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Abstract 

Streptococcus pneumoniae is the leading bacterial cause of pneumococcal 

diseases, of which pneumonia is the main cause of death amongst the 

immunocompromised, elderly over the age of 50 and children under the age of 5. 

Although vaccines such as pneumococcal polysaccharide vaccine 23, 

pneumococcal conjugate vaccine 7, 10 and 13 are available, they are expensive to 

produce and distribute. Moreover, the variation in serotype distribution across 

geographical locations and rise in dominance of disease due to non-vaccine 

serotype coverage has led to significant attention towards the development of 

alternate vaccine candidates such as pneumococcal surface protein A (PspA). A 

potential dry powder vaccine formulation containing polymeric nanoparticles 

(NPs) adsorbed with PspA4Pro and formulated into nanocomposite microparticles 

(NCMPs) using L-leucine (L-leu) to be delivered via inhalation was developed. 

Poly(glycerol adipate-co-ω-pentadecalactone), PGA-co-PDL, NPs with either 

anionic or cationic surface charge of optimum size (~200-250 nm) to be 

effectively taken up by the lung dendritic cells (DCs) were successfully produced. 

The NPs were then surface adsorbed with PspA4Pro (~20 µg of PspA4Pro per mg 

of NPs) and spray-dried using L-leu as a microcarrier to produce NCMPs with a 

product yield of 55.55±6.64% for the PspA4Pro adsorbed anionic NPs/NCMPs 

and 53.98±2.23% for the PspA4Pro adsorbed cationic NPs/NCMPs. The NCMPs 

produced had a corrugated and wrinkled surface morphology. The aerosol 

properties of anionic NPs/NCMPs determined using a Next Generation Impactor 
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displayed a fine particle fraction (FPF) of 74.31±1.32% and mass median 

aerodynamic diameter (MMAD) of 1.70±0.03 μm indicating that the majority of 

the dose would be deposited in the respirable airways of the lungs. The anionic 

and cationic PGA-co-PDL NPs upon incubation with DCs for 1 h showed an 

effective uptake as visualised using confocal microscopy. Furthermore, the 

anionic NPs/NCMPs were well tolerated by the A549 cell line with a cell viability 

of 87.01±14.11% at 1.25 mg/ml concentration, whereas the cationic NPs/NCMPs 

showed a cell viability of 75.76±03.55% at 156.25 µg/ml concentration upon 24 h 

exposure. The PspA4Pro released from the optimised formulations largely 

maintained its structure as determined using SDS-PAGE and circular dichroism, 

and the relative antigenicity measured using ELISA was 0.97±0.20 and 0.85±0.05 

for anionic and cationic formulations, respectively. Overall, the results obtained 

indicate the use of these NPs as novel carriers for pulmonary vaccine delivery 

against pneumococcal diseases. 
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General Introduction 

1.1 Pneumococcal Diseases 

Pneumococcal diseases are infections caused by Streptococcus pneumoniae (S. 

pneumoniae) bacterium, also known as pneumococcus [1]. Pneumococcal 

diseases are classified into non-invasive pneumococcal diseases (occur outside the 

major organs or blood, e.g. otitis media, sinusitis) or invasive pneumococcal 

diseases (IPD) (occur inside the major organs or blood e.g. septicemia, meningitis, 

pneumonia) [2]. Amongst all the pneumococcal diseases, pneumonia is the 

leading cause of death especially amongst the immunocompromised, elderly over 

the age of 50 and children under the age of 5. Moreover, it is often referred to as 

‘The Forgotten Killer of Children’ as it is known to kill more children every year 

than any other illness; more than measles and malaria combined [3,4]. 

Any part of the respiratory system from middle ear to nose to lungs can be the site 

of acute respiratory infections [3]. Acute lower respiratory infections (ALRI), 

such as pneumonia and bronchiolitis, severely affect the lungs and are a leading 

cause of death in young children under the age of 5, and annually cause 1.6 

million deaths in adults aged >59 years [5,6]. The lungs are composed of several 

thousands of bronchioles that end in small sacs called alveoli. The alveoli have an 

abundance of capillaries that exchange gases such as oxygen and carbon dioxide, 

wherein the oxygen thereafter enters the blood stream [3,7]. However, when 

infected with pneumonia the alveoli are filled with pus and fluid in one or both of 

the lungs interfering with the absorption of oxygen into the blood thereby making 

breathing extremely difficult [3,7]. 
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1.1.1 Causes of Pneumonia 

Streptococcus pneumoniae (Figure 1-1) is the bacterial cause of pneumonia 

worldwide [3,8–11]. The words uttered by Sir William Osler, nearly a century 

ago, that pneumococcus as ‘‘the captain of all the men of death’’, still holds true 

today [11]. However, we are now able to control many pathogens of respiratory 

infections such as tuberculosis, pertussis and influenza. The current vaccine is 

very effective against pneumococcal sepsis and meningitis but many challenges 

persist with pneumococcus such as an effective vaccine against mucosal disease 

[2,11]. 

  

Figure 1-1 Cross-section of Streptococcus pneumoniae 

Pneumonia can be classified as either community-acquired pneumonia (CAP) or 

hospital-acquired pneumonia (HAP). CAP is pneumonia acquired outside of 

hospitals or health care settings, and is the most prevalent type, whereas HAP is 

acquired in a hospital or health care setting [12,13]. People get infected by CAP 

by inhalation of pathogens [12] and pneumococcus was identified as the most 

common pathogen, accounting for up to 35% of CAP cases [14]. 
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1.1.2 Statistics for Pneumonia 

Streptococcus pneumoniae is a common bacterial agent that can cause or progress 

to respiratory tract mucosal infections such as sinusitis and otitis media or even 

more serious diseases such as pneumonia, septicaemia and meningitis [10,15,16]. 

Although we have been successful in reducing the number of child deaths 

worldwide, under the age of 5, due to various infectious diseases from 12.6 

million in 1990 to 6.6 million in 2012 where pneumonia accounts for about 18-

20% of deaths [17], much work still remains with regards to the elderly over the 

age of 50 [18]. The vast majority of these deaths are observed in the sub-Saharan 

African and South Asian countries, accounting for nearly 85-90% [19–21]. The 

IPD accounted for 36,000 cases in the USA in the year 2011 and incidence was 

strongly age related with 38% occurring in children under the age of 2 and 54% in 

adults above the age of 50 years [14]. 

Walker et al. estimated that, in 2011, nearly 74% of the total burden of diarrhoea 

and pneumonia mortality was observed in 15 countries, namely - Afghanistan, 

Angola, Burkina Faso, China, Democratic Republic of the Congo, Ethiopia, India, 

Indonesia, Kenya, Mali, Niger, Nigeria, Pakistan, Tanzania and Uganda [20]. 

Patterson et al. estimated the incidence of CAP in the UK to be about 5-11 per 

1,000 adults with hospital admissions indicated for 22-42% of the overall CAP 

patients [12]. Moreover, in the UK, case-fatality rates of 5.6% for <65 years of 

age and 47.2% for ≥85 years of age have been reported indicating the burden of 

CAP in aging populations [22]. In addition, a growing concern is that the 

population aged >65 years is expected to triple globally from 673 million in 2005 

to 2 billion in 2050 [14]. 
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Various studies indicate an incidence for CAP ranging from 1.6 to 9 cases per 

1,000 general adult population with the financial burden worldwide estimated to 

be US $4.8 billion for patients aged ⩾65 years and US $3.6 billion for patients 

aged <65 years [6,23–25]. A study by Broulette et al. showed that the incidence 

rate (10.6 per 1,000-person years) and economic burden ($20,961 for patients) of 

CAP in a working age population ranging from 18-64 years underlies the 

importance of effectively tackling CAP [26]. Estimates show that in Europe, the 

cost incurred for pneumonia is approximately €10.1 billion annually with indirect 

costs due to lost work days amounting to €3.6 billion [22]. 

1.1.3 The Bacteria 

The bacterium, S. pneumoniae, is a Gram-positive, α-haemolytic and aerotolerant 

member of the streptococcus family [1]. It is observed as diplococcus with oval 

cocci arranged end to end in pairs [1]. The bacterium produces a range of 

colonisation and virulence factors such as the polysaccharide capsule, surface 

proteins and enzymes, and toxins (as shown in Figure 1-2) which play an 

important role in its function in targeting the host cells. A brief summary of some 

of these factors is described below to understand the mechanism of colonisation 

and invasion of the pneumococci into host cells. 
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Figure 1-2 The various virulent factors of pneumococcus (redrawn from 

[11,27]); Note: Pneumococcal surface protein A (PspA), pneumococcal 

surface protein C (PspC), neuraminidase A (NanA), pneumococcal surface 

antigen A (PsaA), pneumococcal iron acquisition A (PiaA) 

1.1.3.1 The Capsule 

The outer surface of the pneumococci is covered with a negatively charged 

polysaccharide capsule which is highly heterogeneous and is approximately 200-

400 nm thick [15,28,29]. Nearly 94 different serotypes of the capsule have been 

identified so far and the capsule is one of the important virulent factors of 

pneumococci providing its anti-phagocytic activity, i.e. protecting the bacteria 

from phagocytosis [11,15,30]. The capsule also helps to prevent the clearance or 

entrapment by mucus, restricts autolysis and aids in migration to the surface of 

epithelium [11,31]. Moreover, the pneumococci have the potential to regulate the 
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amount of capsular material from transparent (thin) to opaque (thick) to aid in 

colonisation and invasion resisting phagocytosis, respectively [11]. 

1.1.3.2 The Cell Wall 

The cell wall of pneumococci is composed of multi-layered peptidoglycans 

covalently attached to teichoic acid (TA) and is membrane-bound to lipoteichoic 

acid (LTA) by a lipid moiety [30]. The chemical structures of the TA and LTA are 

identical in nature and so far this is a unique feature observed in pneumococci 

[30]. In addition, the TA and LTA present choline as phosphorylcholine (PCho), 

essential for binding to choline-binding receptors on host cells [30,31]. 

1.1.3.3 Surface Proteins 

The cell surface proteins have been classified into three major groups, namely, (i) 

choline-binding proteins, CBPs (approximately 16), (ii) lipoproteins 

(approximately 50), and (iii) LPXTG proteins (approximately 18) (Leu-Pro-X-

Thr-Gly, X = any amino acid) that are covalently linked to the peptidoglycan cell 

wall of the pneumococci by a carboxy-terminal sortase motif [27,30]. In addition, 

the cell wall also has a cluster of proteins lacking a leader peptide and therefore 

are named non-classical surface proteins (NCSPs) [30]. Of these three groups, 

CBPs are of prime importance for their potential to be used as candidates in 

vaccine development [29]. 

1.1.3.4 Pneumolysin 

Pneumolysin (Ply), a 53 kDa protein, is an important virulent factor of the 

pneumococcus and is produced during the late log phase of growth by all clinical 

isolates of pneumococci [29,31]. This cytoplasmic enzyme is mainly released 
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when cells undergo autolysis [29]. It is also referred to as a pore forming toxin for 

its ability to form pores of up to 30 nm in diameter upon binding to the cholesterol 

membrane of the host cells [16,27,31]. This enzyme mainly interacts with the 

ciliary beating of the epithelial cells, slowing the beating and disrupting the tight 

intercellular junctions and the integrity of the monolayer [16,29]. This therefore 

hinders the clearance mechanism of the mucus and aids in facilitating the spread 

of pneumococcal infection [16]. In addition, Ply disrupts the alveolar-capillary 

boundary resulting in alveolar flooding. This leads to the availability of nutrients 

for bacterial growth facilitating the migration of pneumococci into the interstitium 

and finally into the blood stream [29,32]. 

1.1.4 Colonisation and Invasion 

Nasopharyngeal colonisation, the main reservoir, is a prerequisite for 

pneumococcal infections and is believed to spread from person to person through 

airborne droplets, aerosols, drinking bottles and nasal secretion [16,28]. 

Pneumococci can be found in many healthy individuals (5 to 40%) depending on 

their age; however, the disease process begins only after aspirating the colonising 

bacteria [1,10,15]. Figure 1-3 shows plausible routes and infections that occur due 

to pneumococcus. 

Once the bacterium contacts the nasal mucosa, the capsule aids in escaping mucus 

entrapment and helps reach the surface of the epithelium (Figure 1-4A) [11,28]. 

The evasion of mucus entrapment and clearance by pneumococcus occurs in three 

ways: a) the negative charge of the capsule repulses the sialic acid residues of the 

mucus restricting the chances of entrapment, b) the enzymes expressed by the 
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pneumococcus such as NanA and NanB (neuraminidase), BgaA (b-glucosidase), 

and SrtH (b-N-glucosaminidase) cleave the terminal sugars from the 

glycoconjugates of the mucus decreasing the viscosity of the mucus thus reducing 

entrapment and aiding adherence to receptors of the host cells, and c) the presence 

of toxin, Ply, in pneumococcus decreases the beating of cilia on the epithelial cells 

aiding the binding to receptors of the host cells hence making it difficult for 

mucus clearance (as explained above in section 1.1.3.4) [11,16,28]. 

 

Figure 1-3 Pathogenesis of pneumococcal infection (redrawn from [10,15]) 

Lysozyme destruction is another barrier to successful colonisation and invasion of 

pneumococci [28]. Lysozyme is a muramidase that cleaves the peptidoglycans 

and acetylated peptidoglycans present in the cell wall of many pathogens, 

including pneumococci [28,33]. However, pneumococcus has two enzymes; 

peptidoglycan N-acetylglucosamine-deacetylase A (PdgA) and an O-acetyl 
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transferase (Adr), that deacetylate the peptidoglycans from the bacterial cell wall 

thereby resulting in resistance to lysozyme destruction (Figure 1-4B) [28,33]. 

 

Figure 1-4 Pneumococcal colonisation and invasion. (A) Colonisation of the 

nasopharynx facilitated by the mucus degradation by NanA, NanB and StrH 

enzymes, (B) Evasion of lysozyme destruction of peptidoglycan cell wall of 

the pneumococcus by PdgA, and degradation of sIgA by IgA1 protease 

enzyme, and (C) Intracellular translocation followed by invasion into 

bloodstream facilitated by binding of PCho with PAFr (redrawn from [28]); 

Note: Neuraminidase A, B (NanA, B), platelet-activating factor receptor 

(PAFr), phosphorylcholine (PCho), peptidoglycan N-acetylglucosamine-

deacetylase A (PdgA), secretory IgA (sIgA) 
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Secretory immunoglobulin A (sIgA) interferes with the invasion of pneumococci 

by facilitating opsonisation and enabling phagocytosis by antigen presenting cells 

(APCs) [15,28]. However, Weiser et al. have shown that pneumococcus 

overcomes this problem by releasing IgA1 protease [34]. In addition to the 

capsule protecting the pneumococci from sIgA, the pneumococcal IgA1 cleaves 

the sIgA at the hinge region preventing opsonisation and increasing binding to the 

mucus (Figure 1-4B) [15,28,34]. 

For invasive disease to occur, inflammatory factors such as interleukin 1 and 

tumour necrosis factor are generated affecting the presence of receptors on the 

surface of host cells [15]. One of the most important receptors that is up-regulated 

is platelet-activating factor receptor (PAFr) [10,15,16]. The surface decoration of 

PCho on the cell wall of pneumococci immediately binds to PAFr thereby 

facilitating internalisation and uptake of live bacteria, resulting in migration from 

respiratory epithelium into vascular endothelium and the bloodstream (Figure 1-

4C) [15,16]. Moreover, other surface proteins such as choline-binding protein A 

(CbpA) and pneumococcal surface protein A (PspA) help binding to host cells and 

invasion [15,28]. PspA, a choline-binding protein expressed on the surface of 

pneumococci, interacts with apolactoferrin, a bactericidal compound that disrupts 

the bacterial cell leading to lysis, at its active site leading to inhibition of 

apolactoferrin mediated bacterial killing [28,35]. 

1.1.5 Treatments and Current Vaccine Strategies 

From the 1940‘s, penicillin was the obvious choice for treating CAP until the mid-

1970s, when resistant strains of pneumococci were widely reported [11]. The 
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resistant strains are now widespread and although they can be overcome by using 

high level doses of β-lactam antibiotics (penicillin or cephalosporins) this only has 

limited success [9,11,15]. Moreover, antimicrobial drugs such as 

fluoroquinolones, macrolides, vancomycin and trimethoprim can be used but 

resistance to these is also widely reported worldwide [11]. A combination of β-

lactam antibiotics and antimicrobials is also recommended in some cases for an 

effective treatment [11]. The treatment guidelines vary between the UK [36], 

continental Europe [37] and the US [38], and are tailored for each population in 

the region. However, with growing resistance to antibiotics and very few new 

antibiotics being reported, vaccines are proving to be the choice for prevention 

rather than cure. Currently, there are two types of vaccines available against S. 

pneumoniae: pneumococcal polysaccharide vaccine (PPV) and pneumococcal 

conjugate vaccine (PCV, serotype conjugated to a carrier protein). These are 

designed to generate antibodies against capsular polysaccharides and immunise 

against IPD [39–41]. Table 1-1 lists the availability of different pneumococcal 

vaccines. 

