

administered along with  DNA encoding a viral protein from coxsackievirus B3, a 

significant induction of  mucosal sIgA and serum IgG was observed  ( Wang et al., 2013). 

Various water-soluble derivatives of chitosan such as trimethyl chitosan (TMC) and 

glycol chitosan were synthesized and have been very well studied for vaccine delivery. 

Glycol chitosan nanoparticles delivering hepatitis B surface antigen (HBsAg) intra–

nasally (I.N) was able to induce both systemic and mucosal immune response as opposed 

to alum adsorbed antigen delivered I.P that induced only systemic immunity (Pawar & 

Jaganathan, 2016). 

                       Chitosan particles have faster release kinetics.  Al-Qadi et al. 

(2016) reported that Chitosan nanoparticles released 100% of encapsulated insulin within 

2 hours. Hence, to impart sustained release, chitosan is coated on biocompatible sustained 

release particulates. Pawar et al. (2013) reported that HBsAg encapsulated PLGA 

particles coated with chitosan and its derivatives elucidated effective mucosal and 

systemic immune responses when given I.P (Pawar et al., 2013). Chitosan coated 

emulsions and liposomes also showed efficient vaccine potential (Nagamoto et al., 2004; 

Channarong et al., 2011). 

Alginate.  
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Alginate refers to series of unbranched polyanionic polysaccharides of D-

mannuronic acid (M) and L-guluronic acid (G) units linked by a 1- 4 linkage isolated 

mainly from brown algae (Draget et al., 2005; Rinaudo, 2008). Alginate was enlisted 

under "Generally regarded as safe" (GRAS) category by US FDA, and is commonly used 

as thickening, stabilizing and gelling agent in pharmaceutical formulations. The use of 

alginate in drug delivery systems has been gaining prominence owing to its bioadhesive 

and gelling potential (Tønnesen & Karlsen, 2002; Patil & Sawant, 2009; Swain et al., 

2012; Sarei et al., 2013; Sosnik et al., 2014). It is to be noted that mucoadhesion of 

polyanions such as sodium alginate is more prominent compared to polycations and 

neutral charged polymers. The carboxylic acid and hydroxyl groups on alginate facilitate 

hydrogen bonding to mucin. However, studies investigating alginate for mucosal delivery 

is relatively scarce compared to chitosan. Alginate similar to chitosan, has short term 

release; alginate particles release at least 80% of its content with in 72h (Lemoine et al., 

1998) . To overcome this, researchers modified the surface of other polymeric 

nanocarriers  with alginate (Borges et al., 2008; Haidar et al., 2008). 

Alginate also possess adjuvant effect on vaccine. Encapsulation in alginate 

nanoparticles resulted in at least 4 fold increase in antibody response against diptheria 

toxoid (Sarei et al., 2013). Alginate microspheres encapsulating pig serum albumin were 

able to induce mucosal and systemic immune responses only when delivered intra–

nasally but not in oral delivery (Rebelatto et al., 2001). UEA1-lectin conjugated alginate 

was used to coat the chitosan nanoparticles to target the particles to Microfold cells of gut 

associated lymphoid tissue (GALT). These surface modified particles induces efficient 
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systemic and mucosal immune responses against encapsulated BSA (Malik et al., 2012; 

Shujing Wang et al., 2015). Tetanus toxoid encapsulated alginate microspheres was able 

to induce higher serum IgG and mucosal sIgA titers compared to tetanus toxoid in 

solution (Tafaghodi & Rastegar, 2010; Shujing Wang et al., 2015).  

 

Gelatin  

Gelatin is a denatured protein, obtained by partial acid or alkaline hydrolysis of 

animal collagen. Gelatin is GRAS excipient, and have been used in pharmaceuticals, 

cosmetics, as well as food products for a long time (Baziwane & He, 2003). It is also 

used as stabilizer in protein formulations and vaccines. Gelatin is biocompatible, 

biodegradable polymer, cheap and readily available. Arg-Gly-Asp (RGD) sequences that 

modulate cell adhesion are present in gelatin that improve its overall bioadhesion 

(Elzoghby, 2013). Gelatin also possess many functional groups that can be modified for 

targeting purposes. 

Gelatin possess mucoadhesive potential ranging in between alginate and chitosan 

(Yadav et al., 2010). Owing to its mucoadhesion, gelatin was used in combination with 

alginate, carbapol and chitosan to deliver drugs through mucosal routes such as buccal, 

oral and rectal routes (Ofokansi et al., 2007; Kotagale et al., 2010;Abruzzo wt al., 2015). 

Nakaoka et al. (1995) demonstrated the role of gelatin microspheres as immunological 

adjuvant to improve both humoral and cellular responses against antigen. Gelatin particle 

had a significant uptake in murine bone marrow dendritic cells (DCs) and can be 



28 
 

 
 

potentially used for targeting DCs (Coester et al., 2006). Tetanus toxoid loaded gelatin 

nanoparticles administered subcutaneously (S.C) significantly improved humoral and 

cellular immune -responses compared to alum adsorbed antigen (Sudheesh et al., 2011). 

Additionally Florindo et al prepared S. equi encapsulated PCL microparticles, 

coated with mucoadhesive polymers chitosan and alginate and tested their vaccine 

potential; these mucoadhesive particles have enhanced immune stimulation when 

administered I.N, compared to antigen given along with cholera toxin B delivered I.N 

(Florindo et al., 2009). In this doctoral research, PsaA encapsulated mucoadhesive 

PCL/MD MPs were prepared using alginate, gelatin and chitosan polymers to coat 

PCL/MD MPs. The resulting particles are tested for their mucoadhesion and 

immunogenicity.
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CHAPTER 3 

DEVELOPMENT AND PHYSICOCHEMICAL CHARACTERIZATION OF 

MUCOADHESIVE PCL/MD MICROPARTICLES  

Introduction 

Vaccines play a major role in the health care industry; majority of the marketed 

vaccines are live attenuated and killed vaccines are successful. Other categories of 

vaccines include viral vector vaccines and subunit vaccines. Even though live vaccines 

are potent, their safety is a concern considering the possibility of pathogen reverting to its 

active form. On the other hand, subunit vaccines such as DNA, protein and 

polysaccharide vaccines are considered safe but are not potent, that necessitates the use of 

a proper adjuvant. Adjuvants can be broadly classified to 1) immune potentiating 

adjuvants and 2) Vaccine delivery systems. Former activates specific ligands and in turn 

the immune system, while the later protect the antigen integrity, enhances uptake and 

prolong antigen presentation to activate immune system (O’Hagan & Singh, 2003; 

Awate, Babiuk, & Mutwiri, 2013; Mohan, Verma, & Rao, 2013). Commonly used 

adjuvants such as aluminum salts act by activating humoral responses, while a balanced 

humoral and cellular responses are required for the elimination of pathogens. Delivery 

systems such as micro particles on the other hand can be modified as needed to achieve
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determined immunity (O’Hagan & Singh, 2003). Various ligands can be conjugated to 

the particles guiding the localization across various receptors of the immune cells 

favoring desired response. In addition, particle physiochemical factors and release 

properties can be altered to achieve desired stability and release kinetics of the entrapped 

antigen.  

Polycaprolactone is a polyester biodegradable polymer, approved by FDA for use 

as implants in humans. Polycaprolactone has been well studied for developing polymeric 

delivery systems for both small and large molecules. Polycaprolactone is hydrolyzed by 

endogenous esterases in the human body (Brugmans, 2015). However this degradation 

does not produce acids as in Poly (lactic-co-glycolic acid) (PLGA), that could be 

detrimental to encapsulated molecule (Jameela, Suma, & Jayakrishnan, 1997a). 

Polycaprolactone / maltodextrin microparticles (PCL/MD MPs) has been extensively 

studied for its potential to  deliver protein (Devineni et al., 2007).  

Size of the particulate vaccine determines the site of localization. At appropriate 

size, particle deposition in the upper respiratory tract could activate the Nasal associated 

Lymphoid Tissue (NALT) located in this site. Particles in the size range of 1 to 5 µm get 

deposited in the upper respiratory tract including the nasal tract and nasopharynx that 

forms the NALT (Inthavong, Ge, Se, Yang, & Tu, 2011; Kuehl et al., 2012). Hence, we 

optimized our formulation to achieve particles at the size range of 1–5 µm. The 

optimization was performed using jmp Pro's design of experiments (DoE). Design of 

experiments provides a useful tool to study the role of various process parameters on the 

formulation's clinical quality attributes (D’Souza et al., 2015). Jmp pro's DoE allows us 
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to develop a 3-dimensional design space accounting for possible second and third degree 

interactions between variables along with the individual effects. W/O/W double emulsion 

solvent evaporation method is used to prepare PCL/MD micro particles (MPs). Based on 

previous optimization data—concentration of PCL & polyvinyl alcohol (PVA) solutions, 

oil phase to internal water phase & external water phase to oil phase volume ratios, and 

stirring speed were selected as variables, while other parameters are maintained constant 

throughout. A randomized design of experiments was generated using given variables, 

and the effect of these variables on mean size and D90 values was evaluated, a design 

space that generates particles with defined size characteristics was generated. The 

formulation was further optimized for encapsulation efficiency. The MPs 

physicochemical characteristics was deduced.   

Materials and Methods 

Materials 

 PsaA subunit-antigen was obtained (gratis) from the Centre for Disease Control, 

Atlanta, Georgia. Polycaprolactone polymer (MW: 80,000 da) was purchased from 

Sigma, St. Louis, MO (Cat#440744). Maltrin® M040 (Maltodextrin) was a gift from 

Grain processing corporation, Iowa, USA. Methylene chloride and polyvinyl alcohol 

(PVA) used as polymer solvent and surfactant respectively were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Alginate (MP Biomedicals, USA), gelatin Type 

B from bovine skin (Sigma Aldrich, St. Louis, MO) and Chitosan with molecular weight 

100,000–300,000 da (Acros Organics) were used as mucoadhesive polymers.  
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Formulation of PCL/MD MPs 

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

PCL/MD MPs using Omni THQ (Omni, Kennesaw, GA). Briefly, PCL solution was 

prepared with methylene chloride. Encapsulating protein solution was prepared in 40% 

(w/v) maltodextrin solution. Protein solution was added to polymer solution and 

homogenized for 30 seconds. The resulting primary emulsion was then added to 

polyvinyl alcohol solution (PVA) and homogenized for 2 minutes. The double emulsion 

was then stirred for 8 hours at the tested speed, allowing the evaporation of methylene 

chloride and subsequent solidification of PCL. The MPs were separated by centrifugation 

at 10,000 rpm for 5 min at room temperature. The pellet was washed three times with 50 

ml PBS and lyophilized for further studies.  

Formulation Development of PCL/MD MPs: Design of Experiments 

  A custom design DoE was used to develop the design model using JMP® 

software. The variables analyzed include homogenization speed, volume ratios; 

PCL/protein solution, PVA/PCL, and concentrations of PCL & PVA solutions and the 

responses analyzed include mean size and D90. The design was tightened using linear 

constraints, 2 center points, and 2 replicates that yielded a design of 25 formulations. The 

list of 25 formulations was given in Table 3.1. All the formulations were made and 

analyzed for particle size distribution using Beckmann coulter. The statistical analysis 

was performed using the least squares fit in the jmp software, and the model was 

shortened eliminating the insignificant factors and the effect summary were reported. 
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Particle Size Determination Using Beckmann Coulter 

The test formulations prepared were resuspended 3 ml PBS. The particle suspension was 

sonicated for 2 minutes and the particle suspension was added at 1:4000 to the 20 ml of 

Isoton II Diluent and analyzed using the Beckmann coulter multisizer 4 (Beckmann 

Coulter, Brea, CA), using 20 µm aperture tube and the gating was adjusted to measure 

particles with in 1 and 10 µm range, the average of three runs were reported for mean 

size and D90.  

Formulation Optimization to Yield High Encapsulation Efficacy 

Bovine serum albumin (BSA) was used as a sample protein in the initial stages of 

optimization. Optimized MP formulation was used to encapsulate protein (BSA) at 

various concentrations in the range of 0.4 to 80 mg/ml. Based on the results obtained, a 

concentration range that yielded high encapsulation was used with the candidate protein 

PsaA. Protein encapsulation was determined indirectly, by quantifying the amount of 

protein remaining in the supernatant and washes using bicinchoninic acid (BCA) protein 

bioassay. Pierce™ BCA Protein Assay Kit (Thermo Scientific, Pierce Biotechnology, 

Rockford, IL) was used and protein estimation was performed following manufacturer’s 

protocol.  The encapsulation efficiency was calculated using Equation 3.1 and expressed 

as percentage. 
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Table 3.1. List of formulations that were generated using JMP® DoE: Custom design 

 

Formulation 

ID 

 PVA 

%(w/v) 
PCL %(w/v) (PVA/PCL) PCL/MD 

Stirring 

speed (rpm) 

1 5 2 5 2.5 10000 

2 1 2 5 2.5 25000 

3 5 8 5 2.5 25000 

4 5 8 5 2.5 25000 

5 5 2 5 8 10000 

6 5 2 5 8 25000 

7 1 2 40 8 25000 

8 1 2 5 2.5 10000 

9 5 2 40 2.5 25000 

10 5 2 40 2.5 25000 

11 1 8 5 8 25000 

12 3 5 22.5 5.25 17500 

13 5 8 40 8 25000 

14 3 5 22.5 5.25 17500 

15 1 8 5 8 25000 

16 1 2 5 8 10000 

17 1 8 40 2.5 10000 

18 5 8 40 2.5 10000 

19 5 8 40 8 10000 

20 5 2 40 8 10000 

21 1 8 40 8 10000 

22 1 2 40 2.5 10000 

23 5 8 5 8 10000 

24 1 8 40 2.5 25000 

25 1 8 5 2.5 10000 
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𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑖𝑡𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
(𝑃𝑇𝑜𝑡𝑎𝑙 − 𝑃𝑈𝑛−𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑)

𝑃𝑇𝑜𝑡𝑎𝑙
 × 100……......... Equation 3.1 

 

Where PTotal is the total amount of protein (mg) used to encapsulate PCL/MD MPs and 

PUn-encapsulated is the amount of protein present in the supernatant and washes (mg). 