Pneumovax23
®
, (PPV23), an unconjugated and non-adjuvanted pneumococcal 

polysaccharide vaccine, developed by Merck & Co, is administered either by 

intramuscular or subcutaneous injection [39,41]. This 23-valent vaccine is 

composed of the 23 most common serotypes prevalent in developed countries 

[42], accounting for 85–90% of pneumococcal diseases [9]. It is usually 

recommended for people older than 65 years of age and children ≥ 2 years of age 

at high-risk for pneumococcal disease (individuals with conditions such as HIV, 

sickle-cell anaemia etc.) [40]. This vaccine induces T-cell independent B-cell 
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responses, leading only to a temporary protection [41]. Moreover, it is not 

conjugated to a protein and does not induce a memory immune response resulting 

in poor immunogenic responses in populations that are at a greater risk of 

pneumococcal diseases [11,43]. 

Prevenar7
®
, (PCV7) was developed and licensed by Wyeth Pharmaceuticals Inc. 

(now Pfizer Inc.)  in 2000 to address the immunogenicity problem faced by 

PPV23. This 7-valent vaccine is composed of 7 different pneumococcal 

polysaccharides conjugated to a protein carrier CRM-197
TM

, a cross-reactive 

mutant of a diphtheria toxin. It contains an alum-bound adjuvant and is 

administered by intramuscular injection. It is recommended, in the US, for 

children at the age of 2, 4 and 6 months with a booster at the age of 2. The 

capacity of the vaccine to induce both T-cell and B-cell responses makes it highly 

immunogenic in young children. However, there is growing evidence to suggest 

that non-vaccine serotypes have become more dominant and have been 

significantly contributing to the carriage and IPD [40]. Recently, Synflorix10
®
, 

(PCV10) from GlaxoSmithKline and Prevenar13
®

, (PCV13) from Pfizer Inc. both 

administered by intramuscular injection, were developed to cover more serotypes 

that have been recognised to be contributing to the spread of the disease 

[40,41,44]. The chief trait of the PCVs has been to generate a herd immunity 

thereby resulting in an overall reduction of IPD [11,39]. 
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1.1.6 The Need for New Vaccines 

The main challenge to the PCVs is the prevalence of non-vaccine serotypes and 

consequently re-emergence of the diseases associated with S. pneumoniae 

[9,40,41]. A classic example of the above scenario was observed in Alaskan 

natives wherein a steady increase in the cases of pneumococcal disease by non-

vaccine serotypes was reported, following the introduction of PCV7 [45]. In 

addition, the variation in serotype distribution across geographical locations 

coupled with the cost and complexity of manufacturing PCVs raises the need for 

the development of new vaccines [9,39,40]. 

The requirements are to develop a low-cost and effective vaccine against 

pneumococcus to prevent hospital admissions, reduce costs associated with 

treatment, reduce loss in income, remove the requirement for cold-chain and 

trained medical personnel, and that can be successfully employed in the low and 

middle income countries (LMICs). This generated much scientific attention within 

institutes such as the US National Institutes of Health (NIH) and PATH, an 

international non-profit organisation, who organised a symposium dedicated for 

this purpose in 2010 [46]. 

Pneumococcal protein vaccines have the potential to cover and protect against all 

serotypes of pneumococcus leading to prevention of the prevalence of certain 

types of serotypes or serotype replacements [39,46]. The pneumococcal proteins 

can be used alone, as a carrier protein for PCVs or in combination with PCVs. 

However, due to the cost and complexities associated with the manufacture of 

PCVs, the use of pneumococcal proteins as a stand-alone vaccine has gained 
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major importance [46,47]. Over the years, researchers have identified nearly 20 

proteins that offered protection against pneumococcal disease when evaluated in 

animal models [47,48]. 

1.1.7 Pneumococcal Surface Protein A 

PspA is an important virulent factor present on the surface of all clinically isolated 

pneumococci [49]. The molecular weight of PspA ranges from 67 to 99 kDa in 

various strains of pneumococci [29,50]. The protein has been identified to have 

four distinct regions (Figure 1-5A) [29,30,51]: an N-terminal region (composed of 

288 amino acids in strain Rx1), a proline rich region (60-80 amino acids), a 

choline binding region composed of ten 20-amino acid repeats and a C-terminal 

tail of 17 hydrophobic residues. By interacting with the choline in LTA, the 

choline binding domain helps the attachment of the PspA to the cell wall surface 

of pneumococci [51]. The N-terminal is understood to be highly helical and 

extends from the cell wall protruding outside the capsule [29,30]. The N-terminal 

region is highly charged and polar, whilst the C-terminal end anchors the protein 

to the cell surface [29,50]. Moreover, the proline-rich region allows for greater 

flexibility and movement of the N-terminal region [27]. PspA is a highly variable 

protein and based on the sequences of the N-terminal can be classified into three 

families that are further subdivided into six different clades. Family 1 (Fam1) is 

composed of clades 1 and 2, Fam 2 of clades 3, 4 and 5, and Fam 3 of clade 6 

[49,52]. 
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Figure 1-5 (A) Structural model of pneumococcal surface protein A (PspA), 

(B) the charge distribution on the surface of PspA based on the model of a 

PspA molecule containing amino acids 1 to 303 (adopted from [29]) 
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The main function of PspA is protection against the host complement system [29]. 

The electropositive C-terminal interacts and stabilises the capsular electronegative 

polysaccharide whereas the electronegative end of the protein points away due to 

the repulsive interactions from the capsule (Figure 1-5B). This electronegative 

end is exposed outside the capsule and prevents the C3-mediated binding of the 

host complement to pneumococci thereby preventing lysis of the bacteria [29]. 

Moreover, PspA has a lactoferrin-binding region within 168-288 amino acid 

residues that is thought to protect the pneumococcus from the bactericidal activity 

of apolactoferrin [30]. It is also observed that PspA plays a role in restricting or 

decreasing the clearance of pneumococci from the blood of infected mice [53]. 

With these important functions associated with the pneumococci much attention 

has been recently focused on PspA, a well characterised protein, for its potential 

as a vaccine candidate against pneumonia [54–60]. 

1.2 Lungs 

1.2.1 Anatomy of the Human Lung 

The human lung, weighing about 1 kg, is divided by the pleural membranes into 

three lobes on the right and two lobes on the left [61]. Once inhaled, air passes 

through the nose and mouth, from the larynx to the trachea and thereafter to a 

series of approximately 16 generations of conductive bronchi and bronchioles 

[61,62]. From the 17
th

 generation of bronchioles, alveoli begin to appear in the 

walls (respiratory airways) and by the 20
th

 generation of airways, the entire wall is 

composed of alveoli, commonly referred to as alveolar ducts. At the 23
rd

 

generation, the alveolar ducts end in blind sacs lined with alveoli referred to as 
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alveolar sacs (Figure 1-6) [61–63]. It is estimated that on an average a human lung 

consists of about 300 million alveoli providing a surface area of exchange of 80-

90 m
2
 [61,64]. 

 

Figure 1-6 Diagram of the lung and size dependent particle deposition 

(adopted from [65]) 

Submucosal glands and the goblet cells, present on the bronchial surface, secrete 

mucus onto the bronchial surfaces. The submucosal glands also help by producing 

an electrolyte solution on which the mucus rests. The mucus covering the airways 

is transported towards the mouth with the coordinated movement of cilia present 

on top of the ciliated columnar cells and this mucus is then swallowed. This 
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process of mucus movement is mainly responsible for removing any foreign 

material that lands on the bronchial surfaces [61]. 

The alveoli and the pulmonary capillaries are separated by a barrier composed of 

endothelial cells, interstitial space, and pneumocytes (pulmonary epithelial cells). 

The pneumocytes are divided into two types; type I and type II cells. Type I 

(~93% surface area coverage) cells are very flat and cover the alveolar surface. 

They provide a barrier of minimal thickness facilitating the gaseous exchange 

between the alveoli and blood [61]. Type II (~7% surface area coverage) cells are 

irregularly shaped, and contain lamellar bodies and secretory organelles that serve 

as pulmonary surfactant. Moreover, in alveoli they can further divide and produce 

type I and type II cells [61,66]. 

1.2.2 The Lung as a Delivery Site 

The lung is an excellent choice for the delivery of macromolecules for the 

treatment of both local and systemic disorders [67]. With regards to the delivery 

of vaccines, a high density of APCs including alveolar macrophages (AMs), 

dendritic cells (DCs) and B-cells represent an ideal target to induce a strong 

immune response [68]. The major benefit of a mucosal vaccine delivery system is 

the production of protective B and T-cells in mucosal and systemic environments 

aiding the induction of mucosal and systemic immunity [69]. The mucosal 

membranes produce sIgA that is more stable, has higher avidity for mucosal 

surfaces and acts as a first line of defence against invading pathogens. In addition, 

the T-cells in the mucus have special ‗homing‘ receptors that facilitate travel to 

other mucosal tissues leading to systemic immunity [70]. Recent research has 
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confirmed that the induction of an immune response at one mucosal site elicits an 

immune response at distant mucosal sites leading to both mucosal and systemic 

immunisation including CD4
+
 Th1 and Th2, CD8

+
 cytotoxic T-lymphocytes 

(CTLs), and Ab responses in the bloodstream [69,71,72]. There is some evidence 

that mucosal immunisation may also reduce the dosage required to achieve a 

desired immunity compared to liquid formulations administered via the parenteral 

route [73,74]. 

1.2.2.1 Pulmonary Delivery of Macromolecules 

The lung as a delivery route for macromolecules offers several advantages 

[65,67,75]; a large surface area for drug absorption (80-90 m
2
); a thin alveolar 

epithelium (approximately 0.1-0.5 μm) providing transport across the air/blood 

barrier; dense vasculature for systemic circulation; a high capacity for solute 

exchange; less enzymatic activity than the gut which is likely to reduce 

degradation of the active; and it is a non-invasive route of administration, thereby 

potentially increasing patient compliance and therapeutic outcome. Within the 

pulmonary lymphatic system, lymphatic vessels are present in the interstitium 

near the small airways and blood vessels but not in the alveolar walls [76]. The 

leaky lymphatic endothelia allow micron-sized particles (lipoproteins, plasma 

proteins, bacteria and immune cells) to pass freely into the lymph fluid [77] and 

this can be utilised as a mechanism for the transport of macromolecules and 

polymeric particles into the lymphatic system for systemic delivery.  

Soluble macromolecules are absorbed into the body from the lung by two 

mechanisms; absorptive transcytosis (through the cells) or paracellular transport 

(between the cells) [77,78]. Absorption from the lung to the blood is highly 
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dependent on the molecular weight of the macromolecule [77]; the larger the 

macromolecule, the longer it takes for absorption to occur and this relationship 

holds over the range of 1-500 kDa [77,79]. Inhaled peptides and proteins with 

molecular weights < 40 kDa rapidly appear in the blood whereas those > 40 kDa 

(> 5-6 nm in diameter) are absorbed over many hours [77,78]. 

1.2.2.2 Barriers to Macromolecule Absorption 

There are several challenges to using the lung for the delivery of macromolecules. 

In the trachea, the airway epithelium is 50-60 µm thick and though leakier than 

alveoli, is a significant barrier to the absorption of inhaled drugs; whereas in the 

alveoli, this barrier is reduced to 0.1-0.5 μm supporting absorption [79]. The 

presence of different cell types in the trachea, bronchi, bronchioles and alveoli 

also modifies absorption [80] and factors such as respiratory mucus, mucociliary 

clearance, pulmonary enzymes, macrophages, and basement membranes have 

been identified as limiting the absorption of macromolecules. The alveolar 

epithelium, though permeable to water, gases and lipophilic molecules, restricts 

the absorption of hydrophilic substances, such as many therapeutic 

macromolecules. In addition, upon reaching the alveoli, proteins are cleared by 

macrophages or DCs [75]. However, this clearance process can be advantageous 

for vaccine delivery where the antigen-containing carrier can be taken up by 

macrophages or DCs thereby aiding the initiation of an immune response. 

1.3 Vaccine Delivery 

Vaccination refers to the induction of an immune response using antigens to 

generate protective immunity against infections [81,82]. Traditional vaccines are 
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often administered via the parenteral route requiring infrastructure such as cold-

chain, sterilised water for reconstitution of dry powder vaccines and trained 

medical personnel. Lack of these facilities in LMICs is leading to many eligible 

children and adults not receiving vaccination [65]. Moreover, the majority of the 

potential vaccines under development employ purified subunits or recombinant 

proteins that are often poorly immunogenic thus needing adjuvants and effective 

delivery systems to generate an optimal immune response [81,82]. To address 

these issues, particulate delivery systems and non-invasive routes of delivery are 

being investigated. The pulmonary route has gained significant attention for the 

delivery of vaccines as it is one of the main entry portals for pathogens (e.g. 

pneumococcus, tuberculosis) and can address some of the challenges such as 

invasiveness, cold-chain requirement, and stability of the antigen by delivering the 

antigen as a dry powder [65]. 

1.3.1 Pulmonary Vaccine Delivery 

Pulmonary delivery as a route of drug administration can be traced back 4000 

years to India where people suffering from cough suppressed it by inhaling the 

leaves of Atropa belladonna [83]. Later in the 19
th

 and 20
th

 centuries, people 

suffering from asthma smoked cigarettes containing tobacco and stramonium 

powder to alleviate their symptoms [83]. The first inhalation apparatus for dry 

powder delivery was patented in London in 1864 [84]. Since then, much progress 

has been made in developing devices such as nebulisers, metered dose inhalers 

(MDIs) and dry powder inhalers (DPIs) for delivery of therapeutics. With recent 

advancements in pulmonary delivery devices and recombinant protein technology, 
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the first peptide DPI formulation, Exubera (Nektar/Pfizer), was approved and 

released into the market in January 2006. This was soon withdrawn for several 

reasons including bulkiness of the device, complicated administration, 

contraindication in smokers and insufficient evidence regarding the patients 

preference of Exubera (inhaled dosage form) compared to other dosage forms 

[85]. This led to further research and development of DPI of macromolecules, and 

currently many new investigations are being pursued by the pharmaceutical 

industry such as the Technosphere system AFREZZA
®
 (Mannkind, approved June 

2014) [78]. This has been followed by research into DPI of vaccines [86–90]. 

1.3.2 Pulmonary vs. Parenteral Vaccine Delivery 

During the development of novel anti-tuberculosis vaccines, Ballester et al. 

demonstrated that inhaled vaccination compared favourably to an intradermal 

route of delivery [91]. In particular, vaccination with nanoparticle-Ag85B and 

immune-stimulatory oligonucleotide CpG as a Th1-promoting adjuvant via the 

pulmonary route modified the pulmonary immune response and provided 

significant protection following a Mycobacterium tuberculosis (Mtb) aerosol 

challenge [91]. 

Muttil et al. successfully prepared poly(lactic-co-glycolic-acid) (PLGA) NPs 

entrapping diphtheria CRM-197 antigen (CrmAg) with a size of 200±50 nm by 

the emulsification solvent diffusion and double-emulsion methods. The NPs were 

then spray-dried with L-leucine (L-leu) and the resulting spray-dried powders of 

formalin-treated/untreated CrmAg nanoaggregates were delivered to the lungs of 

guinea pigs. This study evaluated the immune response elicited in guinea pigs 
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following pulmonary and parenteral immunisations with the dry powders. The 

highest titer of serum IgG antibody was observed in guinea pigs immunised by the 

intramuscular route whereas high IgA titers were observed for dry powder 

formulations administered by the pulmonary route. This demonstrates that 

pulmonary immunisation with dry powder vaccines leads to a high mucosal 

immune response in the respiratory tract and sufficient neutralising antibodies in 

the systemic circulation to provide protection against diphtheria [92]. 

An ideal vaccine formulation for mass vaccination would induce the desired 

immunity upon administration of a single dose. Moreover, it is important to target 

APCs like DCs to illicit a strong and durable immune response with a single dose 

aimed at both systemic and mucosal immunity [93]. In addition, the size, shape 

and aerodynamic properties of the delivery vehicle, and the delivery device also 

contribute to improving the treatment [80]. 

1.3.3 Dendritic Cells 

DCs were first identified in 1868 by Paul Langerhans in the basal layer of the 

epidermis [94]. However, it took more than a century to properly identify them as 

white blood cells related to macrophages and monocytes, and to understand their 

importance in the role of immunity [94,95]. In 2011, the Nobel Prize in 

Physiology or Medicine was awarded to Ralph M. Steinman for his discovery of 

DCs and their role in adaptive immunity, paving the way for more research in the 

field of immunity and vaccines [96]. Adaptive immunity, also known as acquired 

immunity, is a subset of the overall immune system and is responsible for creating 

an immunological memory after an initial response to a specific pathogen [82,95]. 
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Moreover, adaptive immunity includes both humoral (immunity mediated by 

macromolecules in extracellular fluids such as antibodies, complement proteins) 

and cellular (immunity involving the activation of phagocytes, antigen-specific 

CTLs and release of cytokines) immunity [95,97]. It has become evident over the 

years that DCs are APCs, ‗true professionals‘ [98] with exceptional capability to 

internalise, process and present antigens through major histocompatibility 

complex (MHC) class I and II pathways. DCs induce a strong immune response 

by activating naïve T-cells which are produced in the bone marrow and have the 

capability to respond to novel pathogens that have not been processed before 

[97,99]. The role of DCs in initiating a primary immune response has now been 

shown to be greater than the role played by macrophages and the B-cells [100]. 