Preparing Mucoadhesive PCL/MD MPs 

 Mucoadhesive polymer solutions—Gelatin (0.5–1% w/v) and Alginate (0.5–1% 

w/v) in water and chitosan (0.35–0.75% w/v) in acetate buffer (pH 5.0) were prepared. 

About 250 mg of lyophilized PCL/MD MPs prepared as described earlier were suspended 

in 10 ml of the above mentioned mucoadhesive solutions and stirred for 10 hours. 

Resulting particles were centrifuged at 10,000 rpm for 5 min, washed thrice with 10 ml 

PBS and further centrifuged at 10,000 rpm for 5 min. The resultant MPs were stored at 

4oC till use. 

Zeta Potential 

Zeta potential is electrostatic potential exhibited at the interface of MPs in 

suspension. Zeta potential act as a measure of stability of the colloidal particles. In this 

case, change in zeta potential indicates change in surface properties of PCL/MD MPs 

caused due to the interacting mucoadhesive polymer on the surface. Aqueous suspension 

(1%) PCL/MD MPs and chitosan, gelatin , or alginate coated PCL/MD MPs were tested 

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

Malvern Instruments, Worcester, UK), as previously described by Bhowmik et al., 2011. 

 

 



36 
 

 
 

Scanning Electron Microscopy 

PCL/MD MPs were evaluated for size distribution, shape and surface morphology 

using Phenom benchtop scanning electron microscope (SEM) (Nanoscience Instruments, 

Phoenix, AZ). The lyophilized MPs were processed for SEM analysis.  Briefly, the 

lyophilized MPs samples were coated with a thin layer (100–150Ao) of gold under 

vacuum and loaded on to the metal stubs using the double-sided adhesive mounting tape. 

The samples were then examined using the Phenom benchtop scanning electron 

microscope (SEM)(Gala et al., 2017).  

PsaA Release Profile 

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

methodology developed by Basarkar et al., 2007 with some minor modification. An 

aliquot of PsaA MPs (200 mg) was incubated in 5 ml PBS (100mM, pH 7.2) in 15 ml 

polystyrene test tubes at room temperature for 10 min. After incubation, the tube was 

centrifuged at 10,000 rpm for 10 min at room temperature. The supernatant was analyzed 

for protein concentration using BCA assay according to the manufacturer provided assay 

protocol. 

Results  

Micro Particle Size Formulation Optimization  

The particle size of vaccine MPs is an important attribute that determines its 

localization after nasal delivery. Particles in the range of 1–5 µm are typically retained in 

the upper respiratory tract after nasal, on the other hand, particles above 10 µm are 

retained in the anterior portion of nasal cavity and particles below 1 µm are transported 

towards the lungs which might lead to unforeseen immunological events. Inthavong et al. 
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reported that solid particles of 15 µm and 50 µm are deposited in anterior region in the 

respiratory tract constituting 2.5 cm from nostril tip, whereas 5 µm  particles are 

distributed across the whole nasal cavity (Inthavong et al., 2011). Kuehl eta al. studied 

the distribution of inhaled particles in mice and rats, particles in the range of 1–5 µm are 

distributed well in the upper respiratory tract while a high proportion of 0.5 µm particles 

were inhaled in to lungs (Kuehl et al., 2012). JMP's DoE has generated a list of 

formulations that could test the effects—PCL concentration, PVA concentration, volumes 

ratios (PVA:PCL, PCL:MD) and stirring speed on responses—mean particle size and 

D90 at 0.05 level significance (Table 3.1). The predicted Vs actual plot demonstrates that 

the model has good prediction capability with R2 around 0.9 for both mean size and D90, 

and the prediction values are significant (P ≤0.05) (Figure 3.1). Among all the effects 

tested, 8 out of 15 and 5 out of 15, direct and 2 level interactions were significant (P ≤ 

0.05) for mean size and D90 respectively (Tables 3.2 and 3.3). The sign of the estimates 

indicates the positive or negative correlation between the effect and the response. 

PVA/PCL ratio, stirring speed, PCL concentration*PVA/PCL ratio, PVA/PCL 

ratio*PCL/MD ratio had negative correlation with mean size.  PCL Concentration, 

PVA/PCL ratio, PCL/MD ratio, PVA concentration*PCL/MD ratio estimates exhibited 

positive correlation with mean size (Table 3.2). Similarly Stirring speed, PCL 

concentration/PVA*PCL ratio are negatively correlated to D90, while PCL 

concentration, PVA/PCL ratio, PVA concentration*PCL/MD ratio are positively 

correlated to D90 (Table 3.3). Prediction profiler is an interactive tool to see how the 

change of each variable effect both the responses. By maximizing desirability, the 

variables that affect the responses are predicted to achieve the set response desirability. 
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As long as the formulation parameters falls in the design space the desired response 

values can be calculated using the prediction profiler. To achieve desirability set at 3.0µm 

for mean size and 5.0 µm for D90, the prediction profiler adjusts to the required variable 

settings (Figure 3.2); and final formulation variables are listed in the Table 3.4. 

 

 

 

               
Figure 3.1. Actual by predicted plot for the response factors a) Mean size b) D90  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) a) 
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Table 3.2. Parameter estimates of mean size 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 3.4897925 0.053587 65.12 <.0001* 

PVA concentration (1,5)  -0.147487 0.072863  -2.02 0.0776 

PCL concentration (2,8) 0.2269044 0.057615 3.94 0.0043* 

PVA/PCL ratio (5,40) 0.1715902 0.057863 2.97 0.0180* 

PCL/MD ratio (2.5,8) 0.1472256 0.05771 2.55 0.0341* 

Stirring speed (10000,25000)  -0.2723 0.0587  -4.64 0.0017* 

PVA concentration*PCL 

concentration 

 -0.016192 0.073236  -0.22 0.8306 

PVA concentration*PVA/PCL ratio 0.0679364 0.072844 0.93 0.3783 

PVA concentration*PCL/MD ratio 0.2010869 0.074409 2.70 0.0270* 

PVA concentration*Stirring speed  -0.041939 0.072844  -0.58 0.5806 

PCL concentration*PVA/PCL ratio  -0.16281 0.055807  -2.92 0.0194* 

PCL concentration*PCL/MD ratio 0.0103273 0.054633 0.19 0.8548 

PCL concentration*Stirring speed 0.0462689 0.054927 0.84 0.4240 

PVA/PCL ratio*PCL/MD ratio  -0.185769 0.054927  -3.38 0.0096* 

PVA/PCL ratio*Stirring speed 0.1034227 0.054633 1.89 0.0950 

PCL/MD ratio*Stirring speed  -0.090022 0.054915  -1.64 0.1398 

* P value ≤0.05; * P value ≤0.01 

Table 3.3. Parameter estimates of D90 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 5.5826681 0.182967 30.51 <.0001* 

PVA concentration (1,5)  -0.450109 0.248782  -1.81 0.1080 

PCL concentration (2,8) 0.6330456 0.196721 3.22 0.0123* 

PVA/PCL ratio (5,40) 0.4887431 0.197568 2.47 0.0385* 

PCL/MD ratio (2.5,8) 0.3506012 0.197044 1.78 0.1131 

Stirring speed (10000,25000)  -0.742468 0.200423  -3.70 0.0060* 

PVA concentration*PCL 

Concentration 

 -0.163564 0.250057  -0.65 0.5314 

PVA concentration*PVA/PCL ratio 0.1662906 0.248718 0.67 0.5226 

PVA concentration*PCL/MD ratio 0.7101516 0.254061 2.80 0.0234* 

PVA concentration*Stirring speed  -0.059918 0.248718  -0.24 0.8157 

PCL Concentration*PVA/PCL ratio  -0.453636 0.190546  -2.38 0.0445* 

PCL Concentration*PCL/MD ratio  -0.071532 0.186538  -0.38 0.7114 

PCL Concentration*Stirring speed 0.0614546 0.187542 0.33 0.7516 

PVA/PCL ratio*PCL/MD ratio  -0.409173 0.187542  -2.18 0.0607 

PVA/PCL ratio*Stirring speed 0.2844383 0.186538 1.52 0.1658 

PCL/MD ratio*Stirring speed  -0.256758 0.1875  -1.37 0.2081 

* P value ≤0.05; * P value ≤0.01 
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Figure 3.2. Prediction profiler with optimum factor settings 

 

 

 

Table 3.4. Optimum factor settings used to prepare PCL/MD MP vaccine carrier 

 

S.No Variable Value 

1 PVA Concentration 2% w/v 

2 PCL Concentration 5% w/v 

3 PVA/PCL volume ratio 10 

4 PCL/MD volume ratio 4 

5 Stirring speed 22000 rpm 
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Optimizing the Protein Concentration to Yield High Encapsulation Efficiency 

  High encapsulation efficiency would reduce the wastage of the protein antigen, 

making the formulation process cost effective with positive impact on the cost of the final 

product. During the initial optimization using BSA as sample antigen; concentrations in 

the range of 2–10 mg/ml yielded a highest encapsulation of 50–60% (Figure 3.3a); we 

then tested PsaA in this concentration range. About 85% encapsulation was obtained at a 

concentration of 4 mg/ml (Figure 3.3b), followed by ~73% at 6mg/ml; thereafter the 

encapsulation efficiency dropped down to 30%. Based on this data, PsaA was 

encapsulated at 4 mg/ml. 

Release of Encapsulated Protein from the MPs   

Major advantages of polymeric MPs is their ability to release vaccine in a 

controlled manner, protection and its potential to improve antigen uptake. Based on the 

pharmacokinetic parameters desired, polymer can be chosen. Protein is released from the 

PCL/MD MPs in a controlled manner; about 750 µg of protein of the total encapsulated 

3500 µg PsaA was released in 7 days and 850 µg was released after 30 days (Figure 3.4). 

Considerable amount of antigen was present inside the MPs even after day 7, which 

could be released inside the cells due to the action of endogenous esterases (Brugmans, 

2015); this in turn improves cellular bioavailability of encapsulated antigen.  
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Figure 3.3. PCL/MD MP Optimization to achieve high encapsulation efficiency using a) 

Bovine serum albumin and b) Pneumococcal surface adhesin A (PsaA). Different 

proteins were tested to achieve high encapsulation efficiency. N=3; Error Bars = Standard 

Deviation (SD). 

 

a) 

b) 
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Figure 3.4. Protein release kinetics from the PCL/MD MPs. MPs were dispersedµ in 

0.01M PBS (pH=7.4) at 37°c and the amount of protein released was analyzed at 

different time intervals. N=3, Error bars=SD. 

 

Physiochemical characteristics of the MPs 

Most of the MPs were in the size range of 1–5 µM as observed using the SEM 

and all the particles were spherical shaped and has smooth surface (Figure 3.5). Zeta 

potential of uncoated particles was slightly negative (-7.1 mv). However, this charge has 

been considerably affected by the polymers used; chitosan and gelatin imparted positive 

charge (9.8 and 8.24 mV respectively), while alginate coating increased the negative 

charge on the particle to -40.1mV (Table 3.5). Irrespective of sign of the charge, the 

higher magnitude of the charge improves the particle stability due to enhanced forces of 

repulsion. Particle charge has also been reported to affect the cellular uptake; positive 

charge improves the particle uptake due to the negative charge of cells and vice versa, 
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however, there are few studies reported otherwise. Also, the reported change in charge 

could be taken as an evidence of successful mucoadhesive polymer coating on MPs. 

 

 

Figure 3.5. Size of uncoated and mucoadhesive polymer (alginate, chitosan, gelatin) 

coated MPs as observed under scanning electron microscope (SEM).  At least 3 images 

were taken and representative images are reported. The scale value is 10 µm 
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Table 3.5. Zeta potential of uncoated or mucoadhesive polymer coated PCL/MD MPs 

 

Parameters Formulation 

Uncoated MPs Gelatin coated 

MPs 

Chitosan 

coated MPs 

Sodium 

Alginate 

coated MPs 

Zeta Potential 

(mV) 

 

-7.1 ± 0.6 

 

 

8.2 ± 1.2 

 

9.8 ± 0.8 

 

-40.1 ± 3.3 

All the values were mean of three runs reported in mV ± SD 

 

Conclusion 

Formulation parameters were optimized to yield PCL/MD MPs within the size range of 

1–5 µm that targets delivery to the upper respiratory tract. PsaA protein solution at 4 

mg/ml offered maximum encapsulation efficiency of about 85%. The PCL/MD MPs 

resulted in controlled delivery of encapsulated protein, and were coated using 

mucoadhesive polymers to yield mucoadhesive PCL/MD MPs. These mucoadhesive 

carriers increases nasal retention time, thus act as adjuvants for nasal vaccines. The 

potential of these formulations as nasal vaccine carriers for PsaA will be tested further in 

vivo and in vitro.  
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CHAPTER 4 

IN VITRO EVALUATION OF MUCOADHESIVE PCL/MD 

MICROPARTICLES AS NASAL VACCINE CARRIERS  

Introduction 

Nasal route for vaccination, as discussed earlier is the most desired route of 

immunization against mucosal pathogens, and facilitates activation of both local mucosal 

and systemic responses (Rebelatto et al., 2001; Maddaloni et al., 2006). When a 

particulate carrier is delivered nasally, a series of events occur before the immune system 

starts its action. As soon as particulates are delivered to nasal tract (NT), it is subjected to 

muco-ciliary clearance—event that was adopted by humans to protect from external 

toxins, allergens, etc. (Marttin, Schipper, Verhoef, & Merkus, 1998; Ozsoy, Gungor, & 

Cevher, 2009). Particulates that were retained after this clearance mechanism are then 

taken up by the antigen presenting dendritic cells (DCs) or macrophages, which further 

activates the immune system to protect against the encapsulated vaccine candidate. 

Considering all these processes, the mucoadhesive PCL/MD microparticles were 

characterized in vitro for mucoadhesion, uptake and immunogenicity in DCs.  

Mucoadhesion can be defined as a process of bioadhesion, where the biological 

surface interacting in this case is mucosa (Baudner & O’Hagan, 2010; Shaikh,  Raj 

Singh, Garland, Woolfson, & Donnelly, 2011b). Mucoadhesive delivery systems has 

been widely investigated to deliver drugs through mucosal routes such as oral, nasal,  
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rectal and vaginal routes. 

Advantages of mucoadhesive drug delivery systems over traditional controlled 

release delivery systems: 

1) Localized and targeted effect at the desired mucosal site 

2) Reduced mucociliary clearance  

3) Increased contact time between the delivery system and mucosal surface increases the 

drug flux in to the mucosa, thus increasing the absorption bioavailability. 

Mucoadhesion is a complex process and undergoes two stages, 1) Contact stage 

associated with swelling and spreading of mucoadhesive polymer over the mucus layer to 

enable contact between the layers, and 2) Consolidation stage, where the moisture 

activates the polymer and allows further bonding between the polymer and mucus via van 

der waals or hydrogen forces (Boddupalli, Mohammed, Nath, & Banji, 2010). 

Phenomenon of mucoadhesion can be explained using five major theories: 

1) Wetting theory: The wetting theory is one of the oldest established theories of 

mucoadhesion and is mostly applicable to liquid bioadhesives. During the process off 

adhesion the mucoadhesive should overcome the interfacial tension of interacting 

surfaces, and thus should possess a high spreadability index. This theory can be best 

estimated based on the contact angle calculations. Typically, lower contact angles 

indicate higher spreadabilty and thus high mucoadhesion (Boddupalli et al., 2010; Shaikh 

et al., 2011). 

2) Electronic theory: According to the electronic theory, electrostatic interaction 

occurs between the adhering surfaces, resulting in the establishment of electrical double 
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layer that in turn enhances the interaction between polymer and mucosal surfaces at the 

interface (Boddupalli et al., 2010; Shaikh et al., 2011). 

3) Adsorption Theory: According to this theory, when two adhesive surfaces meet 

each other, the surface functional groups react with each other to orient themselves. 

Various forces like hydrogen bonding, hydrophobic interactions and van der waal’s 

forces are involved in maintaining these interactions (Boddupalli et al., 2010; Shaikh et 

al., 2011). 

4) Diffusion theory: According to diffusion theory, polymeric chains from the 

mucoadhesive polymers interpenetrate into glycoprotein components of mucin, thereby 

when polymers reach sufficient depth, they form semi-permanent bond. Concentration 

gradient across the interface drives the interpenetration of the mucoadhesive polymers in 

to the mucus network until equilibrium is achieved (Boddupalli et al., 2010; Shaikh et al., 

2011).  

5) Fracture Theory: Fracture theory measures the force required to separate two 

adhesive surfaces that are in contact with each other. Fracture theory can be measured 

using the tensile strength instruments. This is the most applicable method to measure the 

extent of mucoadhesion (Chickering & Mathiowitz, 1991; Boddupalli et al., 2010;  

Shaikh et al., 2011). 

Among all these theories the fracture theory and adsorption theory can be tested 

readily and reproducibly ( Pawar et al., 2010; Yadav et al., 2010; Bhattacharya, 

Chakraborty, Mukhopadhyay, Kundu, & Mishra, 2014). Adsorption theory was tested 

using Periodic acid Schiff’s base assay (PAS) that indirectly quantifies the amount of 

mucin adsorbed to microparticles when suspended in mucin solution. Fracture theory can 
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be tested using texture analyzer, where nasal mucosa itself or any simulated alternative 

artificial polymer membrane is used (Bredenberg & Nyström, 2003; Donnelly, 

McCarron, Zawislak, & David Woolfson, 2006; Murphy et al., 2012; Smewing, 2014), 

and the force required to detach mucoadhesive substance from the membrane was 

recorded as the degree of mucoadhesion (Das Neves & Sarmento, 2014).      

Dendritic cells (DCs) are the major antigen presenting cells, that connect innate 

with adaptive immune responses. Activation of DCs by an immunogen determines the 

type and extent of immune response. Hence ability of the vaccine candidate to be taken 

up by the DCs and activate them could directly define their potential as vaccine particles. 

Particle uptake in DCs can be directly studied by treating these cells with the 

fluorescently labeled test formulations in vitro, and analyzed for uptake using FACS, 

fluorescence microscope or confocal microscope (Korang-Yeboah et al., 2015). DCs on 

activation induces INOS pathway that results in the release of nitric oxide (Hespel & 

Moser, 2012; Ruhi V.Ubale, Martin J D’souza, 2013). This nitric oxide is released as 

nitrite in to the external media, amount of nitrite released thus characterizes the activation 

of immune system (Bryan & Grisham, 2007).  

Among all the formulations tested, gelatin coating imparted high uptake and 

immunogenicity, while chitosan and alginate coating had highest mucoadhesion when 

tested using PAS assay and texture analyzer respectively. Since, each polymer had 

different effects in all in vitro tests, the combination of two coating polymers were 

developed and evaluated in vitro. 
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Materials and Methods 

Materials 

PsaA subunit-antigen was obtained (gratis) from the Centre for Disease Control, 

Atlanta, Georgia. Polycaprolactone polymer (MW: 80,000 da) was purchased from 

Sigma, St. Louis, MO (Cat#440744). Maltrin® M040 (Maltodextrin) was a gift from 

Grain processing corporation, Iowa, USA. Methylene chloride and polyvinyl alcohol 

(PVA) used as polymer solvent and surfactant respectively were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Alginate (MP Biomedicals, USA), gelatin Type 

B from bovine skin (Sigma Aldrich, St. Louis, MO) and Chitosan with molecular weight 

100,000–300,000 da (Acros Organics) were used as mucoadhesive polymers. RPMI 

1640, Sodium pyruvate, Penicillin-Streptomycin (10,000 U/ml) and FBS are acquired 

from Gibco® Invitrogen Corporation (Grand Island, NY, USA). 

Growing and Maintaining Murine Dendritic Cells (DC 2.1)  

DC 2.1 cells were maintained in RPMI 1640 supplemented with 10% FBS, 

sodium pyruvate, glutamine, non-essential amino acids and antibiotics (Penicillin and 

Streptomycin). Frozen DC 2.1 cell stock was thawed and centrifuged to remove the 

DMSO used while storing the cells. The centrifuged cell pellet was re-suspended in 1 ml 

complete media. Cells were seeded at a density of 105 cells/ml. The cells were be 

passaged every 2-3 days (at 90% confluency). Multiple aliquots of the cell working stock 

were frozen with 5% DMSO solution in complete medium and stored at -70°C.  

Formulation of PCL/MD MPs 

A modified double emulsion solvent evaporation method was used to prepare the 

PCL/MD MPs (Korang-Yeboah et al., 2015); Omni THQ (Omni International, USA) was 
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used for homogenization of both primary and secondary emulsions. Antigen solution (4 

mg/ml) was prepared in 40% w/v maltodextrin (MD) solution. Briefly, 4 ml of 5% w/v 

PCL in methylene chloride was homogenized with 1 ml protein solution at 22000 rpm for 

30 seconds. Resulting primary emulsion was added to 40 ml 2% w/v PVA solution and 

homogenized for 2 min and the resulting double emulsion was left stirring at room 

temperature for 5–8 hours. The particles were then centrifuged, washed and lyophilized. 

Blank particles without any antigen (only MD) were used for biocompatibility 

assay. Bovine serum albumin (BSA) (4 mg/ml) encapsulated particles were used in in 

vitro mucoadhesion experiments. PsaA (4 mg/ml) encapsulated particles were used in 

nitric oxide assay. FITC-BSA (4 mg/ml) was used to produce fluorescent MP's for uptake 

studies. For developing mucoadhesive MPs, the MPs obtained were dispersed in gelatin, 

chitosan and sodium alginate solution and stirred for 10hours, centrifuged, washed and 

lyophilized for further use. Formulations that were tested in vitro are shown in Table 4.1. 

Test for Biocompatibility of Mucoadhesive MPs Using MTS assay 

The biocompatibility of PCL/MD MPs was tested using DC 2.1 cell, based 

CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (MTS) (Promega 

Corporation, Madison, WI). About 1×104 cells were seeded per well in 96 well plate and 

allowed to adhere overnight. 100 µl MP formulations in the range of 50–800 µg/ml were 

added per well and incubated for 24 hours at 37°C and 5% CO2. Media was replaced, and 

about 20 µl of the MTS reagent was added to each well and incubated for 20 min at 37°C. 

The absorbance at 490 nm was measured using Synergy™ HT reader (BioTek® 

Instruments, VT, USA), which corresponds to the number of viable cells. Percentage cell 
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viability was computed with respect to the untreated control groups (Korang-Yeboah et 

al., 2015).  

 

Table 4.1: List of all the formulations used in preparing mucoadhesive PCL/MD MPs 

 

Formulation 

ID  

Polymer 1   

(% w/v)  

Polymer 2  

(% w/v)  

Formulation 

ID  

Polymer 1  

(% w/v)  

Polymer 2    

(%w/v)  

A1  Alginate   

(1%)  

        -  A2G2  Alginate 

(0.5%)  

Gelatin   

(0.5%)  

A2  Alginate 

(0.5%)  

        -  C1G1  Chitosan 

(0.7%) 

Gelatin      

(1%) 

C1  Chitosan 

(0.7%)  

        -  G1C1  Gelatin 

(0.35%) 

Chitosan   

(1%) 

C2  Chitosan 

(0.35%)  

        -  A1C1  Alginate 

(1%) 

Chitosan 

(0.7%) 

G1  Gelatin     

(1%)  

        -  A2C2  Alginate 

(0.5%)  

Chitosan 

(0.35%) 

G2  Gelatin  

(0.5%)  

        -  A1C2  Alginate 

(1%) 

Chitosan 

(0.35%) 

A1G1  Alginate   

(1%) 

Gelatin 

(1%) 

A2C1  Alginate 

(0.5%)  

Chitosan 

(0.7%) 

A1G2  Alginate   

(1%) 

Gelatin 

(0.5%)  

Regular/ 

Uncoated 

           -             -  

A2G1  Alginate  

(0.5%)  

Gelatin 

(1%) 

   

 

 

 

Cellular Uptake of Mucoadhesive PCL/MD MPs Studied in Flow Cytometer  

Dendritic cells were seeded in 6 well plate at a density of 105 cells/ml. The cells 

were treated with about 2 mg/ml FITC-BSA loaded mucoadhesive PCL/MD MPs and 

incubated for 30min, 1h, 2h, 4h, 6h and 12h. The cells were washed 5 times to remove 

any particles that are adhered to the cell surface. Amount of MPs that were taken up by 



53 
 

 
 

cells over time was studied using flow cytometer (FACS, BD Accuri™ C6 

Flowcytometer). The FACS analysis was performed by plotting forward scatter (FSC-H) 

vs side scatter (SSC-H) and the live cells were gated; 10,000 events in this gated 

population was acquired. The mean FL1-A fluorescence (FITC) values corresponds to 

particle uptake. 

Cellular Uptake of Mucoadhesive PCL/MD MPs Using Fluorescence Microscope 

Dendritic cells were seeded on the cover slips in 6 well plate at a density of 105 

cells/ml.  The cells were allowed to adhere to the cover slip surface overnight. The cells 

were then treated with 2 mg/ml FITC-BSA loaded PCL/MD MPs and incubated for 1 

hour. The cells were washed 5 times to remove any particles that are adhered to the cell 

surface and fixed with 4% formaldehyde solution. Amount of MPs taken up by the DCs 

was studied using fluorescence microscope (Olympus). The coverslip is placed over a 

slide and viewed under the green filter at a magnification of 40X. 

Assessing immunogenicity PCL/MD MPs  

About 5×104 DC 2.1 cells were seeded on 24 well plates and incubated in a CO2 

incubator. On day 2, 100 µg of MP formulations were added to respective wells and 

incubated overnight. The supernatants were collected and analyzed for concentration of 

nitrite (NO2) released using Griess reagent as described previously (Zughaier et al., 2003; 

Ruhi V.Ubale, Martin J D’souza, 2013). Briefly, equal volumes of 1% sulphanilamide 

and 0.1% N-(1-naphthylethylenediamine) solutions were mixed together to form griess 

reagent. Griess reagent (100 µl) was added to 100 µl of cell culture supernatant, 

incubated for 10 min at room temperature and read at 540 nm using a Synergy™ HT 

microplate reader (BIO-TEK® Instruments, VT, USA). Nitrite in cell culture supernatant 
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was quantified using the NaNO2 (100 µM–1.56 µM) standard curve (Zughaier et al., 

2004). 

Adsorption of Soluble Mucin on the MPs 

Mucin adsorption to MPs was tested using Periodic acid Schiff's base (PAS) 

method as described earlier (He, Davis, & Illum, 1998; Filipović-Grcić, Skalko-Basnet, 

& Jalsenjak, 2001; Bhattacharya et al., 2014). MPs (4 mg) were added to 2 ml mucin 

solution (1 mg/ml) and incubated for 1 hour at room temperature. The resultant 

suspension was centrifuged to precipitate the mucin adsorbed MPs at 5,000 rpm for 10 

min. Periodic acid (0.2 ml) was added to the above supernatant and incubated for 2 hours, 

After incubation, Schiff’s reagent (0.2 ml) was added and incubated for 30 min at room 

temperature and the absorbance of the reaction was measured at 555 nm in Synergy™ HT 

microplate reader (BIO-TEK® Instruments, VT, USA). A standard curve of mucin 

solution (0.02–1 mg/ml) was used to detect the concentration of mucin in the supernatant. 

Mucoadhesion was calculated by subtracting the mucin concentration left in supernatant 

from the initial concentration of mucin, using equations 4.1 and 4.2. 

 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑚𝑢𝑐𝑖𝑛 

=
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑢𝑐𝑖𝑛 − 𝑀𝑢𝑐𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑢𝑐𝑖𝑛
  

                                                                           ------------------------- equation 4.1 

𝑀𝑢𝑐𝑜𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 (𝑜𝑟) 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑚𝑢𝑐𝑖𝑛 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

= (1 − 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑚𝑢𝑐𝑖𝑛) × 100 

                                                                                       ------------------------- equation 4.2 
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In Vitro Test for Mucoadhesion of PCL/MD MPs Using Texture Analyzer  

Mucoadhesion testing of the formulations was further carried out using texture 

analyzer (TA.XT plus, Stable Micro Systems, UK), with 5 Kg load cell equipped with 7 

mm cylinder probe. In this study, an acrylic stage holder with central cavity was used as 

an adhesive platform. For assessing the bio adhesion of MP’s, the selected probe was 

immersed in the MP powder bed to form a monolayer. Prior to the start, 100 µl of double 

distilled water was added in to the central cavity of the acrylic stage holder to facilitate 

wetting of the granules upon contact. During the experimental run, the cylinder probe 

with MPs monolayer descends to contact with the adhesive platform at a pre-determined 

compression force for the given dwell time, allowing adherence of MPs. After specified 

contact time, the total amount of force required to withdraw the probe (work of adhesion) 

with MPs from the adhesive stage was calculated using Exponent Stable Microsystem 

software (version 6, 1, 7, 0). The operational settings for detachment force measurements 

are summarized in Table 4.2. 
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Table 4.2. List of parameters used while testing mucoadhesion in vitro using texture 

analyzer TA.XT plus, Stable Micro Systems, UK. 