The lung is armed with an intricate network of DCs that can be found throughout 

the conducting airways, lung interstitium, lung vasculature, pleura, and bronchial 

lymph nodes [101,102]. It is now apparent that there are at least five different 

subsets of DCs in the murine lung; resident DCs, plasmacytoid DCs, alveolar 

DCs, inflammatory DCs and interferon-producing killer DCs [101,102]. Data for 

the subsets of DCs present in the human lung is rare [103] owing to the need to 

obtain lung tissue, as they are not found in the bronchoalveolar lavage (BAL) 

fluid. However, studies on human AMs are common as they are readily obtained 

from BAL [104]. The AMs are primarily phagocytes with poor APC function that 

live in the air space, whereas immature DCs have high APC function but lower 

phagocytic function and live mainly in the interstitium [105]. In the human lung, 

the mucosal surface in the conducting airways consists of ciliated epithelial cells, 

interspersed goblet cells, macrophages and DCs [106]. The DC population in this 
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region is mainly composed of myeloid DCs (mDCs), however, a small fraction of 

plasmacytoid DCs (pDCs) can be found [106]. These mDCs have a high 

capability for antigen uptake but less ability to stimulate the T-cells [106]. 

Moreover, the human DCs are generated from haematopoietic stem cells, mDCs 

from bone marrow–derived monocytic precursors and pDCs from lymphoid 

progenitors [94]. The mDCs and pDCs are activated by a different set of 

pathogenic stimuli, making them functionally distinct which is reflected by the 

different expression of cell surface receptors such as Toll-like receptors [94,106]. 

The lung parenchyma consisting of lung interstitium, respiratory and terminal 

bronchioles, and alveoli is mainly composed of 80% macrophages with rest being 

DCs and T-cells. The ‗immature‘ resident DCs are highly capable of detecting, 

capturing and processing the encountered antigen [94,106]. 

Human DCs are identified by over expression of human leukocyte antigen (HLA) 

DR (MHC class II) with the absence of monocyte, lymphocyte, natural killer cell 

and granulocyte lineage markers [103]. In addition, the specific markers for 

identifying mDCs include CD11c
+
, CD1a

+
, BDCA-1

+
, BDCA-3

+
, HLA-DR

+
 

whereas for pDCs they are CD11c
-
, HLA-DR

+
, BDCA-2

+
 and CD123

+ 

[103,106,107]. 

Inhaled antigens or antigen particulates are believed to encounter the widespread 

DC network that lines the bronchiolar and alveolar epithelium and are 

subsequently taken up by cellular processes extending into the alveolar lining 

fluid [93]. Antigens are then processed and fragments of antigenic peptides are 

presented on the surface through MHC class I and II pathways for recognition by 

the T-cell receptors present on T-cells [100]. This process is often referred to as 
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antigen presentation and typically takes place in the regional lymph node after 

chemokine dependent migration of the antigen-loaded DC. Also, APCs perceive 

danger signals from cells and offer co-stimulatory signals [108] through co-

stimulatory molecules present on their surface for recognition by receptors on 

recirculating T-cells to initiate an immune response in the lymph node [100]. 

Upon encountering danger signals, immature DCs change to a mature stage where 

they present the antigen on their surface. This step is usually concurrent with the 

migration of DCs from peripheral tissue to the lymph node for T-cell activation 

(Figure 1-7). It is believed that soon after antigen presentation, DCs undergo 

apoptosis in the lymph nodes [100]. 

Antigen uptake by DCs occurs by macro-pinocytosis, receptor-mediated 

endocytosis (macrophage mannose receptor) and/or phagocytosis [109–112]. 

Recent research by Foged et al. has shown that both particle size and surface 

charge of the material to be delivered plays an important role in determining the 

uptake by human DCs derived from blood. Furthermore, it was recognised that for 

optimal uptake by DCs the preferred particle size was 0.5 µm (diameter). Uptake 

of large particles (~ 1 µm) was greatly enhanced when they displayed a positive 

surface charge [113]. 
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Figure 1-7 Antigen uptake and presentation by dendritic cells (DCs) in the 

airways. (A) Upon a pathogen attack the immature DCs are recruited from 

the blood circulation and migrate towards the site of attack. DCs at this stage 

express a wide variety of receptors (Fc, C-type lectin receptors etc.) and 

uptake the antigen. After antigen uptake and activation, high amounts of 

peptide-loaded major histocompatibility complex (MHC) molecules and T-

cell co-stimulatory receptors appear on the surface of DCs. The DCs then 

A 

B 
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migrate to the lymph nodes and activate the antigen specific T-cells. (B) After 

antigen uptake, the antigen is either processed through MHC class I (either 

through endogenous or exogenous pathway) or MHC class II (the antigen is 

degraded in endosomes and the obtained polypeptide is transported and 

loaded onto MHC II molecules) and DCs present it on their surface for 

specific T-cell activation. *ER – Endoplasmic reticulum (adopted from [65]) 

Antigen can be targeted to DCs, for enhanced immune response, by making 

particles that bind to the specific receptors expressed on the DC surface [109–

111]. Effective targeting of vaccines to the DCs results in the possibility of 

delivering a reduced vaccine dose, less side effects, improved efficacy and an 

enhanced immune response [100]. Vaccines can be targeted to DCs in different 

ways (for example via mannose, glucan, anti-DEC205 or anti-CD11c receptors) 

[100,114–117]. There is currently no literature that describes or reports the 

targeting of pulmonary DCs through pulmonary delivery of dry powder vaccines. 

1.4 Nanoparticles for Inhalation 

Nanoparticles (NPs) are referred to as particles in the size range of 1-1000 nm 

with one dimension ≤ 100 nm and have been used in drug delivery for the last 40 

years [118]. NPs have been shown to pass rapidly (within 1 h) into the systemic 

circulation from the lungs after aerosol inhalation in humans [119]. NPs are used 

as drug carriers either by encapsulating, dissolving, surface adsorbing or 

chemically attaching the active substance [118]. 

NPs have a large surface area-to-volume ratio and also an increased saturation 

solubility thus favouring application in the field of drug delivery. In delivery of 

NPs to the lung by inhalation, deposition takes place through impaction, 
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sedimentation, interception or diffusion (Table 1-2) depending on particle size, 

density, airflow, breathing rate, respiratory volume and the health of the 

individual [80,120]. These are discussed in greater detail by Smyth et al. [121] 

and relevant definitions are summarised in Table 1-2. 

The deposition of particles in the lungs is evaluated using the aerodynamic 

particle size (dae), which is defined as the diameter of a sphere (density – 1 g/cm
3
) 

in air that has the same settling velocity as the particle in consideration [118]. This 

is defined by the equation 1-1: 

    d
ae
= √(ρ/ρa)  dg

   (eq. 1-1) 

where ρ is the mass density of the particle, ρa is the unit density (1 g/cm
3
) and dg 

is the geometric diameter. 

Particles greater than 10 µm (dae) in size are commonly impacted in the throat or 

sedimented in the bronchial region whereas particles less than 1 µm (dae) in size 

are exhaled and not likely to be deposited in the alveolar region. It is expected that 

particles in the size range of 1-5 µm (dae) avoid deposition in the throat and reach 

the respirable airways and the periphery of the lung [120]. Particles less than 1 µm 

(referred to as NPs) are driven by diffusion and are most likely to be exhaled due 

to low inertia hence they are therefore often delivered within microparticles 

(MPs). In addition, upon long term storage NPs tend to aggregate due to high 

particle-particle interactions [118]. Nanocomposite microparticles (NCMPs) 

prepared from NPs are typically about 1-5 µm in size (aerodynamic diameter) and 

usually also encompass inert pharmaceutical excipients (sugars, amino acids etc.) 
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that act as carriers. The excipients dissolve upon encountering the respiratory 

environment thereby releasing the NPs. 

Table 1-2 Broad descriptions of impaction, sedimentation, interception and 

diffusion (adopted from [65]) 

Impaction The delivered particles, due to inertia, do not change their path 

and as the airflow changes with bifurcations they tend to get 

impacted on the airway surface. This is mostly experienced by 

large particles and is highly dependent on the aerodynamic 

properties of the particles. 

Sedimentation The settling down of the delivered particles. This is generally 

observed in the bronchioles and alveoli. 

Interception This occurs when particles, due to their shape and size, interact 

with the airway surface and is experienced when the particles 

are close to the airway wall. 

Diffusion Is the transport of particles from a region of higher 

concentration to lower concentration, is observed for particles 

that are less than 0.5 µm in diameter and occurs in the regions 

where the airflow is low. This is highly dependent on the 

geometric diameter of the particles. 

 

Over the past few decades, NPs have gained increasing attention and polymeric 

NPs have been tested for delivery via different delivery systems and routes, such 

as oral [122], intravenous [123], transdermal [124], ocular [125], and pulmonary 

[126,127]. Different types of NPs have been explored for vaccine delivery where 

antigenic peptides or proteins can be either surface adsorbed or encapsulated 

within the NPs. In addition, both antigen and materials that augment the immune 

response (adjuvants) can be encompassed together in NCMPs, resulting in their 
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simultaneous delivery [128]. Table 1-3 outlines some types of NPs evaluated for 

vaccine delivery. 

Table 1-3 Examples of nanoparticles currently being evaluated for vaccine 

delivery (adopted from [65]) 

Nanoparticles Description Size Vaccine Ref 

Micelles 

(Peptide 

Cross-linked 

micelles – 

PCMs) 

PCMs are composed of block 

copolymers and encapsulate 

immuno stimulatory DNA in the 

core and bind peptide antigens 

through disulphide linkages. In 

the presence of a high 

concentration of glutathione they 

deliver antigenic peptides and 

immunostimulatory DNA to 

APCs 

50 nm HIV 

peptide 

vaccine 

[129] 

Liposomes Dimyristoyl phosphatyl-choline 

(DMPC):cholesterol-(7:3) 

liposomes were prepared by 

dehydration-rehydration 

followed by freezing-thawing 

method. The enzyme, GUS, was 

successfully encapsulated and 

showed encouraging activity 

following aerosolisation 

~ 6.4 µm 

(with 1:4 

liposome:

mannitol) 

β-Gluc-

uronidase – 

enzyme 

(GUS) 

[130] 

Polymersomes poly(g-benzyl-L-glutamate)-K 

polymersomes were prepared by 

the solvent removal method and 

influenza hemagglutinin (HA) 

was surface adsorbed. When 

tested in vivo, polymersomes 

acted as an immune adjuvant 

and showed an improved 

immunogenicity 

250 nm influenza 

HA – 

subunit 

vaccine 

[131] 

Polymer-based Porous poly-L-lactic acid (PLA) 

and PLGA NPs were prepared 

by a double-emulsion-solvent 

evaporation method 

encapsulating HBsAg and were 

tested for pulmonary delivery in 

rat spleen homogenates. The 

study demonstrated enhanced 

immune responses 

474-900 

nm 

hepatitis B 

surface 

antigen 

(HBsAg) 

[90] 
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1.4.1 Polymeric Delivery Systems 

A drug delivery system can be defined as a formulation or device that assists the 

introduction of a therapeutic substance into the body, improving the efficacy and 

safety of the substance [132]. Various polymeric carriers such as dendrimers, 

micelles, and nano- and micro-particles have been developed for the deposition of 

macromolecules in various regions of the lung [133]. The role of the polymeric 

carrier includes: transportation, protection, controlled release, targeting and 

maximising cellular uptake [133]. 

Natural polymers such as: chitosan, gelatin, alginate, cyclodextrin, collagen, and 

albumin; and synthetic polymers such as: polyesters, polyacrylates and 

polyanhydrides, have been used for the preparation of biodegradable delivery 

systems [134–137]. Natural polymers tend to have a comparatively short duration 

of therapeutic release but the properties of synthetic polymers can be tailored to 

provide sustained release of the encapsulated drug over a period of days to several 

weeks [138]. 

Biodegradable polymers have gained significant attention for the preparation of 

NPs for drug delivery and are often favoured as they offer several advantages such 

as controlled or sustained drug release, biocompatibility with the surrounding 

tissues and cells, low toxicity, are nonthrombogenic and are more stable in the 

blood [139,140]. 
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1.4.2 Polymeric Nanoparticles for Macromolecule Delivery 

Polymeric particles are solid colloidal structures in which the active therapeutic is 

either physically adsorbed or chemically bonded to the polymer, or encapsulated 

inside the particle [141]. They have been extensively investigated for the delivery 

of a wide variety of drugs [133] and macromolecules [90,134–137,142–149] due 

to their generally good biocompatibility. Moreover, these particles have 

demonstrated a significant effect in enhancing the therapeutic index of 

macromolecules via increased stability, targeted deposition, sustained release and 

reduced dosing frequency [138]. There is also the potential to modify polymeric 

particles to provide different chemical compositions (e.g. by attachment of a 

ligand), altering the surface properties (e.g. by adsorption or coating with chitosan 

[150] or mannan [151]), and improve their circulation time (e.g. by addition of 

polyethylene glycol, PEG [152]). However, for pulmonary delivery, the potential 

toxicity for chronic use must be carefully investigated and this should include 

monitoring the accumulation of polymeric particles, and their decomposition 

products, which can hinder the surfactant function in the lung. 

Biodegradable polymer-based NPs offer an additional advantage for vaccine 

delivery systems by acting as adjuvants and aiding in activating both cellular and 

humoral immune responses [153]. It has been reported that upon phagocytosis by 

APCs, such as DCs, these NPs release the antigen intercellularly and elicit CD8
+
 

and CD4
+
 T cell responses [154].

 

In a study performed by Bivas-Benita et al. (2004), the potential of enhanced 

immunogenicity upon pulmonary delivery of DNA encapsulated in chitosan NPs 
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was evaluated [155]. Chitosan-DNA NPs were prepared by the complexation-

coacervation method and the resultant DNA-loaded NPs had an average size of 

376±59 nm (n=5), zeta-potential of 21±4 mV (n=5) and a loading efficiency of 

99%. Pulmonary administration of the chitosan-DNA NPs was shown to induce 

increased levels of interferon-γ (IFN-γ) secretion compared to pulmonary delivery 

of the plasmid in solution and the intramuscular immunisation route. This 

indicates the plausibility of achieving pulmonary delivery of DNA vaccines with 

increased immunogenicity against tuberculosis compared to immunisation 

through the intramuscular route [155]. 

The polyesters PLA and PLGA are broadly investigated synthetic polymers in the 

field of drug delivery [138,139,156]. They are rapidly hydrolysed upon 

introduction into the body and are eventually removed by the citric acid cycle. 

The hydrolysed products form at very slow rate and include lactic acid and 

glycolic acid which are biologically compatible and easily metabolised making 

them safe and non-toxic [139,157]. However, the acidic degradation products can 

cause problems by eliciting inflammation and also a reduction in pH within the 

micro and nanoparticles and the environment resulting in the hydrolysis of the 

macromolecules [158]. 

Muttil et al. prepared novel NP-aggregate formulations using PLGA and rHBsAg 

and showed that the dry powder formulations elicited a high mucosal immune 

response after pulmonary immunisation of guinea pigs without the need for 

adjuvants [149]. They prepared three different formulations of dry powders by 

spray-drying with leucine, (1) rHBsAg encapsulated within PLGA/PEG NPs 

(antigen NPs, AgNSD), (2) a physical mixture of rHBsAg and blank PLGA/PEG 
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NPs (antigen NP mixture (AgNASD), and (3) rHBsAg encapsulated in 

PLGA/PEG NPs with free rHBsAg (antigen NPs plus free antigen). All the 

particles had mass median aerodynamic diameter of around 4.8 µm and a fine 

particle fraction of 50%. After immunisation the highest titre of serum IgG 

antibodies was observed in the control group immunised with alum adsorbed with 

rHBsAg (Alum Ag, intramuscular route) whereas the highest IgA titres were 

observed for animal groups immunised with powder formulations via the 

pulmonary route. It was also noteworthy that guinea pigs immunised with 

AgNASD dry powder exhibited IgG titers above 1,000 mIU/ml in the serum 

(required 10 mIU/ml) suggesting the potential of administering novel dry powder 

formulations via the pulmonary route [149]. 