  

S. No Parameter Value Units 

1 Pre-test speed 0.5 mm/sec 

2 Test Speed 0.1 mm/sec 

3 Post-test Speed 1 mm/sec 

4 Applied force 50 G 

5 Return distance 5 Mm 

6 Contact time 30 Sec 

7 Trigger force 5 G 

8 Trigger distance 2 Mm 

9 Max tracking speed 5 mm/sec 

 

 

 

Results and Discussion 

Test for Biocompatibility of Mucoadhesive MPs Using MTS Assay  

All the formulations were tested on DCs, and toxicity induced by these particles 

was studied based on the reduction in cellular viability after treatment with respective 

formulations. None of the tested formulations affected the viability of DCs at all the 

concentrations tested, while the DMSO > 50% reduction in cell survival; indicating that 

all the mucoadhesive MP formulations were biocompatible and are not toxic to the DCs 

(Figure 4.1).  
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Figure 4.1. Biocampatibility of mucoadhesive PCL/MD MPs in dendritic cells. 

Effect of different concentration of PCL/MD MP formulations on the cell viability (mean 

± SD) of dendritic cells (DC 2.4), 10% DMSO was used as positive control; N ≥ 3; Error 

bars=SD 
 

Cellular Uptake of Mucoadhesive PCL/MD MPs 

MP uptake directly decides the extent of cellular bioavailability of antigen in the 

DCs; which further effects the activation of the DCs. Among all the formulations tested, 

gelatin coating improved the uptake of PCL/MD MPs (P ≤ 0.001) by half log after 1h 

treatment. Chitosan coating did not considerably effect the PCL/MD MP uptake, while 

alginate coating resulted in a half log reduction in cellular uptake (P ≤ 0.001) (Figure 

4.2). These results were further confirmed by the fluorescence microscope images 

(Figure 4.3). Higher uptake of gelatin and chitosan coated MPs than alginate coated MPs, 

is in agreement with Foged et al. (2005), who reported that increasing the positive charge 

would increase the uptake of MPs compared to negatively charged particles in DCs, 
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however, the exact attributes of charge on uptake is still under debate, as other particulate 

properties such as shape, size and hydrophobicity may also impact its cellular 

internalization (Foged et al., 2005). Even though both chitosan and gelatin coated 

particles carry almost the same charge, higher uptake in gelatin coated particles could be 

due to the RGD motifs (Arg-Gly-Asp) present on gelatin; RGDs are ligands for the α5β1 

and αvβ3 (present on DCs) integrins (Chickering & Mathiowitz, 1999; Elliott et al., 2005; 

Van Vlierberghe, Vanderleyden, Boterberg, & Dubruel, 2011). Coester et al., (2006) 

reported high uptake of gelatin naoparticles by the DCs suggesting gelatin particulates 

target DCs. Effect of the duration of treatment on the uptake was studied to understand 

the uptake kinetics of MPs in the DCs. Gelatin coated PCL/MD MPs had high uptake 

from the 30 minute time point until 2h, followed by a considerable reduction in 

fluorescence at 4h, that could be attributed to the exocytosis pathways(Korang-Yeboah et 

al., 2015) (Figure 4.4). Chitosan on the other hand has a slow and steady increase in 

uptake; the uptake was least in the first 30 min, and had reached to the maximum by 2h 

followed by a steady state. Alginate and uncoated particles showed  a steady uptake 

through out the time period, while the magnitude of uptake was less compared to gelatin 

and chitosan coated MPs (Figure 4.4). 

Assessing immunogenicity PCL/MD MPs 

Following the particle uptake, the antigen should be able to activate the DCs to induce 

immune responses. INOS pathway activation directly indicates the activation of DCs, 

which can be readily quantified by detecting the amount of NO2 released in to the media. 

Gelatin coated PCL/MD MPs resulted in a significantly high NO2 release (P ≤ 0.01) — 

indicating greater extent of immune activation in this group followed by chitosan coated 
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PCL/MD MPs (P ≤ 0.05) (Figure 4.5). The enhanced immunogenicity in gelatin and 

chitosan could be attributed to high uptake of these MPs in the DCs. 

In Vitro Tests for Mucoadhesion of PCL/MD 

Mucoadhesion of the formulations was measured using PAS and texture analyzer. In PAS 

assay, amount of mucin adsorbed to mucoadhesive MPs was calculated using equations 

4.1 and 4.2. Chitosan coated particles adsorbed around 75% (P ≤ 0.01) of the mucin (1 

mg/ml)—indicating highest mucoadhesion in this formulation (Figure 4.6). Texture 

analyzer measures the force required to separate mucoadhesive joint; muchoadhesive 

PCL/MD MPs displayed strong bioadhesive joint compared to uncoated MPs (P ≤ 0.01), 

while alginate coated MPs exhibited highest mucoadhesion (P ≤ 0.05) (Figure 4.7). 

Negatively charged carboxylate polymers such as sodium alginate were known to possess 

higher mucoadhesion due to the hydrogen bond interactions (Bernkop-schnürch, 2013;  
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Figure 4.2. Uptake of mucoadhesive PCL/MD MPs by DC 2.4 cells in BD Accuri C6 

flow cytometer. a) Flow cytometry histograms of DC 2.4 cells after 1 h of treatment with 

mucoadhesive PCL/MD MP formulations b) Bar graphs of mean FL-1 of these DCs to 

quantify the uptake; N ≥ 3; Error bars=SD; *** P value ≤ 0.001 

b) 

b) 
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Figure 4.3. Uptake of mucoadhesive PCL/MD MPs by DC 2.4 in fluorescence 

microscope. Micrographs of DC 2.4 cells after 1 h treatment with fluorescent PCL/MD 

MP formulations at 40 X magnification in Olympus fluorescence Microscope. 

 

 
 

Figure 4.4. Uptake kinetics of mucoadhesive PCL/MD MP formulations in DC 2.4 cells. 

DC 2.4 cells treated with mucoadhesive PCL/MD MPs were studied for uptake at 30min, 

1h, 2h, 4h and 6h using BD accuri flow cytometer. Error bars=SD; N=3. 
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Shaikh et al., 2011), as seen in this study (Figure 4.7). Positively charged gelatin and 

chitosan coatings also improved mucoadhesion of MPs by at least 4 fold (P ≤ 0.01) 

(Figure 4.7), which could be attributed to dehydration and electrostatic interaction of 

these polymers with adhering surface (Ahmed & Aljaeid, 2016). Even though 

mucoadhesion is explained by many theories, with each having its own credibikity, its 

always a combination of these theories that explain the phenomenon of mucoadhesion of 

a particular MPs. Contact stage of mucoadhesion can be explained by wetting theory and 

mechanical theory. Adsorption, diffusion and electronic theories further helps the 

formation of mucoadhesive polymer-mucus interface there by explaining the 

consolidation stage. Fracture theory on the other hand measures the force required to 

break the bioadhesive joint involving mucosa, mucoadhesive interface and bioadhesive 

layer, and is considered the most applicable way to study mucoadhesion (Chickering & 

Mathiowitz, 1999). The variation in the degree of mucoadhesion between PAS assay and 

texture analyzer could be attributed to the difference in underlying mechanisms tested by 

these methods. PAS assay could preferentially be estimating the molecular interactions 

(adsorption, electronic theories) between mucin and the bioadhesive polymer, while 

texture analyzer measures fracture theory of bioadhesion. 
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Figure: 4.5. Potential of PsaA encapsulated PCL/MD MP formulations to induce immune 

responses in dendritic cells. Amount of nitrite released in to media by the DC 2.4 cells 

after overnight treatment with the PCL/MDMP formulations as quantified using griess 

reagent. N=3, Error bars = S.D, * P value ≤ 0.05, ** P value ≤ 0.01. 

 
 

 
 

Figure 4.6. In vitro mucoadhesion potential of mucoadhesive PCL/MD MPs: PAS assay.  

Percentage of mucin adsorbed to the PCL/MD MP formulation after dispersing in1 

mg/ml mucin solution for 1h . N=3, Error bars = SD; ** P value ≤ 0.01. 
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Figure 4.7. In vitro Mucoadhesion potential of mucoadhesive PCL/MD MPs: Texture 

analyzer. Force required to separate MP pellet coated probe from the bio-adhesive layer 

as measure using texture analyzer. Formulations tested were shown in Table 4.1. N=3, 

Error bars = SD; ** P value ≤ 0.01. 

 

 

 

Combinatorial Effect of Mucoadhesives 

The mucoadhesive coating of MPs has affected the three critical parameters—

uptake, immunogenicity and mucoadhesion variably. For example, gelatin coating 

improved uptake and immunogenicity significantly while the mucoadhesion of these 

particles are not as marked as chitosan (PAS assay) and alginate (Texture analyzer). On 

the contrary chitosan and alginate did not show significant effect on immunogenicity of 

the PCL/MD MPs. Hence, we coated the particles with two polymers to study the 

combined effect. List of formulations that were prepared was shown in Table 4.1; these 

formulations were then tested for all the three parameters—uptake, immunogenicity and 

mucoadhesion using FACS, INOS activation and texture analyzer respectively. The 



65 
 

 
 

results were displayed based on the formulation response with respect to the uncoated 

formulations, positive (+) and negative (-) indicates responses higher and lower compared 

to uncoated particles respectively (Table 4.3). The final test formulations were further 

zeroed down to 5 formulations, giving priority to their role in immunogenicity. Five 

formulations— A1G2, A2G1, A2G2, G and C were further selected for in vivo 

assessment with respect to uncoated particles as control. The mucoadhesion values of the 

selected formulations were shown in the Figure 4.8 

. 

Table 4.3: In vitro characterization of PCL/MD MP formulations for immunogenicity, 

uptake and bioadhesion. 

 

‘+’ and ‘-‘ indicates responses greater and lesser than Uncoated PCL/MD MPs respectively 
 

 

Formulation  

ID  

Immunogenicity 

In DCs  

Uptake by 

DCs  

Bioadhesion / 

Mucoadhesion  

A1G1  - -  +  

A1G2  +  +  +  

A1C1  -  -  +  

A1C2  -  -  +  

A2G1  +  -  +  

A2G2  +  -  +  

A2C1  -  +  +  

A2C2  -  -   -  

C1G1  -  -  +  

G1C1  -  +  +  

A  -  -  +  

G  +  + +  

C  +  +  +  
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Figure 4.8. In vitro Mucoadhesion potential of mucoadhesive PCL/MD MPs selected for 

in vivo analysis: Texture analyzer. Force required for separating the MP pellet coated 

probe from the bio-adhesive layer as measure using texture analyzer. Formulations tested 

were shown in Table 4.1. N=3; Error bars = SD. 

 

Conclusion 

Even though, nasal route has high local and systemic bio-availability for many 

drugs and vaccines, it is limited by the lower retention time of these drugs in nasal tract. 

Mucoadhesives have been largely studied for its potential to improve nasal residence 

time. In this study, various mucoadhesive polymer coated PCL/MD MPs were tested for 

their potential to display mucoadhesion, uptake and immunogenicity in DCs. 

Formulations C1, G1, A1G2, A2G1, A2G2 has exhibited optimum mucoadhesion, uptake 

and immune induction in DCs, hence we proceeded to study these formulations for their 

nasal targeting potential in vivo.
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CHAPTER 5 

IN VIVO EVALUATION OF MUCOADHESIVE PCL/MD MPS AS NASAL 

VACCINE CARRIERS  

Introduction 

 Even though S. pneumoniae spends considerable life time in the nasal tract, there 

is no vaccine targeting the nasal tract (NT) that could offer a first line defense against 

pathogen carriage; it is true for all the mucosal pathogens, where major route of 

vaccination used is the parenteral route. Parenteral route activates systemic immunity, 

while mucosal vaccination has a potential to induce both mucosal and systemic immune 

responses, thus protecting the individual from initial carriage and colonization(Bergquist 

et al., 1997). 

NT has a porous endothelia, low protease activity, high blood supply and allows 

local and systemic delivery of many drugs (usually lipophilic with molar mass < 1 KD) 

(McMartin, Hutchinson, Hyde, & Peters, 1987). In addition, nasal associated lymphoid 

tissue (NALT) exhibits 'Common mucosal immune response', where nasal vaccination 

could induce immune responses in respiratory and urogenital tracts( J. Seo et al., 2002; 

Ozsoy et al., 2009; McGhee & Fujihashi, 2012; M. Wang et al., 2013). Although the 

nasal route of administration is ideal to induce local mucosal and systemic immune 

responses against mucosal pathogens, mucociliary clearance in the NT poses a major
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 hurdle to the vaccination by this route (Marttin et al., 1998; Ozsoy et al., 2009). Hence 

there is an immediate need to develop vaccine carriers that can withstand nasal clearance 

thus improve nasal bio-availability, which in turn induce immune responses. 

Various formulation and delivery strategies have been explored to deliver 

vaccines to nose and improve nasal residence and nasal bioavailability (Zaman, 

Chandrudu, & Toth, 2013). Particulates and hydrogel formulations are the most studied 

formulation strategies (Sharma, Mukkur, Benson, & Chen, 2009; Nochi et al., 2010; 

Zaman et al., 2013; Salatin et al., 2016). Various delivery devices were also studied to 

improve targeting NT (Djupesland, 2013). Various mucoadhesive polymers such as 

alginate, chitosan, gelatin etc., are introduced in to formulations to enhance particle 

residence in NT ( Ozsoy et al., 2009; Chaturvedi, Kumar, & Pathak, 2011; Mucosal 

Vaccines: Modern Concepts, Strategies, and Challenges, 2012; Das Neves & Sarmento, 

2014).  

In this study, we have coated PCL/MD MPs with mucoadhesive polymers to 

improve nasal residence time of the vaccine. Sodium alginate, chitosan, and gelatin were 

tested for this study. Sodium alginate exhibits high mucoadhesion due to carboxylate 

groups that interact with mucin forming hydrogen bonds (Sarei, Dounighi, Zolfagharian, 

Khaki, & Bidhendi, 2013; Das Neves & Sarmento, 2014). Chitosan and gelatin exhibits 

mucoadhesion through ionic interactions, hydrogen bonding, water absorption and their 

hydrogel properties (Sogias, Williams, & Khutoryanskiy, 2008; Duan & Mao, 2010). 

Chitosan has been reported to break epithelial tight junctions irreversibly and thus 

improve bioavailability and has been reported to act as adjuvant. Gelatin possess RGD 

sequences that are ligands for the αvβ3 integrins present on dendritic cells and thus 
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improve the uptake of vaccine (Mata, Igartua, Patarroyo, Pedraz, & Hernández, 2011; 

Davidenko et al., 2016). 

We have developed mucoadhesive PCL/MD MP formulations by coating the 

PCL/MD MPs with mucoadhesive polymers such as chitosan, gelatin, and alginate. 

Formulations G1, C1, A2G2, A1G2, and A2G1 exhibited optimum immunogenicity, 

uptake and mucoadhesion (see Chapter 4). To further identify the MP formulation that 

has high nasal retention in vivo, we have used bio-imaging to track particles in mice NT 

and lymphoids. Bio-imaging enables us to observe the biological process in vivo in a non-

invasive way and has wide applications in diagnostics, drug development and evaluating 

treatment efficacy. In the drug development, using bio-imaging in preclinical testing 

would probably improve its scope to translate to clinical setting (Ghoroghchian, Therien, 

& Hammer, 2009). However, the auto fluorescence from tissues, skin, fat, blood and 

water content in animals poses a great hurdle resulting in high noise in the fluorescent 

probes that excites and emits in the visible range. In addition, achieving the penetration 

depth of 1-3mm required in animal imaging is hard to achieve in many fluorescent probes 

(Quek & Leong, 2012). Near infra-red (NIR) fluorescent probes has advantages over 

visible fluorescent probe in animal imaging, NIR imaging has lesser auto-fluorescence 

from animal itself, improved resolution and greater imaging depth (Chickering & 

Mathiowitz, 1999, Frangioni, 2003; Quek & Leong, 2012). Various cyanine dyes 

(Indocyanine green, Cy 5.5, Cy 7, Cy 7.5) (Adams et al., 2007; Ballou et al., 1998; Deng 

et al., 2017;  Kolluru, Rizvi, D’Souza, & D’Souza, 2013) LI-COR® dyes (IRDye® 800 

CW) ( Adams et al., 2007; Marshall, Draney, Sevick-Muraca, & Olive, 2010), and 

nanomaterials such as quantum dots (QD) (Al-Jamal & Kostarelos, 2011), carbon nano 
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tubes (Liu et al., 2007; Liu, Tabakman, Welsher, & Dai, 2009), gold nano clusters have 

been used in animal bio-imaging (Quek & Leong, 2012). 

We have used cyanine and LI-COR® dyes owing to their simplicity, flexibility 

and cost effectiveness. In order to track both MPs and the encapsulated candidate vaccine 

through NT, we have used dual tagging—Cy 5.5 was tagged to PCL and IRDye® 800 

CW was tagged to PsaA. The nasal clearance of the selected MP formulations was 

observed over time in mice using a LI-COR® Odyssey bio–imager. Among all the 

formulations tested gelatin and chitosan coated PCL/MD MPs exhibited highest nasal 

retention in mice. Lymphoid organs such as NALT, spleen, lungs and cervical lymph 

nodes were observed for any MPs deposition.  

Materials and Methods 

Materials 

PsaA subunit-antigen was obtained (gratis) from the Centre for Disease Control, 

Atlanta, Georgia. Polycaprolactone (PCL) polymer (MW = 80000 da) was purchased 

from Fisher Scientific, USA. DC 2.4 cell line was a kind gift from Dr Martin D'souza, 

College of Pharmacy, Mercer University, Atlanta, Georgia. Maltrin® M040 

(Maltodextrin) was a gift sample from Grain processing corporation, Iowa, USA. 

Methylene chloride and Polyvinyl alcohol (PVA) used as polymer solvent and surfactant 

respectively were purchased from Fisher Scientific. Alginate (MP Biomedicals, USA.), 

Gelatin Type B from bovine skin (Sigma Aldrich, St Louis, MO) and Chitosan with 

molecular weight 100,000–300,000 da (Acros Organics) were used as mucoadhesive 

polymers. Cyanine NHS ester (Lumiprobe, Huntvalley, MD) was used to fluorescently 
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label PCL-NH2 (Akina Inc, West Lafayette, IN). IRDye® 800 CW ester labeling kit used 

to tag PsaA was obtained from LI-COR (Lincoln, NE). 

Conjugation of PsaA using IRDye® 800 CW Dye 

PsaA was conjugated to IRDye® 800 CW dye as per the manufacturer's 

instructions. Briefly, PsaA solution (1 mg/ml) was prepared in 50 mM phosphate buffer 

pH 8.5. Protein solution was maintained at room temperature before conjugation. Amount 

of dye needed to achieve a Dye/Protein ratio in the range of 1:1 to 1:3 ratio was 

calculated based on the manufacturer's instructions using formulas below (Equation 5.1). 

About 6.5 μl of 20 mg/ml of IRDye® 800 CW dye was added to 1 ml PsaA solution (1 

mg/ml). The reaction was carried on for 2h at room temperature in the dark. The reaction 

mixture was dialyzed to separate unconjugated dye from PsaA conjugated dye using 

dialysis cassettes (Thermo Fisher Scientific, Waltham, MA). 

𝐷𝑦𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 =  
233.2

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡
 …………. Equation 5.1 

Conjugation of PCL-NH2 using cyanine 5.5 

PCL-NH2 was conjugated to cyanine 5.5 NHS ester as per the indications from 

both the manufacturers. Briefly, 143.2 µg dye (cyanine NHS ester) (calculated using 

Equation 5.2) and 2 mg PCL-NH2 were dissolved together in methylene chloride. About 

50 µl of diisopropylethylamine was added to the reaction mixture to raise the pH that 

renders amine group to become more reactive. Reaction was proceeded overnight with 

constant stirring. The conjugated polymer was filtered and precipitated in hexane. 
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𝑁𝐻𝑆 𝑒𝑠𝑡𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)

= 8 ×  𝑃𝐶𝐿 − 𝑁𝐻2 𝑤𝑒𝑖𝑔ℎ𝑡 × 
𝐶𝑦𝑎𝑛𝑖𝑛𝑒 5.5 𝑁𝐻𝑆 𝑒𝑠𝑡𝑒𝑟 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠

𝑃𝐶𝐿 − 𝑁𝐻2 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
 

                                                                              …………… Equation 5.2 

Preparation of IR fluorescent PCL/MD MPs 

Cyanine 5.5 tagged PCL-NH2 was added to unconjugated PCL at a ratio of 1:3 

and dissolved in methylene chloride to prepare 4% w/v PCL solution. PsaA solution was 

prepared by dissolving IRDye 800 CW conjugated PsaA with unconjugated PsaA at a 

ratio of 1:3 to prepare 4 mg/ml PsaA solution in 40% w/v maltodextrin. One ml protein 

solution was added to 5 ml polymer solution and homogenized at 22000 rpm for 30 sec. 

The primary emulsion was then added to 40 ml 2% v/v PVA solution and homogenized 

for 2 min to yield double emulsion, which is then left stirring for 8h to yield MP 

suspension. The resulting suspension was washed twice and lyophilized for further use.  

Screening of PCL/MD MPs for Lymphoid Tissue Localization 

PsaA loaded PCL/MD MPs tagged with infrared fluorescent dyes, 30 µl of 25 

mg/ml (in saline) was used to dose the mice. Protein control group received 30 µg PsaA 

dispersed in 30 µl saline. The particles were delivered intra-nasally by drip method using 

a micro-pipette. The animals are grouped as shown in Table 5.1. Two sets of experiments 

were performed. In one set, the animals were sacrificed on day 7 (N=2) and, nasal tract 

(NT), cervical lymph nodes (CLNs), spleen and lungs were dissected out for imaging 

studies. NIR images were obtained using Odyssey bio-imager at both 700 and 800 nm 

fluorescent filters to obtain fluorescence signal from MPs (cyanine 5.5) and PsaA 

(IRDye® 800 CW) respectively.  
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Table 5.1. Mice groups studied for nasal targeting in vivo 

Group Name/Formulation Received Route 

Uncoated (UC) Nasal 

Protein Control (PC) Nasal 

A2G2 Nasal 

A1G2 Nasal 

A2G1 Nasal 

G Nasal 

C Nasal 

No Treatment Nasal 

 

In vivo Nasal Retention of MPs 

In the second set, animals (N=3) were imaged at regular time intervals until 42 

days. The particle muco-retention was quantitatively measured based on the fluorescence 

intensity emitted from the cyanine 5.5 tagged PCL particles and IRDye® 800 CW tagged 

PsaA as measured at 700 and 800 nm respectively. Particle and protein clearance from 

the NT were estimated based on the slopes obtained when the fluorescence intensity was 

plotted against time. A smaller slope is indicative of a slower clearance and higher nasal 

retention, and vice versa. 

Statistical Analysis 

Data was analyzed using Microsoft excel data analysis package, significance values 

were determined using 2-tailed student T-test. 
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Results and Discussion 

In vivo Nasal Retention of MPs 

Despite the usage of wide number of in vitro tests to characterize the delivery 

systems, there always will be a need to characterize the particulate systems in vivo to 

account for various physiological processes. In vivo imaging techniques such as PET, 

MRI, etc. used in diagnostics in humans are recently being explored for applications in 

drug delivery ( Kwon et al., 2008; Kumar et al., 2010; Woods et al., 2015), however, the 

use of radiation, radioactive probes and their cost limits the use of these techniques in 

preclinical evaluations of vaccine delivery system. NIR fluorescent probes offer less 

expensive alternatives and NIR imaging has less background due to auto fluorescence, 

and has deeper tissue penetration compared to visible fluorescence detectors (Frangioni, 

2003).  Use of NIR dyes to track particle movement and study particulate 

pharmacokinetics was reported by various researchers (Hwang, Kim, Kwon, & Kim, 

2008; Nahar et al., 2013; Hapuarachchige, Zhu, Kato, & Artemov, 2014; Dong et al., 

2016; Markovic et al., 2016). Cyanine dyes such as Cy 3, Cy 5.5, Cy 5, LI-COR® dyes 

such as IRDye® 800 CW, Alexafluor dyes etc. have been widely used as NIR probes 

(Ballou et al., 1998; Quek & Leong, 2012). Studying particle fluorescence in bio-imager 

with respect to time help us understand the kinetics of particle absorption, distribution 

and clearance. In this study, nasal fluorescence from the MPs and protein deteriorates 

with the clearance of MPs from the NT, help us to understand the rate of clearance of 

MPs from the mice NT. Graph plotting fluorescence units against the time implies 

particle clearance with time; the slope of this relation could be used as a magnitude to 

measure the extent of nasal clearance; smaller slope indicates slower clearance and higher 
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retention and vice versa. Particle clearance, as scanned at 700 nm indicates significantly 

lower clearance slopes in chitosan (P ≤ 0.01) and gelatin (P ≤ 0.05) coated MPs 

compared to the uncoated particles—indicating higher nasal retention of these 

formulations (Figure 5.1). Protein clearance, as scanned at 800 nm showed similar trend. 

Chitosan and gelatin MPs had significantly smaller slope than uncoated particles (P ≤ 

0.05), further confirming the nasal retention of candidate vaccine in these formulations 

(Figure 5.2). The Figure 5.3 shows the qualitative data of the same; chitosan and gelatin 

coated MPs has higher nasal retention after 7 days compared to other formulations. Even 

though we carried out the imaging for up to 42 days, a considerable variation in the 

fluorescence was observed only in the first 7 days, there after most of the formulations 

reached base line fluorescence; hence we used data points for 7 days to study the nasal 

retention. Delivery systems and applications enhancing nasal retention improve vaccine 

efficacy by increasing contact time with mucosal tissue providing enough time for 

immune cells to take up vaccine particles (Nochi et al., 2010; Saito et al., 2016). Chitosan 

and gelatin coated MPs thus could be used as adjuvants for the delivery of nasal vaccines. 
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Figure 5.1. PCL/MD MPs retention in mice NT. MPs clearance from NT was indicated 

by the slope values of fluorescence decay of intra-nasally delivered cyanine 5.5 tagged 

fluorescence MPs (Table 5.1) over time at 700. N=3, ***P ≤ 0.01 when compared to 

uncoated MPs.  

 

 

 

Figure 5.2. Retention of MP encapsulated PsaA in mice NT. PsaA nasal retention was 

indicated by the slope values of fluorescence decay of intra-nasally delivered IRDye® 

800 CW tagged PsaA encapsulated test MP formulations (Table 5.1) from mice NT. N=3, 

Error bars= SD, * P ≤ 0.05, ** P ≤ 0.01 when compared to UC MPs 
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Figure 5.3. Nasal targeting potential of PCL/MD MP formulations in mice NT. All MP 

test formulations (Table 5.1) were prepared using cyanine 5.5 NHS tagged 

polycaprolactone and IRDye® 800 CW tagged PsaA. All the animals are scanned on 

using LI-COR® Odyssey bio-imager at 700 nm to view the particle localization on Day 7. 

 

Bio-distribution of vaccine MP formulations 

Even though improved nasal retention could improve mucosal immune responses, 

the potential of these particles to reach secondary lymphoid organs such as spleens and 

lymph nodes would define the role of vaccine particles in activating systemic responses. 

All the MPs showed a good retention in NT; chitosan particles were also translocated to 

spleen and cervical lymph nodes, while gelatin MPs reached spleen. This indicates that 
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the gelatin and chitosan coated PCL/MD MPs are transported to secondary lymphoid 

organs along with locally acting mucosal lymphoid tissue. 

 

 
 

Figure 5.4: Localization of PsaA encapsulated PCL/MD MPs in lymphoid organs. All 

MP test formulations (Table 5.1) were prepared using cyanine 5.5 NHS tagged 

polycaprolactone and IRDye® 800 CW tagged PsaA. All the lymphoids were isolated on 

day 7 and scanned using LI-COR® Odyssey bio-imager at 800 nm to view the particle 

localization. 