An alternative biodegradable polyester, poly(glycerol adipate-co-ω-

pentadecalactone), PGA-co-PDL, has been extensively studied for the delivery of 

both small molecule drugs (dexamethasone phosphate, ibuprofen, sodium 

fluorescein), and large molecule drugs (α-chymotrypsin, DNase I) [159–163]. In 

this project, PGA-co-PDL will be utilised for developing an alternate particulate 

delivery system employing NPs for vaccine delivery. 

1.4.3 Preparation of Polymeric Nanoparticles  

The incorporation of macromolecules into polymeric particles can be achieved by 

encapsulation or adsorption using various methods, e.g. single or double emulsion 

solvent evaporation, salting out, solvent displacement, and coacervation [65]. The 

technique that is utilised depends on the physicochemical activity and stability of 
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the macromolecule to be delivered and the proposed application requirements 

such as: solubility, release and elimination [164]. 

1.4.3.1 Emulsification Solvent Evaporation 

The emulsification solvent evaporation technique is the most commonly used 

method of preparing NPs. It involves the emulsification of an organic phase into 

an aqueous phase which is then subjected to organic solvent removal. The 

polymer (with or without the drug) is solubilised in an organic solvent, e.g. 

dichloromethane, ethyl acetate, chloroform, or acetone and then poured into an 

aqueous phase (often containing an emulsifier) and either sonicated or 

homogenised under high pressure [165]. The organic solvent is then evaporated 

by continuous stirring to form NPs (Figure 1-8). The particle size and distribution 

can be adjusted by varying the type, viscosity and amount of organic and aqueous 

phases, stirring rate, pressure, and temperature [164]. This technique can be used 

to encapsulate water soluble and water insoluble molecules; however, 

agglomeration of nanodroplets during the evaporation phase is a drawback. 

Moreover, for encapsulation of macromolecules the double emulsion solvent 

evaporation technique must be employed wherein the macromolecule is initially 

dissolved in an aqueous medium which is emulsified in an organic solution 

followed by emulsification in a second aqueous phase. HBsAg has previously 

been encapsulated using this method in PLA and PLGA NPs of size ∼774 and 

474 nm, respectively [90]. 
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Figure 1-8 Schematic representation of the emulsification/solvent 

evaporation technique (modified from [65]) 

1.4.4 Encapsulation or Adsorption 

A high loading capacity is one of the most desired qualities of NP-based vaccines. 

The main advantage of having a high loading capacity is that the amount of 

polymer required to carry the drug or vaccine is reduced [166] hence minimising 

any toxic effects from the polymer. Drugs can be loaded into or onto NPs using 

two approaches (Figure 1-9) [167]. The first is encapsulation where the drug is 

incorporated into the NP at the time of preparation; the second is adsorption 

where the drug is either chemically or physically adsorbed onto the NP after 

preparation. 

It is important to note that the chemical structure of the drug, the polymer and the 

conditions of drug loading all influence the amount of drug bound to the NPs and 

the type of interactions that occur between them [166]. In addition, the 

encapsulation or adsorption of a drug depends on the disease to be treated or 

prevented, route of administration, manufacturing feasibility and economic 

challenges. 
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Figure 1-9 The molecule of interest (DNA/Drug/Peptide/Protein) is either 

encapsulated (Left) within or surface adsorbed (Right) onto the polymer-

based nanoparticle (adopted from [65]) 

Bivas-Benita et al. prepared PLGA–polyethyleneimine (PEI) NPs by an 

interfacial deposition method [168]. The resultant NPs were loaded with Mtb 

Ag85B by adding the NP suspension to 25 μg/ml DNA plasmid solution. The 

characterisation studies revealed that the particle size increased from 235 to 275 

nm upon re-suspension in water with the mean zeta-potential increase from +38.8 

mV to +40.6 mV, respectively. The NPs greatly stimulated human DCs resulting 

in the secretion of interleukin-12 (IL-12) and tumour necrosis factor-α (TNF-α) at 

comparable levels to that observed after stimulation using lipopolysaccharide 

(LPS) [169]. 

Biodegradable polymer-based NPs have been widely explored and appear to be 

well tolerated when administered into the body. These NPs have gained 

significant attention and are being accepted as effective delivery systems with the 

development of NP-based vaccines [170,171]. In addition, the NP-based vaccines 
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need to be formulated appropriately, as dry powders and at low cost to help 

achieve effective mass vaccination. 

1.4.5 Adjuvants 

Modern day vaccines contain pure recombinant or synthetic antigens that are less 

immunogenic than live or inactivated whole organism vaccines. Thus, in order to 

obtain a strong immune response upon administration of antigen and provide long 

term protection against the infection, adjuvants are included within the 

formulation [172]. Adjuvants are substances used in combination with an antigen 

to produce a stronger and more robust immune response than the antigen alone 

[173]. Adjuvants also; provide a depot for the antigen favouring a slow release, 

reduce the dose of antigen required to generate a strong immune response, 

modulate the immune response, aid in targeting the APCs and provide danger 

signals helping the immune system respond to the antigen [172–174]. The 

selection of an adjuvant depends on the antigen, delivery system, route of 

administration and possible side-effects. However, an ideal adjuvant should have 

a long shelf-life and be safe, stable, biodegradable, economical and should not 

induce an immune response against themselves [172]. 

Despite massive efforts over nearly 90 years into the research and development of 

adjuvants, the list of adjuvants that are clinically approved is short [175]. Alum 

salts have a well-established safety record, are the most widely used human 

adjuvants and are used as standards to assess other adjuvants [172,173,175,176]. 

Despite this wide use their mechanism is poorly understood [172]. The main 

hurdle in the development of new adjuvants is safety [177]. However, research is 
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now focused on delivering antigens via particulate carriers acting as delivery 

systems [173,177]. 

Recently, antigen-loaded polymeric NPs have shown to possess a significant 

potential as effective vaccine delivery systems and adjuvants [82,139,178–183]. It 

is observed that the uptake by DCs is enhanced and a more efficient immune 

response generated for particulate antigen delivery systems compared to soluble 

antigen. The adjuvant effect observed for particulate antigen delivery systems is 

largely a result of their uptake by DCs [82,180,181]. 

1.5 Dry Powder Preparation Techniques 

The use of liquid suspensions of NPs is often accompanied by several 

disadvantages such as particle aggregation and sedimentation leading to physico-

chemical instability, reduced or loss of biological activity of the drug, 

contamination and hydrolysis leading to degradation of the polymer [184]. To 

overcome these problems, preparations can be stored and transported in a dry 

form [184]. In addition, for vaccines, the delivery of a dry powder by inhalation 

has the potential benefits of a) increased stability during transport and 

administration with no cold-storage and trained medical personnel required, b) 

increased safety by eliminating contamination risks and c) improved cost-

effectiveness [185]. The most commonly used methods for converting liquid 

preparations into dry powders are freeze-drying (FD), spray-drying (SD), spray-

freeze-drying (SFD) and the use of super critical fluid technologies. Each of these 

methods has advantages and disadvantages and selection is dependent on the 

desired attributes such as narrow particle size distribution, improved 



 

43 

 

General Introduction 

bioavailability, enhanced stability, improved dispersibility and controlled release 

[133,186]. 

1.5.1 Spray-Drying 

Spray-drying (SD) is a one-step preparation of dry powders. It is a process that 

converts liquid feed (solution, suspension or colloidal dispersion) into dry 

particles [187]. The process can be divided into four parts [188]: (1) atomisation, 

(2) spray-air contact, (3) drying and (4) separation. The liquid feed is atomised (1) 

to break the liquid into droplets and this spray form comes into contact with a hot 

gas (2), causing rapid evaporation of the droplets to form dry particles (3). The 

dry particles are then separated from the hot gas with the help of a cyclone (4) 

[186]. Compared to particles obtained from micronisation using milling, spray-

dried particles are more spherical and have a homogenous size-distribution 

resulting in a higher respirable fraction which is advantageous for pulmonary 

delivery [186]. In addition, SD has the advantage of being; simple, easily scalable, 

cost-effective, suitable for heat-sensitive products and enables high drug loading 

[188]. An economically acceptable yield can now be achieved with the fourth and 

newest generation of laboratory-scale spray dryer developed by Büchi, the Nano 

Spray Dryer B-90. This nano spray dryer can generate particles of size ranging 

from 300 nm to 5 μm for milligram sample quantities at high yields (up to 90%) 

[189]. However, there is a chance of degradation of macromolecules during the 

process due to high shear stress in the nozzle and thermal stress while drying 

[186]. Fourie et al. formulated a dry powder TB vaccine for delivery to the lung 

by preparing Mycobacterium bovis Bacillus Calmette-Guérin (BCG) spray-dried 
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particles which, when administered into M. tuberculosis infected guinea-pigs, 

resulted in enhanced immunogenicity levels compared to an equal dose injected 

subcutaneously into control animals [87]. 

Table 1-4 highlights some recent studies that have employed various dry powder 

preparation techniques and the subsequent evaluation for vaccine delivery. 

Table 1-4 Dry powder particle-based vaccine delivery (adopted from [65]) 

Disease Antigen Carrier / 

Stabiliser 

Dry Powder 

Preparation 

Size 

(µm) 

Model Ref 

Bacterial 

Infections 

Bacteriophages Trehalose, 

Leucine 

SD 2.5 – 

2.8 

NA [190] 

Diptheria Diptheria 

Toxoid 

Chitosan SCF 3 – 4 GP [134] 

Diptheria Diphtheria 

CRM-197 

antigen 

L-leu SD ~ 5 GP [91] 

Hepatitis B rHBsAg Leucine SD 4.8 GP [149] 

Influenza Influenza 

monovalent 

Inulin SD, SFD 2.6 

(SD), 

10.5 

SFD) 

M [191] 

Influenza Influenza 

subunit 

Inulin SFD ~ 10 M [89] 

Tuberculosis Ad35-vectored 

tuberculosis 

(TB) AERAS-

402 

mannitol-

cyclodextrin

-trehalose-

dextran, 

MCTD 

SD 3.2 – 

3.5  

NA [192] 

Tuberculosis BCG Leucine SD 2 – 3 GP [193] 

Tuberculosis rAg85B NA SD 2.8 GP [194] 

Note: SD – Spray-drying, SFD – Spray-freeze-drying, SCF – Supercritical Fluid; 

M – Mice, GP – Guinea Pigs; NA – Not Available 
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Optimal delivery of macromolecules to the lungs depends on the interaction 

between the inhaler device, the properties of the formulation and the inhalation 

manoeuvre [83]. In animal studies the site of lung deposition was shown to be 

strongly related to the method of delivery. The aerosol inhalation method resulted 

in a more uniform lung distribution, compared to liquid instillation, and produced 

more pronounced distribution into the alveolar region [195,196].  

Present-day inhalation devices can be divided into three categories, nebulisers, 

MDIs and DPIs. Macromolecules are very unstable in aqueous solutions at room 

temperature; thus limiting their usage by nebulisers. Furthermore, the shear stress 

exerted on the proteins during nebulisation can result in denaturation. MDIs, on 

the other hand, use propellants such as hydrofluoroalkanes for atomising the drug 

that can result in protein denaturation. DPIs are a better alternative as they can 

deliver the macromolecule in a more stable, dry powder form with little 

requirement for hand-mouth co-ordination; however care must still be taken to 

address the stability of the macromolecule of interest [83]. 
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1.6 Aims 

The purpose of this study was to design, formulate, characterise and evaluate dry 

powder NCMPs incorporating PGA-co-PDL NPs with surface adsorbed 

PspA4Pro for pulmonary vaccine delivery against pneumococcal disease. 

This was accomplished using the following specific objectives: 

1. To investigate and optimise single emulsion solvent evaporation processing 

parameters for the preparation of PGA-co-PDL NPs. 

a) Use a design of experiment to obtain optimum NP size for uptake into DCs 

by evaluating different formulation and process parameters. 

b) Study the effect of surface charge of NPs on protein surface adsorption. 

c) Evaluate NPs cytotoxicity and uptake by DCs in vitro. 

d) Optimise bovine serum albumin (BSA) surface adsorption onto optimum 

NPs (concentration, time and amount of NPs) and apply the optimum 

conditions for PspA4Pro surface adsorption. 

2. To successfully incorporate optimum protein adsorbed PGA-co-PDL NPs into 

NCMPs by SD using L-leu as a microcarrier. 

a) Produce optimum NCMPs with high yield and low moisture content. 

b) Investigate BSA and PspA4Pro release and aerosol properties from 

optimum NCMPs carriers in vitro. 

c) Investigate BSA and PspA4Pro stability and integrity after release from 

optimum formulations and then evaluate the activity of released BSA and 

relative antigenicity of released PspA4Pro. 

Figure 1-10 depicts a graphical representation of the aim of the project. 
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Figure 1-10 Graphical representation showing the pulmonary delivery of 

pneumococcal vaccine  
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2.1 Materials 

Acetonitrile (ACN, HPLC grade), ammonium molybdate, ω-pentadecalactone, 

bovine serum albumin (BSA, MW 67 kDa), dichloromethane (DCM), 

didodecyldimethylammonium bromide (DMAB), fluorescein isothyocyanate-BSA 

(FITC-BSA), glycerol, mannitol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT), nile red dye (NR), phosphate buffered saline (PBS) 

tablets, poly(vinyl alcohol) (PVA, MW 9-10 kDa, 80% hydrolysed), trehalose, tri-

fluoroacetic acid (TFA, HPLC grade), Roswell Park Memorial Institute (RPMI-

1640) medium with L-glutamine and NaHCO3, Tween 80
®
, sucrose and 

antibiotic/antimycotic (100X) solution were obtained from Sigma-Aldrich, UK. 

Novozyme 435 was purchased from Biocatalytics, USA. L-leucine (L-leu) was 

purchased from BioUltra, Sigma, UK. Tissue culture flasks (25 and 75 cm
2
) with 

vented cap, 96-well flat bottom and ‗U‘ shaped plates, acetone, chloroform, 

dimethyl sulfoxide (DMSO), methanol and tetrahydrofuran (THF) were purchased 

from Fisher Scientific, UK. Alpha minimum essential medium (α-MEM) and 

granulocyte macrophage colony-stimulating factor (GM-CSF) was purchased 

from Life Technologies, UK. Divinyladipate was obtained from Fluorochem, UK. 

Heat inactivated foetal calf serum (FCS) was purchased from Biosera UK. Micro 

BCA™ protein assay kit was purchased from Thermo Scientific, UK. 

Adenocarcinomic human alveolar basal epithelial cell line, A549 (CCL-185
™

) and 

dendritic cell line, JAWS II (CRL-11904
™

) were purchased from American Type 

Culture Collection (ATCC). The human bronchial epithelial, 16HBE14o- cell line 

was a kind gift from Dr Dieter Gruenert from the University of California San 
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Francisco, USA. Recombinant PspA4Pro was a gift from Dr Eliane Miyaji and Dr 

Viviane Gonçalves from the Insituto Butantan, Brazil 

2.2 General Methods 

2.2.1 Polymer Synthesis 

PGA-co-PDL was enzymatically synthesised by a combination of ring opening 

polymerisation and polycondensation (scheme 2-1) as described by Namekawa et 

al. and Thompson et al. [197,198]. Briefly, equimolar concentrations (125 mmol) 

of ω-pentadecalactone, divinyl adipate and glycerol were added to a dry round 

bottomed flask, followed by the addition of 15 ml of THF. The flask was then 

immersed into a water bath maintained at 50 °C. The system was fitted with an 

open top condenser, acting as an outlet for the acetaldehyde produced, and a 

central mechanical stirrer paddle (Heidolph RZR1 type mechanical stirrer, 

mounted horizontally and set at #6) was attached via a teflon shaft, which was 

placed through a quick-fit thermometer adapter, to a 75 mm teflon paddle. The 

mixture was stirred for 15-20 min to allow the temperature to equilibrate and then 

1.25 g of Novozyme 435 (a lipase derived from Candida antartica and 

immobilised on an acrylic macroporous resin) was added and the reaction was left 

to proceed for 6 h (to obtain a MW of 14.7 kDa) or 24 h (to obtain a MW of 24.0 

kDa). Upon completion, DCM (~ 100 ml) was added to the reaction mixture and 

the contents were filtered through grade 1 filter paper (Whatman, UK) by standard 

Büchner filtration to remove the residual immobilised enzyme and stop any 

further reaction. The solvent was then removed (with little DCM left) through 

rotary evaporation (60 °C, Heidolph Laborota 4000). To the obtained highly 
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viscous mixture 150 ml of methanol was added to precipitate the polymer and 

leave unreacted monomers and oligomers in solution which were filtered using 

Büchner filtration. The resultant precipitated polymer was transferred to a jar and 

left at room temperature for 48 h to remove any traces of solvent, then sealed and 

stored in a desiccator until further use. 

 

Scheme 2-1 Enzymatic synthesis of poly(glycerol adipate-co-ω-

pentadecalactone), PGA-co-PDL 

2.2.2 Polymer Characterisation 

The synthesised linear polyester, PGA-co-PDL, was analysed using the following 

techniques: 

2.2.2.1 Gel Permeation Chromatography 

Gel permeation chromatography (GPC, Viscotek TDA Model 300 using 

OmniSEC3 operating software) was used to determine the molecular weight of 
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the obtained polymers. The system was fitted with two PLgel 5 µm MIXED-D 

300x7.5 mm columns (Varian, Polymer Laboratories, UK), stored in the detector 

oven at 40 °C, operated at a flow rate of 1 ml/min using chloroform as a solvent. 

The system was pre-calibrated with polystyrene standards of different molecular 

weights (polystyrene standards kit, Supelco, USA). 

2.2.2.2 Fourier Transform Infrared Spectroscopy 

The chemical structure of PGA-co-PDL was analysed using a Perkin Elmer 

Spectrum BX Fourier transform infrared (FT-IR) spectrometer (Perkin Elmer, 

USA). The spectra was collected from 400 to 4000 cm
−1

 at a resolution of 4 cm
−1

, 

analysed using the Perkin Elmer Spectrum software (Perkin Elmer, USA). Each 

sample was measured with 32 scans. 

2.2.2.3 Proton Nuclear Magnetic Resonance 

The chemical structure of the synthesised PGA-co-PDL was characterised using 

proton nuclear magnetic resonance (
1
H-NMR). The 

1
H-NMR spectra was 

recorded on a Bruker Avance 300 MHz spectrometer, inverse probe with B-ACS 

60 and auto sampler with gradient chemming. The obtained spectra were analysed 

using MestReNova software. 

2.2.2.4 Differential Scanning Calorimeter 

The differential scanning calorimeter (DSC) data was obtained using a Perkin 

Elmer DSC 8000 controlled by Pyris software. The system had previously been 

calibrated using an indium reference standard. The polymer sample, 3-5 mg, was 

hermetically sealed in standard aluminium pans and scanned at heating and 

cooling rates of 10 °C min
−1

 under nitrogen. The Tm (melting point) and Tg (glass 
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transition temperature) were recorded from the second heating scan after 

previously heating to 75 °C followed by cooling to −90 °C, before commencing 

data collection. 

2.2.3 Preparation of Nanoparticles 

The PGA-co-PDL NPs were fabricated using an oil-in-water (o/w) single 

emulsion solvent evaporation method (Figure 2-1). 

2.2.3.1 Negatively Charged Nanoparticles (Anionic NPs) 

PGA-co-PDL (200 mg) was dissolved in 2 ml DCM and upon addition to 5 ml of 

10% w/v PVA (1
st
 aqueous solution) was probe sonicated (20 microns amplitude) 

for 2 min under ice to obtain an emulsion. This emulsion was immediately added 

drop wise to 20 ml of a 2
nd

 aqueous solution (0.75% w/v PVA) under magnetic 

stirring at a speed of 500 RPM and stirred at room temperature for 3 h to facilitate 

the evaporation of the DCM. 

A Taguchi L18 orthogonal array design of experiment (DoE) was used to optimise 

the formulation parameters to achieve NPs of optimum size for targeting lung 

DCs. 

2.2.3.2 Positively Charged Nanoparticles (Cationic NPs) 

The same method as in section 2.2.3.1 was used with some modifications. Briefly, 

200 mg PGA-co-PDL and DMAB (0, 1 and 2% w/w of polymer) were dissolved 

in 2 ml DCM and upon addition to 5 ml of 5% w/v PVA (1
st
 aqueous solution) 

was probe sonicated (20 microns amplitude) for 2 min under ice to obtain an 

emulsion. This was immediately added drop wise to 20 ml of a 2
nd

 aqueous 
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solution (0.75% w/v PVA) under magnetic stirring at a speed of 500 RPM and 

stirred at room temperature for 3 h to facilitate the evaporation of DCM. 

The NPs were collected by centrifugation (Type 70.1 Ti rotor, Beckman L-80 

Ultracentrifuge, UK) at 78,000 g for 40 min, 4 °C, washing twice with distilled 

water (~ 4 ml) to remove excess surfactant. 

For confocal microscopy, nile red (NR, 0.5 mg) was added to the initial DCM 

polymer solution. The NPs were then collected by centrifugation as mentioned in 

section 2.2.3.2. Figure 2-2 represents an illustrative picture of the production of 

negatively and positively charged NPs. 

 

Figure 2-1 Schematic picture of nanoparticle preparation 

 

Figure 2-2 Illustrative picture of surface of negatively and positively charged 

nanoparticles 



 

55 

 

Materials and General Methods 

2.2.4 Characterisation of Nanoparticles 

2.2.4.1 Particle Size and Zeta-potential 

Particle size, poly dispersity index (PDI, a number between 0 and 1 describing the 

homogeneity of the sample) and zeta-potential were measured by dynamic light 

scattering using a particle size analyser (Zetasizer Nano ZS, Malvern Instruments 

Ltd, UK). An aliquot of 100 µl of the NP suspension was diluted with 5 ml of 

deionised water, loaded into a cuvette and the measurements were recorded at 25 

°C (n=6). 

2.2.4.2 Morphology 

Morphological analysis of NPs was performed by transmission electron 

microscopy (TEM) using a FEI Morgagni Transmission Electron Microscope 

(Philips Electron Optics BV, The Netherlands) using acceleration voltage 100.0 

kV. Approximately 50 μl of the NP suspension was negatively stained with 2% 

ammonium molybdate and placed on a carbon coated copper grid. Digital images 

were taken at 44,000 and 110,000 times magnification. 

2.2.5 Protein Adsorption onto Nanoparticles 

Protein was directly adsorbed onto the NPs in the suspension obtained after 

centrifugation following removal of excess surfactant. The NP suspension (1.25 

ml equal to 10 mg of NPs by weight) was then transferred into vials and the 

volume made up to 4 ml with distilled water, washing twice by centrifugation. 

The obtained pellets were re-suspended in 4 ml of protein solutions at ratios of 

NP:Protein (500 μg/ml concentration for anionic NPs and 100 μg/ml 
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concentration for cationic NPs). The resultant suspension was left rotating for 1 h 

at 20 RPM on a HulaMixer
TM

 sample mixer (Life Technologies, Invitrogen, UK) 

at room temperature. The protein adsorbed NP suspensions were transferred into 

ultracentrifuge tubes and centrifuged (as in section 2.2.3.2). The supernatant was 

then collected and analysed for protein content as described in section 2.2.6.1. 

2.2.5.1 Characterisation 

Particle size, PDI and zeta-potential of NPs with and without protein adsorption 

were characterised as described in section 2.2.4.1. Briefly, 2 mg of NPs were re-

suspended in 5 ml of deionised water, loaded into a cuvette and the measurements 

were recorded on a Malvern Zetasizer Nano ZS at 25 °C (n=3). 

 

Figure 2-3 Illustrative picture of nanoparticle after protein adsorption 

2.2.6 Protein Quantification 

Micro BCA protein assay and high performance liquid chromatography (HPLC) 

were employed to quantify the protein adsorbed onto NPs or released from 

formulations. 



 

57 

 

Materials and General Methods 

2.2.6.1 Micro BCA Protein Assay 

The Micro BCA protein assay is based on colorimetric detection and was 

employed as a protein quantitation technique [199]. BSA standards or protein 

samples (150 µl) were loaded as triplicates onto a 96-well plate. To each well, 150 

µl of working reagent was added and the plate was placed in an incubator at 37 ºC 

for 2 h. Following this, the plate was cooled to room temperature and the 

absorbance was measured at 562 nm using a plate reader (Epoch, BioTek 

Instruments Ltd, UK). 

The amount of protein adsorbed in  g per mg of NPs (n=3) was calculated using 

equation 2-1: 

Adsorption ( g per mg of NPs)=
(Initial protein conc-Supernatant protein conc)

Amount of NPs
   (eq. 2-1) 

2.2.6.2 High Performance Liquid Chromatography 

HPLC is an analytical technique used to quantify the amount of a substance in a 

given sample. Here, a HPLC method was developed, based on literature 

[199,200], to quantify the amount of protein, either BSA or PspA4Pro, present in 

a given sample. The optimal chromatographic conditions employed were as 

follows: HPLC system Agilent 1100 series (Santa Clara,  USA) equipped with a 

column (Aeris 3.6 μm C4 200A
o
 Wide Pore 4.6 mm i.d. x 150 mm length), 

security cartridge of the same material (Phenomenex, UK); mobile phase was 

composed of (A) 0.1% w/v TFA in water and (B) 0.1% w/v TFA in ACN with a 

gradient flow of A/B from 80:20 to 35:65 in 25 min, post-time 6 min; flow rate of 

0.8 ml/min; injection volume of 100 μl; run temperature 40 °C; UV detection at 

214 nm and BSA retention time of 14.4 min, PspA4Pro retention time of 14.9 



 

58 

 

Materials and General Methods 

min. Respective protein calibration curves were prepared by accurate dilution of a 

previously prepared stock solution (1 mg/ml) in HPLC water and PBS (pH 7.4) to 

obtain the following concentrations: 0.5, 1, 2.5, 5, 10, 25, 50, 100 and 200 μg/ml 

of protein (n = 9, R
2
 = 0.999). All solutions used in the process were filtered using 

0.45 μm filters prior to use. 

The method was validated based on the international conference on harmonisation 

(ICH) guidelines for validation of analytical procedures. Parameters such as 

accuracy, precision, limit of detection (LOD) and limit of quantification (LOQ) 

were used for validation (appendix-1). 

2.2.7 Preparation of Nanocomposite Microparticles 

Spray-drying was used to incorporate the NPs into NCMPs using L-leu as a 

microcarrier at nanoparticle-to-carrier ratio of 1:1.5 w/w. Blank NPs or protein-

adsorbed NPs (NP/BSA or NP/PspA4Pro) were dispersed in 20 ml solution of L-

leu dissolved in distilled water and spray-dried using a Büchi B-290 mini spray-

dryer (Büchi Labortechnik, Flawil, Switzerland) with a nozzle atomiser and 

nozzle orifice diameter of 0.7 mm. The final conditions used were: pump rate of 

10%, an atomising air flow of 400 L/h, aspirator capacity of 100% and an inlet 

temperature of 100 °C (corresponding outlet temperature of approximately 45-

47 °C). The dry particles (NCMPs) were separated from the air stream using a 

high-performance cyclone (Büchi Labortechnik), collected and stored in 

desiccator until further use. Figure 2-4 shows an illustration of NCMPs containing 

protein adsorbed NPs. 
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Figure 2-4 Illustrative picture of nanocomposite microparticle containing 

protein adsorbed nanoparticles 

2.2.8 Characterisation of Nanocomposite Microparticles  

2.2.8.1 Yield, Particle Size and Morphology 

The dry powder yield was determined as the difference in the weight of the 

sample vial before and after product collection. The weight difference was 

compared to the initial total dry mass and the yield in % (w/w) was calculated 

(n=3). 

The particle size and PDI of NPs following re-dispersion of blank and loaded 

NCMPs in distilled water were measured to confirm the NPs recovered were 

within an appropriate size range for cellular uptake. Particle size and PDI of NPs 

after re-dispersion were measured as described in section 2.2.4.1. Briefly, 5 mg of 

NCMPs were dispersed in 2 ml of deionised water, loaded into a cuvette and the 

measurements were recorded on a Malvern Zetasizer Nano ZS at 25°C (n=3). 

Spray-dried NCMPs samples were mounted on aluminium stubs (pin stubs, 13 

mm) layered with a sticky conductive carbon tab and coated with palladium (10-
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15 nm) using a sputter coater (EmiTech K 550X Gold Sputter Coater, 25 mA for 3 

min). The particles were then visualised using scanning electron microscopy 

(SEM, FEI Quanta™ 200 ESEM, The Netherlands). 

2.2.8.2 Moisture Content 

Thermo gravimetric analysis (TGA) was used to determine the moisture content 

in the spray-dried samples. Measurements were carried out in triplicate using a 

TA Instruments TGA Q50, UK equipped with TA Universal Analysis 2000 

software. Solid samples (4-15 mg) analysed in triplicate were loaded on an open 

platinum TGA pan suspended from a microbalance and heated from 25 to 650 °C 

at 10 °C min
-1

. The water content was analysed for data collected between 25 to 

120 °C. 

2.2.9 Characterisation of Protein Nanoparticle Associations 

Confocal laser scanning microscopy (CLSM) was used to confirm the adsorption 

of protein onto NPs. FITC-BSA (green) was adsorbed onto the surface of NR 

(red) containing NPs as described in section 2.2.5, followed by SD into NCMPs. 

The obtained powders were then observed under the confocal microscope to 

visualise the adsorption of BSA onto the NPs. Confocal imaging was performed 

using our previously published method [160]. Briefly, a Zeiss 510 META laser 

scanning microscope mounted on an Axiovert 200 M BP computer-controlled 

inverted microscope was used to obtain the images. A tiny amount (~1-2 mg) of 

spray-dried NCMPs were placed in a single well of 8-well chamber slide (Fisher 

Scientific, UK) and imaged by excitation at a wavelength of 488 nm (green 

channel for FITC-BSA) and 543 nm (red channel for NR/NPs) using a Plan 
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Neofluar 63X/0.30 numerical aperture objective lens. Image analysis was carried 

out using the Zeiss LSM software. 

2.2.10 In vitro Release Studies 

The optimum formulations (20 mg) were transferred into eppendorfs and 

dispersed in 2 ml of PBS, pH 7.4. The samples were incubated at 37 C and left 

rotating for 48 h at 20 RPM on a HulaMixer
TM

 sample mixer (Life Technologies, 

Invitrogen, UK). At pre-determined time intervals up to 48 h, the samples were 

centrifuged (accuSpin Micro 17, Fisher Scientific, UK) at 17,000 g for 30 min and 

1 ml of the supernatant removed and replaced with fresh medium. The supernatant 

was analysed for protein content using the method described in section 2.2.6. 

Each experiment was repeated in triplicates and the result was the mean value of 

three different samples (n=3). 

The percentage cumulative protein released was calculated using equation 2-2: 

% Cumulative protein released = Cumulative protein released
BSA loaded

   100    (eq. 2-2) 

2.2.11 Investigation of Protein Structure 

2.2.11.1 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

The primary structure of the protein (BSA and PspA4Pro) released from the 

NCMPs after SD was determined by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). The SDS-PAGE was performed on a CVS10D 

omniPAGE vertical gel electrophoresis system (Geneflow Limited, UK) with 9% 

stacking gel prepared using ProtoGel stacking buffer (Geneflow Limited, UK) 
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containing 0.4% SDS. Protein molecular weight markers in the range 10–220 kDa 

(Geneflow Limited, UK) and respective protein standards were used as controls. 

The protein loading buffer blue (2X) (0.5 M Tris-HCl (pH 6.8), 4.4% w/v SDS, 

20% v/v glycerol, 2% v/v 2-mercaptoethanol and Bromphenol blue in 

distilled/deionised water) was added to the samples in a 1:1 (v/v) buffer-to-sample 

ratio. After loading the samples (25 μl per well), the gel was run for 

approximately 2.5 h at a voltage of 100 V with Tris-glycine-SDS PAGE buffer 

(10X) (Geneflow Limited, UK) containing 0.25 M Tris base, 1.92 M glycine and 

1% w/v SDS. The gel was stained with colloidal Coomassie blue G and then 

destained overnight in distilled water. An image of the gel was scanned on a gel 

scanner (GS-700 Imaging Densitometer, Bio-Rad) equipped with Quantity One 

software. 

2.2.11.2 Circular Dichroism 

The secondary structure of standards and released proteins (BSA and PspA4Pro) 

was determined by recording the circular dichroism (CD) spectra. All CD 

experiments were performed using a J-815 spectropolarimeter (Jasco, UK) at 20 

°C as previously described [201]. Five scans per sample using a 10 mm path-

length cell were performed over a wavelength range 260 to 180 nm at a data pitch 

of 0.5 nm, band width of 1 nm and a scan speed 50 nm/min. Far-UV CD spectra 

were collated for all samples. For all the spectra, the baseline acquired in the 

absence of sample was subtracted [202]. The secondary structure of the samples 

was estimated using using the CDSSTR method [203] from the DichroWeb server 

[203–205]. 
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2.2.12 In vitro Aerosolisation Studies 

A next generation impactor (NGI) was employed to assess the aerosol 

performance of spray-dried NCMPs. The protein containing NCMPs (BSA 

adsorbed NPs/NCMPs or PspA4pro adsorbed NPs/NCMPs) were weighed (4 or 5 

capsules, each corresponding to 12.5 mg spray-dried powder and equivalent to 5 

mg of NPs) and manually loaded into a hydroxypropyl methylcellulose, HPMC, 

capsule (size 3), and placed in a Cyclohaler® (Teva Pharmaceutical Industries 

Ltd.). The samples were drawn through the induction port into the NGI using a 

pump (Copley Scientific, Nottingham, UK) operated at a flow rate of 60 L/min for 

4 s. The plates were coated with 1% Tween 80:acetone solution and samples 

collected using a known volume of distilled water or 2% SDS for NCMPs 

containing anionic NPs or cationic NPs, respectively. The samples collected were 

left on a roller-shaker for 24-48 h for the BSA/PspA4Pro to be released from the 

NCMPs and then centrifuged using an ultracentrifuge (as described in section 

2.2.3.2). The supernatants were then analysed using the Micro BCA protein assay 

(section 2.2.6.1) or HPLC method (section 2.2.6.2) for NCMPs containing 

cationic NPs or anionic NPs, respectively, to determine the amount of 

BSA/PspA4Pro deposited in each stage. The emitted dose was defined as the 

amount of drug exiting the inhaler. The fine particle fraction (FPF, %) was 

determined as the fraction of emitted dose deposited in the NGI with dae < 4.46 

μm, the mass median aerodynamic diameter (MMAD) was calculated from log-

probability analysis, and the fine particle mass (FPM) was expressed as the mass 

of drug deposited in the NGI with dae < 4.46 μm (n=3) in one actuation. 