 

Conclusion 

Formulations A1G2, A2G1, A2G2, C and G exhibited optimum immunogenicity, 

uptake and mucoadhesion when tested in vitro, these formulations were further 

investigated for their potential to enhance nasal retention in vivo. Among all the test and 

control formulations tested, C and G viz., chitosan and gelatin coated MPs showed higher 
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retention in mice NT and thus could be used as adjuvants for the nasal vaccines. In 

addition, chitosan and gelatin coated MPs were also accumulated in secondary lymphoid 

organs such as spleen and lymph nodes further signifying the possibility of these MPs in 

initiating both systemic and mucosal immune responses
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CHAPTER 6 

IN VIVO EVALUATION OF PSA A ENCAPSULATED MUCOADHESIVE 

PCL/MD MPs AS VACCINES AGAINST PNEUMOCOCCAL INFECTIONS 

Introduction 

Streptococcus pneumoniae is a gram-positive bacterium, asymptomatically 

carried in human nasal tract, causing infection usually when the immune system is 

compromised. S. pneumoniae accounts for up to 1.2 million deaths each year and the 

most affected population are the younger children (< 5 years) and elderly (> 65 years). 

About 107 serotypes of S. pneumoniae were identified so far (Mayanskiy et al., 2015), 

and this pathogen has been evolving continuously. Currently we have two marketed 

vaccines used against pneumococcal infections, capsular polysaccharide vaccine 

(Pneumovax-23) and protein conjugated polysaccharide vaccine (Prevnar -7, Prevnar-13). 

The limitations of these vaccines includes failure to act in the vulnerable population, type 

specific immunity that demands inclusion of many serotypes in the vaccine, and 

continuous evolution of the polysaccharide capsule in S. pneumoniae (Pletz et al., 2008; 

Weinberger et al., 2011; Duclos, 2012). Thus, demanding a vaccine that is potent, 

serotype non-specific, prevent initial carriage, prevent systemic infection and induce 

memory response. Various potential vaccine candidates and vaccine delivery strategies to 

improve the vaccine potential were reviewed in Chapter 2.  
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Since, pneumococcal infections are always preceded by nasal carriage and 

colonization, vaccine that reduces the nasal colonization in turn would reduce the 

pneumococcal invasion and subsequent clinical manifestations. Vaccine that reduces 

nasal carriage in turn reduces horizontal spread of infection leading to herd immunity, 

which is one of the major aims of pneumococcal vaccination ( Pelton et al., 2003; 

Bogaert et al., 2004a). Mucosal immunity is also fully developed in infants, and was 

reported to mature earlier in life, compared to systemic immune system (Nieminen et al., 

1996; Brugman, Perdijk, van Neerven, & Savelkoul, 2015). Secretory IgA has been the 

major indicator of mucosal humoral immunity and is essential in the clearance of 

colonized S. pneumoniae (Bogaert et al., 2004a; Mantis, Rol, & Corthésy, 2011). IgA 

plays a crucial role in pneumococcal clearance from the nasal tract after nasal 

immunization with conjugate vaccine and IL-12 (J. M. Lynch, Briles, & Metzger, 2003). 

IgA and IgG mediated agglutination of pathogen  has been suggested as one of the major 

roles of antibody mediated bacterial clearance in non-systemic regions and the 

agglutinated bacteria were cleared off by the muco ciliary clearance(A M Roche, 

Richard, Rahkola, Janoff, & Weiser, 2015). 

Serological analysis was designated as an immunological correlate for 

pneumococcal vaccines. Anti-pneumococcal antibody in the range of 0.15–2.0 µg/ml was 

considered as protective level. However, these responses were considered ideal while 

using capsular polysaccharide vaccine (Balmer, Cant, & Borrow, 2007; Beck, 2013). This 

estimate was not yet established for the pneumococcal protein vaccines. In addition, 

various functional assays such as opsono phagocytosis assay and in vitro adherence 
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inhibition assays provides further evidence on antibody mediated protection against S. 

pneumoniae (Romero-Steiner et al., 2003a).  

Along with the antibody mediated humoral responses, a strong cellular immunity 

is required to fight S. pneumoniae (Jambo, Sepako, Heyderman, & Gordon, 2010). A 

strong role of CD4 T lymphocytes in pneumococcal clearance was indicated, Malley et 

al. (2005) reported that MuMT-/- mice (antibody deficient) showed protection after 

vaccination with attenuated or killed 6B strain. However, the T cell deficient and MHC 

class II deficient mice showed no protection after vaccination indicating the role of 

cellular responses in protection against pneumococcal infections. Th17 lymphocyte 

mediated protection against pneumococcal colonization have been reported in many 

studies (Bogaert, Weinberger, Thompson, Lipsitch, & Malley, 2009; Lu, Forte, 

Thompson, Anderson, & Malley, 2009; Zhang, Clarke, & Weiser, 2009; Jambo et al., 

2010) 

We have used pneumococcal surface adhesin A (PsaA), a 37 KDa bacterial 

adhesin, as a potential vaccine candidate. PsaA is present in all serotypes with least 

conformational variance (< 5%), making it an ideal vaccine candidate. Nasal vaccination 

using adhesin such as PsaA could induce local mucosal immune responses to prevent 

bacterial adherence to the nasopharyngeal epithelium, which further prevents bacterial 

spread to systemic sites. Romero-Steiner et al. (2003) reported that the anti PsaA 

antibody prevented pneumococcal adherence to PsaA in a concentration dependent 

fashion. We combined advantages of particulate deliver — antigen protection, controlled 
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release, enhanced uptake and bioadhesion; to deliver the vaccine candidate (PsaA) and to 

render it more immunogenic. 

In the earlier chapters, we have showed the development of PsaA encapsulated 

mucoadhesive PCL/MD MPs (will also be referred as vaccine MPs) that have optimum 

vaccine potential and nasal retention. The gelatin and chitosan coated MPs showed high 

promise to be nasal vaccines compared to other formulations. To further establish the 

potential of these vaccine formulations, immune responses developed by these vaccine 

MPs against S. pneumoniae was studied in mice in vivo.  

Materials and Methods 

Materials   

PsaA subunit-antigen was obtained (gratis) from the Centre for Disease Control, 

Atlanta, Georgia. Polycaprolactone polymer (MW: 80,000 da) was purchased from 

Sigma, St. Louis, MO (Cat#440744). Maltrin® M040 (Maltodextrin) was a gift from 

Grain processing corporation, Iowa, USA. Methylene chloride and polyvinyl alcohol 

(PVA) used as polymer solvent and surfactant respectively were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Alginate (MP Biomedicals, USA), gelatin Type 

B from bovine skin (Sigma Aldrich, St. Louis, MO) and Chitosan with molecular weight 

100,000–300,000 da (Acros Organics) were used as mucoadhesive polymers. RPMI 

1640, Sodium pyruvate, Penicillin-Streptomycin (10,000 U/ml) and FBS are acquired 

from Gibco® Invitrogen Corporation (Grand Island, NY, USA). DMSO was acquired 

from Thermo Fisher Scientific, USA. 
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Growing S. pneumoniae Strain EF3030 

 EF3030 Strain was obtained from the Department of Microbiology, University of 

Alabama, Birmingham, Alabama, and grown as described previously by (Palaniappan et 

al., 2005). EF3030 is classified to capsular group 19, it is relatively noninvasive in mice 

and colonizes mice nasal tract without causing systemic infection and hence ideal for 

colonization model (Briles, Crain, Gray, Forman, & Yother, 1992; Rijneveld et al., 

2002). Ten µl of the bacterial stock was plated on blood agar plates and incubated 

overnight at 37°C, 5% CO2 with humidity. From the blood agar plate, 5-7 colonies were 

collected and grown in Todd Hewitt broth and stored frozen in aliquots at −70°C with 

20% glycerol.  

PsaA Encapsulated Mucoadhesive MP Formulations 

 Formulation was prepared as discussed earlier using double emulsion technique, 

about 1 ml of 4 mg/ml of PsaA solution in maltodextrin was added to 4 ml of 5% w/v 

solution of PCL in methylene chloride and homogenized at 22,000 rpm for 30 seconds to 

yield a w/o emulsion. Resulting primary emulsion was then added to 40 ml 2% PVA 

solution and homogenized at 22,000 rpm for 2 minutes. The whole process was 

performed over ice. The resulting double emulsion was stirred overnight, the particles are 

centrifuged, washed and lyophilized. For developing mucoadhesive vaccine particles, 

washed MPs are dispersed in gelatin and chitosan solutions as discussed earlier. 

Animal Housing, Maintenance and Treatment 

 Female BALB/c mice that are 8 to 12 weeks old, were procured from Charles 

river Laboratories. All mice were housed in horizontal laminar flow cabinets. Routine 
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antibody screening for a large panel of pathogens and routine histological analyses of 

organs and tissues were performed to ensure that mice were pathogen free before the start 

of this study. Mice were divided in to 8 experimental groups and the treatments received 

by these groups are shown in Table 6.1. All the treatment groups received formulations 

that accounted for 30 µg of PsaA and the controls received blank particle equivalent to 

the respective treatments. Calculated weight of formulation was suspended in 30 µl saline 

and give to conscious mice through one of the nares. Mice received 3 doses of treatment 

as per the experimental plan shown in Figure 6.1. On day 24, all the mice were nasally 

administered ≈106.88  CFU/ml of S. pneumoniae strain EF3030 in 15 μl of ringer's 

solution to establish nasal carriage (Palaniappan et al., 2005). The guidelines proposed by 

the committee for the Care of Laboratory Animal Resources Commission of Life 

Sciences, National Research Council, were followed to minimize animal pain and 

distress. All procedures involving mice were approved by the Institutional Review Board 

of the Mercer University, College of Pharmacy, Atlanta, GA.  
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Table 6.1: Different experimental groups of mice and the formulations they received 

  

 
I.P—Intraperitoneal; I.N—Intranasal 

 

 

 

 

 
Figure 6.1. Experimental design of the mice immunization, challenge and sample 

collection. 

 

Blood and Nasal Wash Collection  

Blood and nasal wash samples were collected as described earlier by Palaniappan 

et al. (2005). Blood collection was performed on days 0, 10, 17, 24 and 28 using retro 

orbital plexus. Nasal wash samples were obtained after euthanizing the animals on day 
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28. Briefly, to obtain nasal wash samples from mice, a 1 ml syringe with a polyethylene 

tubing positioned over the needle (≈1 mm diameter; Becton Dickinson, Sparks, Md.). 

This tube was then inserted in to the mice trachea and about 100 μl of sterile phosphate-

buffered saline (PBS) was flushed through the interior of the nasal tract. The resulting 

nasal wash fluid was collected at the nares.  

Antigen-Specific Antibody Detection by ELISA.   

PsaA specific antibodies in nasal secretion and serum samples were measured by 

ELISA (Palaniappan et al., 2005). Briefly, 96-well ELISA plates (Immunolon II, Thermo 

Fisher Scientific) were coated with 50 μl, 5 μg/ml of PsaA in coating buffer (100 mM 

sodium carbonate-bicarbonate buffer, pH 9.6) overnight at 4°C and then blocked with 

200 μl 10% v/v fetal calf serum (FCS) in 0.01 M phosphate-buffered saline (PBS) (FCS-

PBS) for 3 hours at room temperature. About 100 μl of samples were added and serially 

diluted in FCS-PBS and incubated for 2 hours at room temperature, plates were washed 

three times with 250 μl of PBS containing 0.05% Tween 20 (PBS-T). For IgA and IgG 

detection, 100 μl of 0.33 μg/ml horseradish peroxidase-conjugated goat anti-mouse α and 

γ heavy-chain-specific antiserum (was added to each well and incubated for 1 hour. For 

detecting antigen-specific IgG subclasses, 100 μl of biotin-conjugated rat anti-mouse γ1 

(clone A85-1 at 12.5 ng/ml), γ2a (clone R19-15 at 125 ng/ml), and γ3 (clone R40-82 at 

50 ng/ml) heavy-chain-specific monoclonal antibodies were added and incubated for 1 

hour, washed and 100 μl of 0.5 μg/ml horseradish peroxidase-streptavidin antibody was 

added. After adding HRP conjugated detection antibody the reaction was proceeded for 1 

hour followed by washing and 100 μl of tetramethylbenzidine substrate was added and 
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allowed to react for 20 min. The reaction was stopped with 50 μl of 2% H2SO4. The 

optical density was read at 450 nm and compared against a standard curve that was 

generated with control standards of purified mouse IgG, IgA, IgG1, IgG2a, and IgG3. 

Pneumococcal Carriage Quantification  

Nasal wash samples obtained as discussed above (6.2.5) were plated on blood 

agar plated containing 4 μg of gentamicin sulfate per ml. The numbers of S. pneumoniae 

CFU was enumerated after 24 hours incubation at 37°C.  

PsaA Adherence Inhibition Assay 

PsaA as discussed earlier is an adhesin molecule. Hence demonstrating the ability 

of anti-PsaA antibodies to inhibit bacterial adherence to nasal tract is critical to establish 

the usefulness of vaccine MPs. To deduce the presence of PsaA adherence impeding 

antibodies in mice hyper immune sera, an in vitro tissue culture adherence inhibition 

assay with Detroit-562 (D-562), nasopharyngeal epithelial cells was used. 

Maintenance of D-562 cells. D-562 cells were purchased from ATCC. The frozen 

stock was thawed, centrifuged, washed and added to 25 ml DMEM with 7% FBS. . D562 

cells are maintained as adherent cell culture on the sides of the T75 tissue culture flask. 

Confluent D562 monolayer was sub-cultured at 7 days intervals. Monolayers were 

washed with trypsin to remove traces of FBS, and then cells are subjected to trypsin 

digestion for 15 min and resuspended in 75 ml EMEM with 7% FBS. About 12 ml of this 

cell suspension was added to 13 ml fresh media and seeded in T75 flask.  

In vitro adherence inhibition assay with PsaA beads. For this assay, D-562 cells 

were seeded in 96 well plates. About 200 µl of the cell suspension was added to each 
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well. A confluent monolayer was observed from day 5 and the cells were used for the 

assay. All the cells were washed with PBS + 0.5% BSA and blocked with PBS+1% BSA. 

Meanwhile, PsaA conjugated yellow green carboxylate beads were prepared at 106 beads 

per ml in PBS + 1% BSA and, serum dilutions were prepared. To 40 µl beads , 40 µl 

serum was added and incubated on shaker for 20 min. About 45 µl of this mixture was 

added to the blocked D-562 cells and incubated at 37°C and 5% CO2 for 2 hours. The 

cells were then washed with PBS+0.5% BSA for five times and read in Synergy HT 

(Biotek, Winooski, VT) plate reader at excitation/emission wavelengths set to 485/525 

nm. The reduction of adherence with serum compared to the wells that received beads 

only was recorded as the extent of neutralization of the sample. 

Tissue and Cell Isolation  

Spleen, lung, cervical lymph node, and nasal tract were aseptically removed. The 

lower respiratory lymphoid tissues such as lungs and mediastinal lymph nodes were 

instilled with 10 ml of cold PBS to remove blood. Spleen and lungs are subjected to RBC 

lysis using RBC lysis buffer, lungs are further subjected to collagenase digestion with 1 

mg of collagenase type IV per ml in RPMI 1640. A single cell suspension of all the 

tissues was obtained by passing these tissues through a sterile wire screen. The nasal tract 

mucosal tissue (NT) was removed by scraping the nasal tract and washing with RPMI-2. 

T-cell fractions were obtained by passing single-cell suspensions over glass wool 

(Polysciences, Inc., Warrington, PA) for 1 hour at 37°C (Lillard, Boyaka, Hedrick, 

Zlotnik, & McGhee, 1999; Palaniappan et al., 2005). Lymphocytes could be further 

enriched using a discontinuous percoll gradient, and the lymphocytes were collected at 40 
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to 75% interface(Lillard, Boyaka, Chertov, et al., 1999; Palaniappan et al., 2005). The 

lymphocyte fragments were washed twice with RPMI 1640, and were maintained in 

complete medium, constituting RPMI 1640 supplemented with 10 ml of nonessential 

amino acids per liter, 1 mM sodium pyruvate, 10 mM HEPES, 100 U of penicillin per ml, 

100 μg of streptomycin per ml, 40 μg of gentamicin per ml, and 10% FBS. 

Memory T Cell Phenotyping  

T cell phenotyping was assessed in flow cytometer using CD markers. For 

identifying the memory cell population in the above mice cell suspension, the cells were 

stained with FITC conjugated anti-mouse CD3, R-PE conjugated anti-mouse CD 44, 

APC conjugated anti-mouse CD 62L for 30 min with agitation. Lymphocytes were then 

washed with flow cytometry wash buffer (PBS with 1% FCS) and fixed with 2% 

paraformaldehyde in PBS and analyzed in Accuri C6 flow cytometer. A fluorescence 

intensity lower limit was set based on no treatment controls (i.e., negative). In cells were 

first gated for CD3+ population, further effector memory T cells was analyzed by plotting 

FL-2 against FL-4, and gating the population at low FL-4 and high FL-2, which 

constitutes the effector memory cell population (CD 62L lo and CD 44 hi) as described 

earlier (Krishnan et al., 2007; “Mouse Naive/Memory T cell ID Panel - anti-CD3, CD4, 

CD62L, CD44 - 17A2, RM4-5, MEL-14, IM7,” 2014).  

BrDU Cell Proliferation  

Lymphocyte proliferation can be detected based on 5-bromo-2′-deoxyuridine 

internalization (BrDU) incorporation in to proliferating cells using BrDU cell 

proliferation kit (Cell Signal Technology®, Danvers, MA). Manufacturer's protocol and a 
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previously established method were followed to study BrDU internalization (Palaniappan 

et al., 2005). In brief, purified lymphocytes were cultured at a density of 5 × 106 cells/ml 

with 106 irradiated feeder cells/ml in complete medium containing 5 μg/ml antigen 

(PsaA) at 37°C in 5% CO2. About 100 µl cells were transferred to 96 well plate, after 3 

days of stimulation, 10 μl of 100X BrDU was added per well (10μM final concentration 

per well), and the cells were incubated for 18 hours at 37°C with 5% CO2. Cells were 

then fixed with 100 μl of fixing/denaturing solution at room temperature for 30 min. The 

cells were then washed with RPMI 3 times and incubated with mouse anti BrDU 

antibody for 1 hour at room temperature. The plates were then washed and a HRP-

conjugated anti-mouse IgG detection antibody was added to the plate and incubated for 

30 min at room temperature. The plates are washed again and TMB substrate was added 

and incubated for 30 min to develop color and stopped with 50 μl of 2% H2SO4, the 

optical density was read at 450 nm. 

Cytokine Screening by Luminex 

The isolated lymphocytes were cultured and stimulated ex vivo as indicated by 

Palaniappan et al. (2005). Briefly, Purified lymphocytes and irradiated feeder cells were 

cultured at densities of 5 × 106 and 1 × 106 cells per ml respectively, in complete medium 

containing 5 μg of PsaA per ml at 37°C in 5% CO2 and plated in 96 well plate. To assess 

cytokine production, culture supernatant from 96-well plates were harvested after 3 days 

of antigen stimulation. The amounts of interleukins IL-2, IL-4, IL-6, IL-10, tumor 

necrosis factor alpha (TNF-α), and gamma interferon (IFN-γ) in cell culture supernatants 
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were determined by Luminex using customized cytokine detection Luminex kit (R&D 

systems, Minneapolis, MN), following the manufacturer's instructions.  

Statistical Analysis.  

Data was analyzed using Microsoft excel data analysis package, significance 

determined using 2-tailed student T-test and the results are reported significant if P ≤ 0.05 

Results 

Serum Anti-Pneumococcal Antibody responses.  

All the animals were vaccinated with three doses of respective vaccine 

formulations (Table 6.1) on days 1, 7, 14, and are challenged with live EF3030 on day 

24. Blood samples obtained on days 0, 10, 17, 24 and 28 were analyzed for serum 

antibody response.  

PsaA specific serum IgG responses. Animals that received vaccine MPs I.P (G1) 

and gelatin coated vaccine MPs I.N (G4) showed significantly higher serum IgG 

responses compared to the control groups that received no treatment (G5) or blank MPs 

(G6, G7, G8). In G1, significant serum IgG levels are seen from day 17, while in G4 

significant IgG levels were seen from day 24. Even though levels of IgG was higher in 

G1 compared to the G4; the difference was not statistically significant. At all the time 

points, IgG response in G2 (PsaA solution I.N) was similar to the controls (G5, G6, G7, 

G8) (Figure 6.2). 
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Figure 6.2. PsaA specific serum IgG antibodies in vaccinated mice. Mice were 

vaccinated with various MP formulations I.P and I.N (Table 6.1) on days 1, 7 and 10 and 

the serum antibody titers were analyzed on days 0, 10, 17, 24 and 28. N ≥ 3, * P ≤ 0.05, 

Error bars = SD. 

 

PsaA specific serum IgG isotyping. The type of antigen, host’s age and the micro 

environment (cytokines and other inflammatory mediators) determines the IgG isotype 

switching, the IgG isotype in turn indicates the type of immune response (Freijd, 

Hammarstrom, Persson, & Smith, 1984; Michaelsen, Kolberg, Aase, Herstad, & Høiby, 

2004; Olafsdottir, Lingnau, Nagy, & Jonsdottir, 2012; González-Miro et al., 2017). 

Among all the groups, G1 and G4 showed high IgG1 and IgG2a responses compared to 

the control groups (G5, G6, G7, G8) (P ≤ 0.05). G1 showed high IgG1 and IgG2a 

responses from day 10 and day 17 respectively, while in G4 marked IgG1 and IgG2a 

responses were observed only from day 24 (Figures 6.3a and 6.3b). Only G1 showed 
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IgG3 responses against PsaA, and the IgG3 concentration was very low at all the time 

points tested (Figure 6.3c). Similar to previous reports PsaA vaccination induced high 

IgG2a followed by IgG1 concentration in EF3030 challenged mice (Palaniappan et al., 

2005). IgG sub-classes has different potentials to activate complement and FCγ receptors, 

hence possess different effector functions (Michaelsen, Kolberg, Aase, Herstad, & Hoiby, 

2004). IgG subclass titers help us understand the T cell dependency of the vaccine,  

number of studies have reported IgG1 activity in T cell dependent protein antigens and 

IgG2 responses against polysaccharide vaccines (Soininen, Seppälä, Wuorimaa, & 

Käyhty, 1998). Contrast results were reported by Palaniappan et al., 2005, EF3030 

carriage induced anti-PsaA antibody titers were in the order of IgG2a ≫ IgG1 = IgG2b > 

IgG3 despite PsaA being a protein. Mantis et al. (2011) reported that IgG subclass 

influences effector functions of the antibody. The effector functions were analyzed using 

SBA and OPA assays. The protection efficacy in the order of IgG3 >> IgG2b > IgG2a >> 

IgG1 and IgG3 > IgG2a = IgG2b >> IgG1 for SBA and OPA respectively was reported 

(Mantis et al., 2011).  In another study on E.coli, OPA efficacies were reported in the 

order IgG2a > IgG1∼IgG2b∼IgG3 against lipopolysaccharides (Oishi, Koles, Guelde, & 

Pollack, 1992). Anti-pneumococcal IgG1 and IgG2 antibodies has been reported to 

exhibit phagocytosis activity (Lortan, Kaniuk, & Monteil, 1993). Even though the 

affinities to the complement and Fc receptors vary between isotypes, role of each isotype 

is difficult to establish, each function could be synergistic role of different isotypes. 

Various studies also reported that high IgG2a and IgG1 levels indicate balanced helper T 

cell responses (Lortan et al., 1993), which was seen in both G1 and G4 mice. 
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Figure 6.3. PsaA specific serum a) IgG1, b) IgG2a and c) IgG3 antibody levels in 

vaccinated animals. Mice were vaccinated with various MP formulations I.P and I.N 

(Table 6.1) on days 1, 7 and 10 and the serum antibody titers were analyzed on days 0, 

10, 17, 24 and 28. N ≥ 3, * P ≤ 0.05, Error bars = SD. 

a) 

b) 

c) 
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PsaA Specific Serum IgA Responses. IgA is one of the predominant antibody 

isotype in human serum with various effector functions. IgA has been earlier believed to 

be involved with antigen removal without inducing inflammation, however IgA has been 

later reported to activate lectin mediated complement pathway (Roos et al., 2001; Woof 

& Kerr, 2006). IgA receptors were identified in various effector cells and has role in 

phagocytosis and superoxide generation (Morton, van Egmond, & van de Winkel, 1996; 

Mattu et al., 1998). Among all the groups, mice that received gelatin coated vaccine MPs 

I.N (G4) induced significantly high IgA antibodies compared to all the groups (Figure 

6.4). Even though IgA titers were seen in G1, the titers are not significant. Significant 

IgA response to I.N gelatin coated vaccine MPs was seen from day 24, similar to IgG 

responses in this group (Figure 6.4). Correlation of serum IgA responses with the 

mucosal response of the vaccine has not been established clearly. 

PsaA specific mucosal IgA responses. Mucosal S-IgA is the first antibody that 

encounters the nasal pathogen, and has major role in bacterial clearance from the NT. S-

IgA acts by blocking the antigen access to the epithelium, agglutination of S. 

pneumoniae, which favors opsono phagocytosis and muco-ciliary clearance of 

agglutinated pathogen (Fasching et al., 2007; A M Roche et al., 2015). Various studies 

have shown correlation between S-IgA levels and the nasal clearance of pneumococci 

(Lynch et al., 2003; Detmer et al., 2006; de Lúcia Hernani et al., 2011; Xu et al., 2011; 

Fukuyama et al., 2016). Among all the groups, G4 had the highest mucosal sIgA (P ≤ 

0.05) titer (Figure 6.5). Even though G1 and G2 induced sIgA antibodies, the levels are 

not significant compared to the controls 
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Pneumococcal Carriage Quantification 

S. pneumoniae is naturally carried in human nasal tract, and in order to cause 

infection it needs to colonize the nasal tract. Vaccination that aims at reducing nasal 

colonization can in turn reduce the possibility of disease progression, and reduced 

carriage in turn reduces the lateral spread of the pathogen in the population causing herd 

immunity. All the animals were challenged with EF3030 on day 24 and the nasal tract 

pneumococcal carriage was enumerated by plating the nasal wash samples (collected on 

day 28) on blood agar plates. All the mice that received PsaA encapsulated MPs as 

vaccination has shown reduction in the nasal bacterial carriage, but not the ones that 

received PsaA solution. Mice that received vaccine MPs (I.P), chitosan coated vaccine 

MPs (I.N), and gelatin coated vaccine MPs (I.N) resulted in significant reduction (P ≤ 

0.05) in bacterial carriage compared to the untreated group (Figure 6.6). The bacterial 

clearance further underscores the superiority of particulate vaccines over the PsaA 

solution. 
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Figure 6.4. PsaA specific serum IgA antibodies in vaccinated mice. Mice were 

vaccinated with various MP formulations I.P and I.N (Table 6.1) on days 1, 7 and 10 and 

the serum antibody titers were analyzed on days 10, 17, 24 and 28. N ≥ 3, * P ≤ 0.05, 

Error bars = SD. 

 

 

 
 

Figure 6.5. PsaA specific nasal wash S-IgA antibodies in vaccinated mice. Mice were 

vaccinated with various MP formulations I.P and I.N (Table 6.1) on days 1, 7 and 10 and 

challenged with EF 3030 on day 24. Nasal wash samples collected on day 28 were 

analyzed for IgA. N ≥ 3, * P ≤ 0.05, Error bars = SD. 
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Figure 6.6. Number of bacteria colonizing NT in vaccinated mice. All the mice were 

challenged with EF3030 on day 26. Nasal wash samples from vaccinated groups (Table 

6.1) were collected on day 28 and number of CFU units were enumerated. N ≥ 3, Error 

bars = SD. 

 

In Vitro Adherence Inhibition Assay with PsaA Beads 

To further study the effector function of the anti-PsaA antibodies induced after the 

vaccination to inhibit the PsaA mediated nasopharyngeal adhesion, in vitro adherence 

inhibition assay was performed. The serum was allowed to neutralize the PsaA on the 

beads, antibodies with high neutralizing potential reduce the adherence of these PsaA-

beads to the epithelium. This assay was earlier developed by Romero-Steiner et al. 