Additionally, the percentage deposition (%) of protein in each stage was 
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calculated as the percentage of ratio of amount of protein collected in each stage 

to that of total amount of protein collected in all stages. 

2.2.13 Cell Viability Studies 

The in vitro cytotoxicity of the anionic NPs and NPs/NCMPs, and cationic NPs 

and NPs/NCMPs on different cell lines were evaluated using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [206].  

Three cell lines, namely, (i) adenocarcinomic human alveolar epithelial cell line, 

A549, (ii) the human bronchial epithelial cell line, 16HBE14o-, and (iii) DCs, 

JAWS II (ATCC
®

 CRL 11904
™

) mouse immature dendritic cell; monocyte, were 

used to assess the cytotoxicity of NPs and NCMPs with the MTT assay. 

Cell lines (i) and (ii) were grown in RPMI-1640 medium supplemented with 10% 

FCS and 1% antibiotic/antimycotic solution (complete growth medium 1) in an 

incubator at 37 °C supplemented with 5% CO2 in either 25 or 75 cm
2
 tissue 

culture flasks. Cell line (iii) was grown in α-MEM containing ribonucleosides, 

deoxyribonucleosides, 4 mM L-glutamine, 1 mM sodium pyruvate supplemented 

with 20% FCS, 5 ng/ml murine GM-CSF and 1% antibiotic/antimycotic solution 

(complete growth medium 2) in an incubator at 37 °C supplemented with 5% CO2 

in either 25 or 75 cm
2
 tissue culture flasks. 

For the MTT assay, cells were seeded in 100 μl (1.25 10
5
-2.5×10

5
 cells/ml) of 

their respective complete growth medium in 96-well plates and placed in an 

incubator at 37 °C for 24 h supplemented with 5% CO2. Then, 100 μl of freshly 

prepared NP or NCMP dispersions in complete growth medium were added to the 
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wells to an appropriate concentration (0-2.5 mg/ml) (n = 3), using 10% dimethyl 

sulfoxide (DMSO) as a positive control. The NPs were assayed for toxicity over 4 

h (DCs) and 24 h (A549) and the NCMPs over 24 h (A549 and 16HBE14o-) of 

incubation, followed by the addition of 40 μl of a 5 mg/ml MTT solution in PBS 

to each well. After 2 h of incubation at 37 °C, the culture medium was gently 

removed (for cell line (iii), the 96-well plate is centrifuged at 1300 g for 7 min at 

4 °C to pellet the suspended cells) and replaced by 100 μl of DMSO in order to 

dissolve the formazan crystals. The absorbance of the solubilised dye, which 

correlates with the number of living cells, was measured at 570 nm using a plate 

reader (Epoch, BioTek Instruments Ltd, UK). The percentage of viable cells in 

each well was calculated as the absorbance ratio between treated and untreated 

control cells. 

2.2.14 Statistical Analysis 

All statistical analysis was performed using Minitab
®
 16 statistical software. One-

way analysis of variance (ANOVA) with the Dunnett‘s multiple comparison test 

employed for comparing each formulation with the control formulation and 

Tukey‘s comparison employed for comparing the formulations with each other. 

Statistically significant differences were assumed when p < 0.05. All values are 

expressed as their mean ± standard deviation. 
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3.1 Introduction 

Advancements in biotechnology in the last decade have led to the development of 

new therapeutics such as peptides, proteins and other macromolecules. However, 

the therapeutic application of these macromolecules is hugely impacted due to 

lack of effective and specific delivery strategies [207]. In addition, the presence of 

strong acids and proteases in the stomach limit their use via the oral route [208]. 

Biodegradable polymeric NPs have gained significant attention and are largely 

being explored as delivery vehicles for the delivery of peptides, proteins, antigens, 

DNA etc. [65,89,90]. Biodegradable polymers offer controlled or sustained drug 

release, biocompatibility with surrounding cells and tissues, degrade into low 

molecular weight non-toxic products and act as adjuvants helping to generate 

cellular and humoral immune responses [65,81,139]. In this current investigation, 

PGA-co-PDL, a biodegradable polyester, is to be employed that has previously 

been studied extensively for the delivery of both small molecule and model drugs 

(dexamethasone phosphate, ibuprofen, sodium fluorescein), and macromolecules 

(α-chymotrypsin, DNase I) [159–163]. 

In these biodegradable polymeric NP formulations, the vaccine antigens (i.e. 

proteins, peptides etc.) are either adsorbed onto the surface or encapsulated within 

the particles [65]. Encapsulated antigens are protected by polymeric NPs and their 

release can be modified by tailoring the properties of the polymers. Adsorbed 

antigen can offer enhanced stability and activity over the encapsulated antigen by 

avoiding contact with organic solvents employed during particle preparation 

[209–211]. 
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NPs in the lungs can be up taken by APCs thereby generating an immune 

response. Recent strategies for effective vaccine delivery have included targeting 

the DCs, the true professional APCs [73]. DCs have the exceptional ability to 

internalise, and in LNs they process and present antigens through MHC class I 

and II pathways thereby activating naïve T-cells resulting in the induction of a 

strong immune response [65,73,212]. A study conducted by Manolova et al. 

indicated the importance of particle size in determining uptake by DCs, where it 

was shown that upon intracutaneous injection of polystyrene beads of varying 

sizes, large particles (500-2000 nm) associated with DCs from the site of injection 

whereas small particles (20-200 nm) drained freely to the LNs and were present in 

LN resident DCs [212]. In addition, Kim et al. also showed that uptake of 200 nm 

sized NPs by bone marrow DCs was greater than that of 30 nm sized NPs [213]. 

Furthermore, Foged et al. has shown that particles of size 500 nm or below were 

preferred and demonstrated fast and efficient uptake by human DCs derived from 

blood [113]. The above literature suggests that smaller particles of 200 to 500 nm 

size could effectively be up taken by DCs thus generating a stronger immune 

response compared to antigen alone. However, these studies cannot be directly 

compared to lung DCs as DCs from different parts of the body behave differently. 

However, due to the lack of information available on the effect of NP size on 

uptake by lung DCs a similar response can be assumed. 

The Taguchi L18 orthogonal array DoE was used to optimise formulation 

parameters to achieve NPs of the desired size for targeting the lung DCs without 

the need to prepare a large number of different formulations. Literature suggests 

that factors such as molecular weight (MW) of the polymer, organic solvent, 
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surfactant concentration, i.e. the aqueous phase, sonication time and stirrer speed 

all have an influence on the size of the resultant NPs [214–216] and these 

parameters can be readily evaluated using experimental design. 

As a dry powder, nanosized particles cannot be directly used for inhalation as they 

are too small and it is expected that the majority of the inhaled dose will be 

exhaled with a very minimal amount deposited in the lung [217]. Thus, NPs can 

be formulated into NCMPs using additives such as lactose [22], L-leu [218,219], 

trehalose [220], mannitol [220] by various manufacturing techniques such as FD, 

SD, SFD or supercritical fluid technologies [65,221]. The NCMPs in the size 

range of 1-5 μm in diameter are reported to be deposited in the respirable airways 

and periphery of the lung [120]. Moreover, the additives used to form NCMPs 

dissolve upon encountering the respiratory environment thereby releasing the NPs 

[167]. 

The aim of this chapter was to produce negatively charged PGA-co-PDL NPs 

(referred to as anionic NPs) of optimum size to be effectively up taken by the 

DCs, surface adsorb a model protein, BSA onto the surface of NPs and formulate 

the NPs by SD into NCMPs using L-leu as a carrier for delivery via dry powder 

inhalation. 

3.2 Materials and Methods 

3.2.1 Polymer Synthesis and Characterisation 

The PGA-co-PDL was synthesised and characterised as described in section 2.2.1 

and 2.2.2 respectively. 
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3.2.2 Preparation and Characterisation of Nanoparticles 

The PGA-co-PDL NPs were prepared as described in section 2.2.3.1. The NPs 

were characterised for particle size, PDI, zeta-potential and morphology as 

described in section 2.2.4. 

3.2.3 Optimisation of NP Size by Taguchi L18 Design 

In order to evaluate the influence of formulation parameters and minimise the 

number of experiments, Taguchi DoE was employed through Minitab
®
 16 

statistical software. Seven factors (polymer MW, organic solvent, internal 

aqueous phase concentration and volume, sonication time, stirrer speed and 

external aqueous phase concentration) were evaluated by constructing and using a 

L18 orthogonal array design with 1 factor, MW, at two levels and the remaining 6 

factors at three levels (Table 3-1). 

The design was applied to identify the significant factors that would affect the size 

of PGA-co-PDL NPs. The optimum conditions were indicated by high signal-to-

noise (S/N) ratios, where signal factor (S) is the outcome, i.e. the particle size, and 

noise factors (N) are parameters such as humidity, temperature, experience of the 

experimenter etc. 

A greater S/N ratio corresponds to minimum variance of the outcome, the particle 

size, i.e. a better performance. In other words, the experimental parameter having 

the least variability is the optimal condition [222]. The optimisation of size was 

carried out using the Taguchi’s ‘smaller-is-better’ criterion, i.e. to achieve a 

particle size as small as possible. 
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Table 3-1 Taguchi's experimental design L18 for producing PGA-co-PDL 

nanoparticles 

Levels Units 1 2 3 

A - MW of Polymer kDa 14.7 24.0 - 

B - Org Sol (DCM) ml 1 1.5 2 

C - Aq. Vol (PVA) ml 3 4 5 

D - 1
st
 Aq. Conc (PVA) % w/v 2.5 5 10 

E - Sonication Time min 1 2 5 

F - Stirrer Speed RPM 400 500 600 

G - 2
nd

Aq. Conc (PVA) % w/v 0.5 0.75 1 

3.2.4 Freeze-drying of Nanoparticle Suspensions 

Sucrose, mannitol and trehalose were employed as cryoprotectants (CPs) for the 

FD of NP suspensions. Initially, stock solutions (10% w/v in distilled water) of 

the CPs were prepared. Following centrifugation, the NPs were re-suspended in 

the CP stock solutions at three different ratios of CP:NP (1.25:1, 2.5:1 and 5:1) 

and frozen at -80 °C for 24 h. The frozen CP:NP suspensions were then 

transferred into a freeze-dryer (Lyotrap, LTE Scientific Ltd, UK) operated at -

50±5 °C and 0.054±0.002 Mbar for 48 h. Then, the freeze-dried powders were 

transferred into glass vials, tightly sealed and stored in a desiccator until further 

use. The optimum concentration of CP was found by evaluating the increase in 

particle size (nm) (see section 2.2.4.1) after the FD process. 

3.2.5 Optimisation of BSA Adsorption 

The NP suspensions were collected by centrifugation (78,000 g, 40 min, 4 °C) and 

surface adsorbed with BSA (Figure 3-1). 
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Figure 3-1 Flow chart depicting the steps for optimisation of bovine serum 

albumin (BSA) adsorption 

3.2.5.1 Optimisation of Adsorption Method 

Optimisation of the BSA adsorption method was performed as described below: 

Method (1): Protein was directly adsorbed onto the CP:NP freeze-dried powders 

by adding 4 ml of protein solutions at different ratios of 100:4, 100:10 and 100:20 

(NP:BSA) corresponding to 100, 250 and 500 μg/ml BSA to 10 mg of NP 

equivalent freeze-dried powder. The resultant suspension was left rotating for 1 h 

at 20 RPM on a HulaMixer
TM

 sample mixer (Life Technologies, Invitrogen, UK) 

at room temperature. 

Method (2): The CP was removed by centrifugation (as in section 2.2.3.2) from 

the CP:NP freeze-dried powders followed by adsorption. Initially, 10 mg of NP 

equivalent freeze-dried powder was weighed and transferred into 4 ml of distilled 

water then centrifuged to separate the CP. The supernatant was removed, the 

pellets re-suspended in 4 ml of protein solution at different ratios of 100:4, 100:10 
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and 100:20 (NP:BSA) corresponding to 100, 250 and 500 μg/ml BSA and the 

adsorption process described in method (1) was followed. 

Method (3): Protein was directly adsorbed onto the NP suspension obtained after 

centrifugation following removal of excess surfactant. The NP suspension (1.25 

ml equal to 10 mg of NP by weight) was transferred into vials and the volume 

made up to 4 ml with distilled water, washing twice by centrifugation. The 

obtained pellets were re-suspended in 4 ml of protein solution at different ratios of 

100:4, 100:10 and 100:20 (NP:BSA) corresponding to 100, 250 and 500 μg/ml 

BSA and the adsorption process described in method (1) was followed. 

In addition, further optimisation studies to achieve effective adsorption and to 

assess the influence of time and amount of NPs on BSA adsorption were 

undertaken. 

3.2.5.2 Optimisation of BSA Concentration 

The NP suspension (equivalent to 10 mg, i.e. 1.25 ml of suspension) was 

centrifuged (as in section 2.2.3.2) and the resultant pellet was re-suspended in 

vials containing 4 ml of BSA at different ratios of 100:4, 100:7, 100:10, 100:12, 

100:16 and 100:20 (NP:BSA) corresponding to 100, 175, 250, 300, 400 and 500 

µg/ml BSA, respectively. The resultant suspension was left rotating for 1 h at 20 

RPM on a HulaMixer
TM

 sample mixer (Life Technologies, Invitrogen, UK) at 

room temperature. 

3.2.5.3 Optimisation of Time 

The NP suspension (equivalent to 10 mg, i.e. 1.25 ml of suspension) was 

centrifuged (as in section 2.2.3.2) and the resultant pellet was re-suspended in 
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vials containing 4 ml of BSA at NP:BSA ratio of 100:20, corresponding to 500 

µg/ml BSA. The resultant suspension was left rotating for 30 min, 1, 2 and 24 h at 

20 RPM on a HulaMixer
TM

 sample mixer (Life Technologies, Invitrogen, UK) at 

room temperature. 

3.2.5.4 Optimisation of Amount of NPs 

The NP suspension (corresponding to 10, 20 and 40 mg of NPs) was centrifuged 

(as in section 2.2.3.2) and the resultant pellet was re-suspended in vials containing 

4 ml of 500 µg/ml BSA. The resultant suspension was left rotating for 1 h at 20 

RPM on a HulaMixer
TM

 sample mixer (Life Technologies, Invitrogen, UK) at 

room temperature. 

For all the scenarios stated above, at the respective time points, the protein 

adsorbed NP suspensions were transferred into ultracentrifuge tubes and 

centrifuged (as in section 2.2.3.2). The supernatant was then collected and 

analysed for protein content as described in section 2.2.6.1. Furthermore, 

Langmuir (LM) and Freundlich (FM) models were employed to understand the 

relationship between the amount of BSA effectively adsorbed onto the NPs and 

the BSA concentration in the solution at equilibrium. 

The particle size, PDI and zeta-potential of the NPs with and without BSA 

adsorption were characterised as described in section 2.2.5.1. 
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3.2.6 Preparation and Characterisation of Nanocomposite 

Microparticles 

The NCMPs were prepared by SD as described in section 2.2.7. The resultant 

NCMPs were characterised for yield, particle size, PDI, morphology and moisture 

content as described in section 2.2.8. 

3.2.7 Characterisation of BSA Nanoparticle Associations 

The association of BSA with NPs was characterised using CLSM as described in 

section 2.2.9. 

3.2.8 In vitro Release Studies 

The in vitro release studies were performed as described in section 2.2.10. 

3.2.9 Investigation of BSA Structure and Activity 

The released BSA was evaluated for stability of primary structure (SDS-PAGE) 

and secondary structure (CD) as described in section 2.2.11. 

The activity of BSA was investigated using 4-nitrophenyl acetate esterase 

substrate (NPA, Sigma Aldrich, UK) as described by Abbate et al. [223]. Briefly, 

1.2 ml of released BSA sample (50 µg/ml) in PBS was added to freshly prepared 

NPA solution (15 μl of a 5 mM solution in ACN) and incubated for 1 h using 

HulaMixer
TM

 Sample Mixer. Thereafter, the solution was transferred to a plastic 

cuvette and absorbance measured at 405 nm. As a positive control, standard BSA 

(50 µg/ml) was treated exactly the same as the released sample whereas for a 
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negative control, PBS buffer alone was treated as the sample. The relative residual 

esterolytic activity of the samples was calculated as the ratio of absorbance of the 

released BSA and standard BSA, with the esterolytic activity obtained for 

standard BSA considered to be 100%. 

3.2.10 In vitro Aerosolisation Studies 

The aerosol properties of the BSA adsorbed anionic NPs/NCMPs were 

determined as described in section 2.2.12. 

3.2.11 Cell Viability Study 

The cytotoxicity of anionic NPs after 24 h exposure to A549 cell line, and anionic 

NPs/NCMPs after 24 h exposure to A549 cell line and 16HBE14o- cells were 

determined as described in section 2.2.13. 

3.3 Results 

3.3.1 Polymer Synthesis and Characterisation 

The PGA-co-PDL (monomer ratio, 1:1:1) synthesised at 6 and 24 h was a white 

powder with a MW of 14.7 and 24.0 KDa, respectively, as determined by the 

GPC. The structure of the co-polymer was confirmed by FTIR spectroscopy 

(Figure 3-2) and 
1
H-NMR spectroscopy (Figure 3-3), (δH CDCl3, 300 MHz): 1.3 

(s, 22 H, H-g), 1.64 (m, 8 H, H-e, e′, h), 2.32 (m, 6 H, H-d, d′, i), 4.05 (q)-4.18 (m) 

(6 H, H-a, b, c, f), 5.2 (s, H, H-j). The Tm (melting point) of the co-polymer was 

determined by DSC and was found to be ~55 ºC which is similar to previous 

reports [160]. 
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Figure 3-2 Fourier transform infrared spectra of PGA-co-PDL 

 

Figure 3-3 Nuclear magnetic resonance spectra of PGA-co-PDL 
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3.3.2 Optimisation of NP Size by Taguchi L18 Design 

The Taguchi design was applied in this study to identify the significant factors 

that would influence the size of PGA-co-PDL NPs. Investigating seven factors (1 

factor at 2 levels and 6 factors at 3 levels) without the usage of experimental 

design would have resulted in 1458 (2*3
6
) individual experiments to be performed 

which would be an arduous and inefficient task. 

The Taguchi L18 orthogonal array design required 18 runs to be performed to 

yield the optimum conditions for each factor to achieve the smallest PGA-co-PDL 

NP size. Table 3-2 illustrates the structure of the L18 orthogonal array, the 

corresponding results and S/N ratios. 

The results obtained from 18 runs indicated particle sizes ranging from 138.7±6.4 

(run 3) to 459.4±69.5 (run 11). Figure 3-4 shows the mean S/N graph of the 

particle size for each parameter level. The parameter with the largest range and 

corresponding rank (indicating the relative importance compared to other 

parameters) was considered as the critical factor affecting that particle size. 

Analysis of the particle size from the 18 runs using the Taguchi’s ‘smaller-is-

better’ criterion in Minitab
®
 16 statistical software, indicated the optimum 

conditions inferred from the range, rank and the S/N response graph were 

A1B3C3D3E2F2G2. 

The optimum formulation made using these conditions yielded anionic NPs with a 

size of 128.50±6.57 nm lower than the minimum size of 138.7±6.4 nm obtained 

using run 3, with a PDI of 0.07±0.03 and zeta-potential of -10.2±3.75 mV. 
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Table 3-2 Structure of Taguchi’s L18 orthogonal array, corresponding 

particle size and signal-to-noise (S/N) ratios (Mean±SD, n=3) 

Runs 

Parameters 
Particle 

Size (nm) 
PDI 

S/N Ratio 

(dB) 
A B C D E F G 

Run 1 1 1 1 1 1 1 1 315.5±6.90 0.151±0.05 -49.979 

Run 2 1 1 2 2 2 2 2 186.5±4.30 0.097±0.03 -45.412 

Run 3 1 1 3 3 3 3 3 138.7±6.40 0.093±0.01 -42.843 

Run 4 1 2 1 1 2 2 3 210.1±18.7 0.116±0.04 -46.449 

Run 5 1 2 2 2 3 3 1 208.7±49.9 0.123±0.06 -46.389 

Run 6 1 2 3 3 1 1 2 182.0± 3.20 0.075±0.04 -45.199 

Run 7 1 3 1 2 1 3 2 192.9±9.30 0.077±0.04 -45.705 

Run 8 1 3 2 3 2 1 3 149.3±2.50 0.075±0.01 -43.481 

Run 9 1 3 3 1 3 2 1 192.9±23.0 0.050±0.03 -45.704 

Run 10 2 1 1 3 3 2 2 269.1±68.9 0.205±0.04 -48.598 

Run 11 2 1 2 1 1 3 3 459.4±69.5 0.233±0.02 -53.243 

Run 12 2 1 3 2 2 1 1 242.5±19.1 0.188±0.06 -47.694 

Run 13 2 2 1 2 3 1 3 253.2±47.3 0.155±0.10 -48.069 

Run 14 2 2 2 3 1 2 1 217.3±18.9 0.116±0.01 -46.742 

Run 15 2 2 3 1 2 3 2 240.5±35.1 0.133±0.05 -47.622 

Run 16 2 3 1 3 2 3 1 169.3±7.60 0.144±0.04 -44.573 

Run 17 2 3 2 1 3 1 2 235.9±29.6 0.119±0.08 -47.453 

Run 18 2 3 3 2 1 2 3 221.7±11.0 0.150±0.04 -46.915 

Note: A - MW of Polymer, B - Org Sol (DCM), C - Aq. Vol (PVA), D - 1
st
 Aq. 

conc (PVA), E - Sonication time, F - Stirrer Speed and G - 2
nd

 Aq. conc (PVA) 
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Figure 3-4 Mean signal-to-noise (S/N) graph for particle size response. 

Letters (A–E) denote the experimental parameters and numeric values 

denote the parameter levels (  indicates maximum S/N value) (Mean±SD, 

n=3); Note: A - MW of Polymer, B - Org Sol (DCM), C - Aq. Vol (PVA), D - 

1
st
 Aq. conc (PVA), E - Sonication time, F - Stirrer Speed and G - 2

nd
 Aq. 

conc (PVA) 

The microscopic images (Figure 3-5) show that the NPs appeared to be smooth 

and spherical in shape with no visible aggregation. 

 

Figure 3-5 Transmission electron microscope image of anionic nanoparticles 

at 44,000X (scale bar – 200 nm) 
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3.3.3 Freeze-drying of Nanoparticle Suspensions 

The optimum PGA-co-PDL anionic NPs were freeze-dried with and without the 

use of CPs (i.e. S-Sucrose, M-Mannitol and T-Trehalose at 1.25:1, 2.5:1 and 

5:1/CP:NP ratios). In the absence of any CP, reconstitution of freeze-dried NPs 

resulted in a significant increase (p < 0.05, ANOVA/Dunnett‘s comparison) in 

size (Figure 3-6) and PDI (Table 3-3). The FD of NPs was considered successful 

if the Sf/Si (Sf-Size after FD, Si-Size before FD) remained close to 1 with low PDI 

values. In most cases in presence of CP, the increase in size, although significant, 

was relatively small. The highest Sf/Si ratio (Table 3-3) was observed for mannitol 

at M:NP/1.25:1 (Sf/Si = 5.45) and 2.5:1 (Sf/Si = 4.08) with a particle size increase 

of 662 nm and 459 nm, from emulsions, respectively. The lowest Sf/Si ratio was 

observed for sucrose at S:NP/5:1 (Sf/Si = 1.38) suggesting successful FD with a 

minimal size increase of 58 nm from emulsion. This shows that the presence of 

CP stabilised the anionic NPs and maintained the particle size and PDI. 

Additionally, in the presence of CPs (S, M and T) the aggregation of NPs after FD 

was minimised. In general, higher PDI values were obtained after FD; however, 

there was no significant difference in PDI between any of the freeze-dried 

samples indicating similar size distributions. In addition, better size retention was 

observed with sucrose above S:NP/2.5:1, trehalose above T:NP/1.25:1 and 

mannitol above M:NP/5:1. Sucrose was the best at S:NP (5:1) ratio with a 

minimum increase in size, and such similar results were also reported by Anhorn 

et al. and others [224,225]. 
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Figure 3-6 Particle size (nm) for different cryoprotectant:nanoparticle 

(CP:NP) ratios; Note: S-Sucrose, M-Mannitol, T-Trehalose (Mean±SD, n=6) 

Table 3-3 Sf/Si and PDI values of freeze-dried powders for different 

cryoprotectant:nanoparticle (CP:NP) ratios (Mean±SD, n=6) 

Cryoprotectant:Nanoparticle 

(CP:NP) 
Sf/Si PDI 

S: NP (1.25:1) 2.44 0.43±0.11 

S:NP (2.5:1) 1.78 0.41±0.10 

S:NP (5:1) 1.39 0.36±0.11 

M:NP (1.25:1) 5.45 0.46±0.09 

M:NP (2.5:1) 4.08 0.55±0.15 

M:NP (5:1) 2.08 0.35±0.10 

T:NP (1.25:1) 1.70 0.46±0.15 

T:NP (2.5:1) 1.91 0.39±0.14 

T:NP (5:1) 1.65 0.39±0.11 

Note: S-Sucrose, M-Mannitol, T-Trehalose, PDI-Polydispersity index, 

Sf-Size after freeze-drying, Si-Size before freeze-drying 
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3.3.4 Optimisation of BSA Adsorption 

Initially, protein adsorption was carried out utilising three different methods as 

described in section 3.2.5.1.  Figure 3-7 shows the amount of BSA adsorbed in µg 

per mg of NPs at different NP:BSA ratios for three different methods. 

For method (1), the average adsorption of BSA increased significantly from a 

NP:BSA ratio of 100:4 (1.50±0.25 μg per mg of NPs) to 100:20 (6.46±1.97 μg per 

mg of NPs) (p < 0.05, ANOVA/Tukey‘s comparison). However, there was no 

significant difference in adsorption from 100:10 (3.97±1.38 μg per mg of NPs) to 

100:20 (p > 0.05, ANOVA/Tukey‘s comparison). 

For method (2), the average adsorption of BSA increased significantly from a 

NP:BSA ratio of 100:4 (3.19±0.38 μg per mg of NPs) to 100:10 (5.01±1.18 μg per 

mg of NPs) to 100:20 (9.71±0.71 μg per mg of NPs) (p < 0.05, ANOVA/Tukey‘s 

comparison). In addition, there was a significant difference in BSA adsorption of 

9.71±0.71 μg per mg of NPs for (2) compared to 6.26±1.97 μg per mg of NPs for 

method (1) at 100:20 (NP:BSA) ratio (p < 0.05, ANOVA/Tukey‘s comparison). 

For method (3), the average adsorption of BSA increased significantly from a 

NP:BSA ratio of 100:4 (4.75±0.39 μg per mg of NPs) to 100:10 (6.59±1.28 μg per 

mg of NPs) to 100:20 (10.23±1.87 μg per mg of NPs) (p < 0.05, ANOVA/Tukey‘s 

comparison). Moreover, the average adsorption of BSA at 100:20 (NP:BSA) ratio 

(10.23±1.87 μg per mg of NPs) was not statistically different from that with 

9.71±0.71 μg per mg of NPs for method (2) (p > 0.05, ANOVA/Tukey‘s 

comparison). 
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Figure 3-7 Amount of bovine serum albumin (BSA) adsorbed in μg per mg of 

nanoparticles (NPs) at different NP:BSA ratios by three different methods, # 

and ! (100:4 vs 100:10 vs 100: 20), * is p < 0.05, ANOVA/Tukey’s comparison 

(Mean±SD, n=3) 

Further optimisation of BSA adsorption was achieved by direct adsorption onto 

NP suspensions. Figure 3-8 shows the amount of BSA adsorbed in µg per mg of 

NPs for different NP:BSA ratios. The average adsorption of BSA increased 

significantly (p < 0.05, ANOVA/Tukey’s comparison) from a NP:BSA ratio of 

100:4 (4.75±0.39 µg per mg of NPs) to 100:7 (5.89±1.14 µg per mg of NPs), 

100:10 (6.59±1.28 µg per mg of NPs), 100:12 (7.73±0.62 µg per mg of NPs) and 

100:16 (7.75±0.5 µg per mg of NPs) with no significant difference between 100:7 

vs 100:10 and 100:10 vs 100:12 vs 100:16. However, the adsorption increased 
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significantly at 100:20 (10.23±1.87 µg per mg of NPs) compared to other 

NP:BSA ratios (p < 0.05, ANOVA/Tukey’s comparison). 

 

Figure 3-8 Amount of bovine serum albumin (BSA) adsorbed onto NP 

suspensions in μg per mg of nanoparticles (NPs) for different NP:BSA ratios, 

* is p < 0.05, ANOVA/Tukey’s comparison (Mean±SD, n=3) 

Figure 3-9 shows the amount of BSA adsorbed in μg per mg of NPs at different 

time points for 100:20 (NP:BSA) ratio. The average adsorption increased 

significantly from 30 min (1.84±0.82 μg per mg of NPs) to 1 h (10.23±1.87 μg per 

mg of NPs) (p < 0.05, ANOVA/Tukey’s comparison) with no significant 

difference beyond 1 h compared to that of 2 h (8.76±0.34 μg per mg of NPs) and 

24 h (8.95±0.39 μg per mg of NPs) (p > 0.05, ANOVA/Tukey’s comparison) 

indicating maximum adsorption was achieved at 1 h. 
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Figure 3-9 Amount of bovine serum albumin (BSA) adsorbed in μg per mg of 

nanoparticles (NPs) at different time points for 100:20 (NP:BSA) ratio, * is p 

< 0.05, ANOVA/Tukey’s comparison (Mean±SD, n=3) 

Figure 3-10 shows the amount of BSA adsorbed in μg per mg of NPs for different 

amounts of NPs used at 500 µg/ml BSA concentration. The average adsorption 

after 1 h decreased significantly from 10 mg of NPs (10.23±1.87 μg per mg of 

NPs) to 20 mg (3.18±0.54 μg per mg of NPs) and 40 mg (1.82±0.48 μg per mg of 

NPs) (p < 0.05, ANOVA/Tukey’s comparison) indicating maximum adsorption 

for 10 mg of NPs. 
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Figure 3-10 Amount of bovine serum albumin (BSA) adsorbed in μg per mg 

of nanoparticles (NPs) for different amounts of NPs used at 500 µg/ml BSA 

concentration, * is p < 0.05, ANOVA/Tukey’s comparison (Mean±SD, n=3) 

Models such as LM and FM have been used by several authors to characterise the 

adsorption of protein onto the surface of MPs or NPs [226–229]. The LM is 

expressed by equation 3-1: 
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Q
e

=
Ce

Q
m

+ 
1

Q
m
KL

          (eq. 3-1) 

where Ce is the concentration in equilibrium (µg/ml), Qe is the amount of protein 

adsorbed (µg/mg), Qm is the maximum adsorption capacity (µg/mg) and KL is a 

Langmuir constant related to the adsorption capacity. The LM assumes that the 

adsorption is a monolayer and that all sites are energetically equivalent with no 

lateral interactions between the protein molecules. For LM (Figure 3-11), the 

regression coefficient (r
2
) was ≥ 0.898, Qm was 13.28 µg/mg and KL was 0.4x10

-2
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Figure 3-11 Langmuir model (LM) indicating adsorption of bovine serum 

albumin (BSA) onto nanoparticles; Note: LM (Ce vs Ce/Qe) where Ce is the 

concentration in equilibrium (µg/ml) and Qe is the amount of protein 

adsorbed (µg/mg) 

The FM addresses the deviations from the LM theory and assumes that the 

adsorption is not necessarily a monolayer and that interactions between protein 

molecules are possible. The FM is expressed by equation 3-2: 

Log Q
e
=log KF+ 

1

n
logCe            (eq. 3-2) 

where KF is a Freundlich constant and n is a number usually < 1 that signifies the 

increase in adsorption is less rapid with increasing concentration. For FM (Figure 

3-12), the regression coefficient (r
2
) was ≥ 0.969, KF was 0.591 and n was 2.22 

(greater than 1). So, although the r
2
 is approaching 1, the n value suggests that 

more data points at higher concentrations of protein need to be collected before 

the relation between the protein molecules and NPs can be fully determined. 

y = 0.0753x + 15.894 

R² = 0.8981 

0

10

20

30

40

50

60

0 100 200 300 400 500 600

C
e 

Ce/Qe 



 

89 

 

Bovine serum albumin adsorbed onto anionic PGA-co-PDL nanoparticles for 

vaccine delivery via dry powder inhalation 

However, this was not performed as the adsorption achieved using 100:20 

(NP:BSA) ratio will be sufficient for dosage purposes when the protein of interest, 

PspA, is formulated and thus has been left for future studies. 