(2003b) to study the potential of anti-PsaA sera to reduce pneumococcal adherence to 

nasopharyngeal Detroit-562 cells, Later, this assay was further modified and PsaA 

conjugated fluorospheres instead of S. pneumoniae (Romerosteiner et al. (2006); Rajam 

et al., 2007). Sera from all the treatment groups (G1, G2, G3, and G4) (P ≤ 0.01) reduced 
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the PsaA adherence to nasopharyngeal tract compared to the untreated mice (G5). All the 

treatment groups showed comparable response, however the order followed was G1 > G3 

> G4 = G2 (Figure 6.7).  

 

 
Figure 6.7. In vitro adherence inhibition assay with PsaA beads. Mice were vaccinated 

with various MP formulations I.P and I.N (Table 6.1) on days 1, 7 and 10 and the serum 

obtained on day 28 was tested for its potential to inhibit PsaA adherence to D-562 cells. 

N ≥ 3, * P ≤ 0.05 compared to un treated mice (G5), Error bars = SD. 

 

Effector Memory T Cell Population 

Memory response is the basis for development of vaccine. Memory response is 

characterized by prompt immune response in an event of re-infection with the pathogen. 

Effective memory response is essential in the development of vaccine to elicit long 

lasting protection. Number of memory T cells could give us an estimate of the potential 
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of given vaccine candidate to induce memory response. CD 44 and CD 62L are expressed 

in both CD4 and CD8 T cells, and enables a differentiation between naïve and effector 

memory T cells. Naïve T cells possess CD 62Lhi and CD 44lo, while the effector memory 

T cells expresses CD 62Llo and CD 44hi  (Gerberick, Cruse, Miller, Sikorski, & Ridder, 

1997; Krishnan et al., 2007; “Mouse Naive/Memory T cell ID Panel - anti-CD3, CD4, 

CD62L, CD44 - 17A2, RM4-5, MEL-14, IM7,” 2014). Effector memory cells exist in 

circulation near the peripheral tissue looking for the antigen (Campos & Godson, 2003). 

The dot plot of the effector memory cells was plot as described previously (Krishnan et 

al., 2007; “Mouse Naive/Memory T cell ID Panel - anti-CD3, CD4, CD62L, CD44 - 

17A2, RM4-5, MEL-14, IM7,” 2014). In the spleen, G1, G2, and G4 showed higher 

effector memory cells compared to the untreated mice (G5), In the lungs, G1 and G4 

showed significantly higher effector memory cells compared to the untreated group (G5), 

with in G1 and G4, G4 had significantly higher number of effector memory cells. In the 

nasal tract, only G4 showed significantly high effector memory T cells compared to both 

the untreated group (G5) (P ≤ 0.05) and the mice that received vaccine particles I.P (G1) 

(P ≤ 0.05) (Figure 6.8).  

BrDU T Cell Proliferation Assay  

5′-Bromo-2-deoxyuridine (BrdU) is incorporated in to proliferating cells. The 

extent of BrdU internalization could be translated into the proliferation induced by clonal 

expansion of the memory cells on re-stimulation with antigen (Tanchot, Lemonnier, 

Pérarnau, Freitas, & Rocha, 1997). In the Nasal tract, all the groups vaccinated with PsaA 

showed higher proliferation compared to the untreated group (G5) and other controls 
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(G6, G7, G8) (P ≤ 0.01), Within the treatment groups that received PsaA G3 and G4 

showed high proliferation of T cells up on re-stimulation with the antigen indicating high 

mucosal T responses in this group (Figure 6.9a). In the CLNs, all the groups that 

received PsaA (G1, G2, G3, G4) showed higher response compared to the untreated 

group (G5) and other control groups (G6, G7, and G8) (P ≤ 0.05) with the order of 

proliferation in the treatment groups being G1 > G3 = G4 > G2 (Figure 6.9b). In the 

lungs, all treatment groups had significant proliferation compared to controls, and G1 

showed significantly higher proliferation among the treatment groups (P ≤ 0.05) (Figure 

6.9c). In the spleen, all the groups that received PsaA (G1, G2, G3, G4) showed higher 

response compared to the control groups (G5, G6, G7, and G8) (P ≤ 0.05) and among the 

treatment groups, G1 showed significantly high proliferation compared to G2, while there 

was no significant difference between G1, G3, G4 (Figure 6.9d). Overall high mucosal 

responses are seen in G3 and G4 that received mucoadhesive vaccine MPs I.N.   
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Figure 6.8. Percentage of effector memory T cells (CD 62L lo, CD 44 hi) in vaccinated 

mice after re-stimulation with PsaA ex vivo. Mice were vaccinated with various MP 

formulations I.P and I.N (Table 6.1). The T cells were isolated from spleen, CLNs, lung 

and NT, and the percentage of effector memory T cells (CD 62L lo, CD 44 hi) was 

detected in flow cytometer. N ≥ 2, Error bars= SD, * P ≤ 0.05 compared to untreated 

mice (G5). 
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Figure 6.9. Proliferation of T lymphocytes following PsaA stimulation ex vivo. Mice 

were vaccinated with various MP formulations I.P and I.N (Table 6.1). The T cells were 

isolated from spleen, CLNs, lung and NT, and T cell proliferation upon PsaA re-

stimulation was based on BrDU incorporation, which is reported as absorbance values at 

490nm. N ≥ 3, Error Bars = SD, * P value ≤ 0.05, ** P value ≤ 0.01 

 

 

 

Cytokine Screening by Luminex 

Cytokines are pleiotropic in nature with multiple functions in regulating immune system. 

Palaniappan et al. (2005) reported that PsaA induced increased production of Il-2, Il-4, Il-

6, IL-10, TNF-α and IFN-γ in mice. Effect of vaccine MP formulation and the route of 

a) b) 

c) d) 
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delivery on these cytokines was investigated in this study. All the treatment groups (G1, 

G2, G3, and G4) seemed to show a slight improvement in the overall production of all 

these cytokines compared to the control groups (G5, G6, G7, and G8). However, a 

significant effect was observed only in few conditions based on the treatment, route and 

the tissue. For example, all the treatment groups (G1, G2, G3, G4) seems to have a 

marginal increase in TNF-α levels compared to control groups, significant increase was 

observed in the mice that received vaccine MPs I.P (G1), and this effect was confined to 

spleen and CLNs (P ≤ 0.05), while NT did not show any induction of TNF-α compared to 

controls (Figure 6.10a). TNF-α has role in cell mediated immunity, involved in killing 

the infected cells and involved in T cell proliferation with necessary stimuli (Peng, 

Szabo, & Glimcher, 2002). Among all the groups a significantly high IL-2 secretion was 

seen in G4 spleen, compared to the un treated animals (P ≤ 0.05) (Figure 6.10b). IL-2 

plays a key role in T cell proliferation and in B cell growth and differentiation 

(Bachmann & Oxenius, 2007). Higher levels of IFN-γ was seen in all treatment groups, 

while significant levels compared to control group was only seen in G1 and G4 lungs, 

and G1 CLNs (Figure 6.10c). IFN-γ is involved in Th1 development, it is a T cell growth 

promoting factor, also favors IgG2a class switching (Peng et al., 2002). In addition, IFN-

γ also is involved in expression various immune  receptors playing a key role in immune 

system over all (Thomson & Lotze, 2003). High IL-4 induction compared to the 

untreated controls (P ≤ 0.01) was seen in G1 and G4 Spleen T lymphocytes, and G1 in 

lungs (Figure 6.11a). IL-4 along with TGF-β has role in Th2 differentiation, IL-4 also 
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induces IgG1, IgE and IgA isotype switching (Thomson & Lotze, 2003; Sivangala & 

Sumanlatha, 2015). High IL-6 responses were observed in spleen, CLNs and NT of G4 

compared to the other groups, a significant IL-6 response was also seen in G3 Spleen 

(Figure 6.11b). IL-6 has a significant role in mucosal immunity and involved in 

immunoglobulin class switching to IgA and IL-6 is involved in differentiation of B 

lymphocytes to plasma cells. High induction of IL-6 in the group vaccinated intra nasally 

could be due to the activation of mucosal immunity in these mice. IL-6 also stimulates 

IL-2 activated cells to cytotoxic T lymphocytes (Thomson & Lotze, 2003; Sivangala & 

Sumanlatha, 2015). Significant IL-10 stimulation was seen in G3 and G4 CLNs and in 

G3 NT, while a high IL-10 was also seen in NT of G3. Even though not significant, G1, 

G3 and G4 showed higher levels of IL-10 in spleen and lungs (Figure 6.11c). IL-10 is an 

anti-inflammatory cytokine, it plays a major role in control of pro-inflammatory signals 

particularly from Th1 cytokines thus prevents harmful responses from over controlled 

immune system. IL-10 along with other cytokines is involved in lympho-proliferation, B 

cell differentiation and differentiation of IL-2 stimulated T cells in to cytotoxic T cells. 

IL-10 also favors class switching to IgG, IgA and IgM (Thomson & Lotze, 2003; 

Sivangala & Sumanlatha, 2015). Overall, induction of both Th1 and Th2 responses was 

seen with the vaccine MPs, G4 induced good cytokine responses along with G1 in the 

spleen indicating systemic responses in I.N gelatin coated MPs. In addition, G4 showed 

higher responses in NT particularly in IL-6 that has a significant role in mucosal 

immunity suggests induction of mucosal immunity in this group. 
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Figure 6.10. Cytokine secretion by T lymphocytes from vaccinated mice following re-

stimulation with PsaA: a) TNF-α b) IL-2 and c) IFN-γ. Mice were vaccinated with 

various MP formulations (Table 6.1). The T cells were isolated from spleen, CLNs, lung 

and NT and cytokine levels was tested in Luminex. N= 5, Error Bars = SD, * ≤ 0.05 

compared to G5. 

a) 

b) 

c) 
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Figure 6.11. Cytokine secretion by T lymphocytes from vaccinated mice following re-

stimulation with PsaA: a) IL-4 b) IL-6 and c) IL-10. Mice were vaccinated with various 

MP formulations (Table 6.1). The T cells were isolated from spleen, CLNs, lung and NT 

and cytokine levels was tested in Luminex. N= 5, Error Bars = SD, * ≤ 0.05 compared to 

G5. 

a) 

b) 

c) 
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Conclusion 

In summary, mice that received PsaA encapsulated vaccine MPs (I.P) (G1) stimulated 

systemic immunity, and gelatin coated vaccine MPs (I.N) (G4) stimulated both systemic 

and humoral responses. Even though I.P delivered vaccine (G1) induced high systemic 

immunity, lack of significance when compared to response elicited by gelatin coated 

vaccine MPs delivered nasally indicates comparability between these groups. However, 

only G4 induced significant mucosal IgA antibody responses. Cell mediated T cell 

responses were induced in all the treatment groups, while G1, G3 and G4 induced 

significant responses overall. G4 showed specifically high responses in the NT and CLNs 

(NALT) indicating the activation of mucosal cell mediated immunity in this group. Thus, 

gelatin coated PCL/MD MPs encapsulating PsaA delivered I.N has potential to induce 

cellular and humoral immune systems in both mucosal and systemic sites, and could be 

considered for vaccination against S. pneumoniae. Both gelatin and chitosan coated 

delivery systems could be explored as delivery systems for vaccines against other 

mucosal pathogens. 
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SUMMARY 

This doctoral research work describes the successful formulation of the mucoadhesive 

PCL/MD microparticles (MPs) for pneumococcal vaccine candidate, PsaA. The 

formulation conditions such as polymer concentration, surfactant concentration, volumes 

of water and oil phases, stirring speed, and protein concentration were optimized to yield 

particles with size range of 1–5 µm and high encapsulation efficiency (>85%). This 

particle size range ensures effective deposition of MPs in the upper respiratory tract 

essential for nasal vaccination. Further, PCL/MD MPs were coated with mucoadhesive 

polymers such as chitosan, gelatin and alginate to improve nasal retention of these MPs 

and increase the zeta potential. Higher zeta potential of MPs indicates their stability over 

time. PsaA encapsulated PCL/MD MPs displayed sustained release of the antigen, PsaA 

after an initial burst. These MP formulations were characterized in vitro for three major 

features viz., mucoadhesion, uptake, and immunogenicity with dendritic cells (DCs). To 

achieve all three features, the mucoadhesives were tested as single or dual coating on the 

MPs. Formulations coated with chitosan (C), gelatin (G), alginate & gelatin at different 

ratios (AG) A1G2, A2G1, and A2G2 showed optimum in vitro mucoadhesion, uptake 

and immunogenicity. C and G MP formulations exhibited high retention in the mice nasal 

tract (NT). These formulations along with uncoated MPs and PsaA in solution were 

evaluated for their ability to induce immune response in mice.  
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PCL/MD-PsaA MPs delivered parenterally induced high systemic immune 

response (IgG, IgG1, IgG2a and IgG3) as expected. Gelatin coated MPs delivered intra 

nasally (I.N) also exhibited a strong systemic immune response (IgG, IgG1, IgG2a) 

comparable to the parenterally vaccinated group. Mucosal IgA responses was observed 

only in the mice that received gelatin coated MPs (I.N) (P ≤ 0.05). Mice that received 

PsaA encapsulated MPs exhibited robust T cell response (proliferation and memory 

response). Mice that received G coated MPs showed higher cellular responses in the nasal 

associated lymphoid tissue (NALT). Overall, cytokine responses in spleen was 

comparable in mice that received either G coated or uncoated MPs. Animals that received 

G and C coated MPs (I.P) had shown cytokine responses in mucosal sites. These data 

clearly demonstrate the successful activation of both mucosal and systemic immune 

responses. 

Nasal vaccination offer great promise against various mucosal pathogens such as 

S. pneumoniae. Mucoadhesive polymers facilitate the adhesion and localization of MPs 

with appropriate physico-chemical characteristics reducing their chances of muco-cilliary 

clearance in the NT.  Among the mucoadhesives, gelatin was found to be biologically 

compatible with the PCL/MD MPs resulting in an effective I.N delivery of the antigenic 

payload, PsaA with optimal induction of both mucosal and systemic immune response in 

mice resulting in a significant pneumococcal carriage reduction. Data obtained in this 

doctoral research clearly demonstrate the phenomenal vaccine delivery potentials of 

mucoadhesive PCL/MD MPs for mucosal pathogens such as S. pneumoniae. 
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