 

Figure 3-12 Freundlich model (FM) indicating adsorption of bovine serum 

albumin (BSA) onto nanoparticles; Note: FM (log Ce vs log Qe) where Ce is 

the concentration in equilibrium (µg/ml) and Qe is the amount of protein 

adsorbed (µg/mg) 

Table 3-4 lists the particle size, PDI and zeta-potential of PGA-co-PDL anionic 

NPs with and without BSA adsorbed. As seen, there is a significant increase (p < 

0.05, ANOVA/Tukey‘s comparison) in size which is attributed to the adsorption 

of BSA onto NPs as confirmed using confocal microscopy (section 3.3.5.3). The 

difference in zeta-potential could be due to the different orientation the BSA 

molecules assume on the surface of NPs thereby exposing differently charged 

amino acids. 
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Table 3-4 Particle size, PDI and zeta-potential of PGA-co-PDL anionic 

nanoparticles (NPs) with and without bovine serum albumin (BSA) 

adsorption (Mean±SD, n=3) 

 
NP suspension

a
 

Without BSA 

adsorption
b
 

With BSA 

adsorption
c
 

Particle Size (nm) 128.50±06.57 203.90±02.55
*
 299.03±32.02

*
 

PDI 0.070±0.030 0.205±0.007 0.322±0.060 

Zeta-potential (mV) -10.20±03.75 -24.56±00.50 -07.56±00.85 

a 
NPs characterised immediately after preparation without centrifugation, 

b 
NPs 

characterised after centrifugation but without adsorption of BSA, 
c 

NPs 

characterised after centrifugation and BSA adsorption, 
*
 p < 0.05, 

ANOVA/Tukey‘s comparison 

3.3.5 Characterisation of Nanocomposite Microparticles 

3.3.5.1 Yield, Particle Size and Morphology 

A reasonable yield of SD, 40.36±1.80% for the empty anionic NPs/NCMPs and 

42.35±3.17% for BSA adsorbed anionic NPs/NCMPs was obtained. 

The size of NPs after recovery from spray-dried empty anionic NPs/NCMPs in 

distilled water was 210.03±15.57 nm and PDI 0.355±0.067, and for BSA 

adsorbed anionic NPs/NCMPs was 222.46±2.17 nm and PDI 0.360±0.008, which 

is in the required range of 200 to 500 nm for uptake by DCs [16-18]. 

The shape and surface texture of the anionic NPs/NCMPs were investigated using 

SEM (Figure 3-13). Photomicrographs of the anionic NPs/NCMPs showed 

irregular and corrugated NCMPs with a diameter of 1.90±0.34 µm. 
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Figure 3-13 Scanning electron microscope pictures of anionic nanocomposite 

microparticles (a) 5 µm and (b) 2 µm 

3.3.5.2 Moisture Content 

The moisture content in anionic NPs/NCMPs was determined using TGA and the 

thermograms (Figure 3-14) show that the spray-dried formulation contained a 

residual moisture content of 0.47±0.01% w/w. 

 

Figure 3-14 Thermogram of anionic nanocomposite microparticles obtained 

using thermal gravimetric analysis 
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3.3.6 Characterisation of BSA Nanoparticle Associations 

The association of BSA with NPs was visualised using CLSM. The microscopic 

images in Figure 3-15a (split view) and 3-15b (orthogonal view) shows the spray-

dried NCMPs containing the fluorescent NPs (red, labelled using NR dye) 

adsorbed with FITC-BSA (green). The image shows that FITC-BSA was 

evidently only present where the NPs were present, indicating their association. 

Moreover, the increase in size observed after adsorption also confirms the 

adsorption of BSA onto PGA-co-PDL NPs (Table 3-4). 

 

 

Figure 3-15 Confocal microscopic image of spray-dried nanocomposite 

microparticles containing the fluorescent nanoparticles (red) adsorbed with 

FITC-BSA (green) (a) Split view and (b) Orthogonal view 

b 

a 
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3.3.7 In vitro Release Studies 

In vitro release studies were performed on BSA adsorbed anionic NPs/NCMPs 

and reported as cumulative percentage of BSA released over time (Figure 3-16). 

An initial burst release of 30.15±2.33% BSA was observed followed by 

continuous release up to 5 h, with a BSA release of 86.07±0.95%. After this time 

period, a slow continuous release of BSA was observed with a release of 

95.15±1.08% over 48 h, for the BSA adsorbed anionic NPs/NCMPs. 

 

Figure 3-16 In vitro release profile for bovine serum albumin (BSA) from 

anionic nanocomposite microparticles in phosphate buffer saline, pH 7.4 

(Mean±SD, n=3) 

3.3.8 Investigation of BSA Structure and Activity 

The primary structure of BSA released from the BSA adsorbed anionic 

NPs/NCMPs was investigated using SDS-PAGE analysis. Figure 3-17 reveals 

identical bands for the standard BSA and the BSA released from NCMPs without 

any noticeable new bands of high or low MW BSA. 
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Figure 3-17 SDS-PAGE of Lane 1: MW standards, broad range (Bio-Rad 

Laboratories, Hercules CA, USA), Lane 2, 3: bovine serum albumin (BSA) 

standards, Lane 4, 5, 6: Released from BSA adsorbed anionic nanocomposite 

microparticles after 48 h 

The secondary structure analysis was performed using CD. Figures 3-18a and 3-

18b show the CD spectra of standard BSA, BSA supernatant and BSA released. In 

Figure 3-18a, the CD spectra show minima at 221-222 nm and 209-210 nm and a 

maximum at about 195 nm for both samples which is characteristic of α-helical 

structure. Further structural analysis showed that the predominant structure was 

helical displaying 51 and 62.5% helicity, respectively (Table 3-5). Moreover, the 

experimental data obtained for the standard BSA are in good agreement with 

previous reports [230]. Figure 3-18b shows that BSA released displayed double 

minima at 208 and 222 nm and further spectra analysis indicated that this sample 

adopted a reduced level helical conformation (circa 36% helical) (Table 3-5). 

Comparing the CD results of BSA released with that of standard BSA, the α-

helical content decreases by 15%, the β-sheet content increases by 8.9%, the turns 
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content increases by 1%, and the random coils’ content increases by 3% 

respectively. 

The residual esterolytic activity of the released BSA sample was calculated to be 

77.73±3.19% relative to standard BSA. 

 

Figure 3-18 Circular dichroism spectra of standard bovine serum albumin 

(BSA) (grey) (a) supernatant BSA (black) and (b) BSA released (black) 
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Table 3-5 The percentage of the secondary structure of standard, 

supernatant and released bovine serum albumin (BSA) samples 

Sample Helix Strand Turns Unordered 

Standard BSA 51.0±0.007 21.1±0.070 6.0±0.010 18.0±0.007 

BSA Supernatant 62.5±0.035 22.0±0.021 5.5±0.050 9.5±0.060 

BSA Released 36.0±0.000 30.0±0.000 7.0±0.000 21.0±0.007 

3.3.9 In vitro Aerosolisation Studies 

The percentage mass of BSA recovered from the NGI was approximately 77%. 

The deposition data (Figure 3-19) obtained from optimum spray-dried 

formulations displayed a FPM (per capsule) of 28.21±8.41 µg, FPF of 

76.95±5.61% and MMAD of 1.21±0.67 μm. This suggests that the BSA adsorbed 

anionic NPs/NCMPs were capable of delivering BSA to the lungs, and are 

expected to deposit the majority of the emitted dose to the bronchial-alveolar 

region of the lungs [65]. 

 

Figure 3-19 Percentage of bovine serum albumin (BSA) deposited stage-wise 

in a Next Generation Impactor (Mean±SD, n=3) 

0

5

10

15

20

25

P
er

ce
n

ta
g
e 

o
f 

 

B
S

A
 d

ep
o
si

te
d

 (
%

) 

NGI Stages 



 

97 

 

Bovine serum albumin adsorbed onto anionic PGA-co-PDL nanoparticles for 

vaccine delivery via dry powder inhalation 

3.3.10 Cell Viability Study 

The anionic NPs showed a cell viability of 70.84±6.99 % (A549 cell line) at 1.25 

mg/ml concentration (Figure 3-20a). The anionic NPs/NCMPs appear to be well 

tolerated by both the cell lines, with a cell viability of 87.01±14.11% (A549 cell 

line) and 106.04±21.14% (16HBE14o- cell line) (Figure 3-20b) at a concentration 

of 1.25 mg/ml after 24 h exposure indicating a good toxicity profile with no 

significant difference in cell viability between particle loadings. This provides an 

indication of the feasibility of using PGA-co-PDL particles as safe carriers for 

pulmonary drug delivery. 
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Figure 3-20 Cell viability measured by MTT assay after 24 h exposure to (a) 

A549 cell line to anionic nanoparticles (NPs) and (b) A549 & 16HBE14o- cell 

lines to anionic nanocomposite microparticles (Mean±SD, n=3) 
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3.4 Discussion 

3.4.1 Preparation and Characterisation of Nanoparticles 

The PGA-co-PDL NPs were prepared using a modified o/w single emulsion 

solvent evaporation method [165]. The optimum outcome of 18 runs, suggested 

by Taguchi’s L18 orthogonal array, was NPs of size lower than 150 nm. However, 

this increased to about 200-300 nm after centrifugation (due to aggregation upon 

removal of surfactant) and BSA adsorption. According to the literature, particles 

of this size will be effectively uptaken by DCs [113,212,213]. The effect of each 

factor is discussed in detail below: 

The PVA concentration (range = 3.17, rank = 1), factor D, was the most important 

factor affecting the particle size. The S/N ratios at three levels indicated that 

particle size linearly decreased with an increase in surfactant concentration from 

2.5 to 10% w/v (S/N ratio, r
2
 = 0.997). The particle size decreased because, at 

lower concentrations, there is an inadequate amount of surfactant to cover all the 

surfaces of the PGA-co-PDL NPs [231]. The uncovered NPs then tend to 

aggregate until a point where there is adequate amount of surfactant to cover the 

total surface area of the aggregated NPs, forming a stable system and leading to 

larger particles. However, with an increase in surfactant concentration it was 

possible to efficiently cover the surfaces of all individual NPs thereby stabilising 

the system, avoiding aggregation and resulting in smaller PGA-co-PDL NPs 

[231]. This effect of a decrease in particle size with an increase in surfactant 

concentration, PVA, was also observed by Mitra and Lin [232]. 
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The S/N ratios of MW of the polymer (range = 2.19, rank = 3), factor A, at two 

levels suggested a directly proportional relationship with MW of polymer, i.e. the 

particle size decreases with a decrease in the MW. This was also evident from the 

lower particle sizes observed using 14.7 kDa MW polymer (runs 1-9) relative to 

24 kDa MW polymer (runs 10-18). As the MW of a polymer increases, the 

viscosity of the polymeric solution also increases, thereby imposing difficulty in 

breaking the suspension into smaller emulsion droplets compared to a lower MW 

polymer that requires lower efficiency to breakdown under similar conditions. 

This increase in size of the particles has also been observed by others and is 

reported to be associated with high MW polymers [90,233,234] 

The S/N ratios of volume of organic solvent (DCM, range = 2.32, rank = 2), factor 

B, at three levels indicated that particle size almost linearly decreased with an 

increase in volume from 1 to 2 ml (S/N ratio, r
2
 = 0.999). This decrease in particle 

size is attributed to the decrease in viscosity of the polymer solution (keeping the 

amount and MW of polymer constant). This makes it easier to break the 

suspension into smaller emulsion droplets, resulting in a decreased particle size as 

explained above. This effect could also be observed with factor C, volume of 1
st
 

aqueous phase (range = 1.23, rank = 5), where a decrease in volume increased the 

viscosity, thereby resulting in an increase in particle size. 

The S/N ratios for sonication time (range = 2.09, rank = 4), factor E, did not 

follow any particular trend; however, the second level was found to be the 

optimum for achieving smaller particle size. The S/N ratios for stirrer speed, 

factor F, (the speed at which the magnetic bar was rotating for evaporation of 



 

101 

 

Bovine serum albumin adsorbed onto anionic PGA-co-PDL nanoparticles for 

vaccine delivery via dry powder inhalation 

DCM in the external phase) and G, 2
nd

 PVA concentration have a low range of 

0.34 and 0.18 respectively indicating that they have a minimal influence over the 

size of NPs produced. Therefore, the optimum conditions inferred resulted in NPs 

of size suitable for cellular uptake into DC as established in the literature 

[113,212,213,235,236]. 

FD was employed to obtain the NPs as a dry powder facilitating the use of NPs at 

a later stage for BSA adsorption. Suitable CPs such as sucrose, trehalose and 

mannitol were used as stabilisers to ensure good reconstitution after FD. Sucrose 

at S:NP (5:1) ratio was found to be the best at retaining the size of NPs after FD 

compared to other CPs. 

At a ratio of 100:20 (NP:BSA) there was no significant difference in adsorption 

whether the BSA was adsorbed onto freeze-dried NPs with CPs, after removal of 

CPs or directly onto NP suspensions. The overall data (Figure 3-7) suggests that 

BSA can be effectively adsorbed onto NP suspensions without the need for a FD 

process, saving time and making the process more economical. Consequently, all 

the further optimisation was performed with BSA adsorption directly onto NP 

suspensions. 

The adsorption of BSA onto NPs was confirmed by both an increase in particle 

size after adsorption (Table 3-4) and visually under the confocal microscope 

(Figure 3-14). In addition, the adsorption of protein onto NPs was expected to be 

mainly driven by hydrophobic and electrostatic (ionic) interactions, and hydrogen 

bonding [228]. However, in this study the NPs are negatively charged (evident 

from zeta-potential values) and BSA in distilled water is also highly negatively 
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charged [237] suggesting that electrostatic interactions will be minimal and the 

adsorption process is dominated by hydrophobic interactions and hydrogen 

bonding. The BSA adsorption onto NPs increased with an increase in the NP:BSA 

ratio from 100:4 to 100:20, which was expected as the amount of BSA available 

for adsorption increased. Figure 3-9 indicates that the surface of the NPs was 

saturated with BSA after 1 h suggesting a maximum adsorption with a ratio of 

100:20 (NP:BSA). 

3.4.2 Characterisation of Nanocomposite Microparticles 

The NCMPs were produced by SD using L-leu as a carrier and a dispersibility 

enhancer. The SEM pictures (Figure 3-13) showed an irregular or wrinkled 

surface morphology which is due to an excessive build-up of vapour pressure 

during water evaporation in the SD process and typically occurs with hydrophobic 

amino acids, such as L-leu [160,238,239]. Moreover, the size of NPs after 

dispersing the NCMPs in deionised water confirmed the recovery of NPs with a 

suitable size for uptake by DCs. 

A high residual moisture content can induce particle aggregation and lead to a 

variation in size distribution [56]. The low moisture content determined from the 

TGA thermograms indicates a good overall drying efficiency and thus the spray-

dried formulations are expected to display higher storage stability [240]. 

The release profile showed that more than 90% of the BSA was released within 48 

h probably because of the weak hydrophobic interactions between BSA and NPs. 

Moreover, the identical bands (Figure 3-17) observed for BSA standard and BSA 
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released from the NCMPs suggests that BSA maintained its primary structure and 

was neither degraded nor affected by the adsorption and SD procedure. 

The secondary structure of BSA in the formulation was analysed using CD 

spectroscopy, a valuable technique in analysing the protein structure [201]. The 

BSA released samples confirmed the presence of α-helix and β-sheets, although 

this did decrease compared to standard BSA. However, in protein secondary 

structure, it is believed that the β-sheet structure is sometimes observed as a 

special α-helix with only two amino acid residues through stretching resulting 

from the breakage of hydrogen bond [230,241]. 

It is established that BSA possesses an enzyme-like activity with the ability to 

hydrolyse substrates such as p-nitophenyl esters [223,242,243]. In this study, the 

released BSA sample retained approximately 77% of relative residual esterolytic 

activity compared to standard BSA. A reduction in BSA activity to 60% was also 

observed by Abbate et al. when released from biohybrid hydrogels [223]. The 

adsorption and desorption process of BSA could have influenced the structure 

(evident from a decreased helicity determined by CD) and thus the activity. 

However, the retention of 77% ester hydrolysis activity would encourage the 

exploration of the delivery system for further usage. 

The FPF value suggests an excellent aerosolisation performance and deep lung 

deposition profile. The surface activity of the relatively strong hydrophobic alkyl 

side chain of L-leu accumulating at the particle surface during SD reduces the 

surface free energy of the dry powder and cohesive inter-particulate interactions 

resulting in enhanced dispersibility [160,219]. In addition, the dispersibility 
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enhancing property of L-leu resulting from the corrugated particle surface reduces 

the contact points between particles leading to improved aerosolisation 

characteristics of powders [218,239,244]. Similar reports have also demonstrated 

an enhanced aerosol performance with L-leu containing formulations 

[218,239,244,245]. Moreover, the MMAD values show an efficient delivery of 

NCMPs containing BSA to the deep lungs; mainly to the bronchial-alveolar 

region [65]. A study by Todoroff et al. showed that more intense specific immune 

responses could be achieved by targeting the antigen to the deep lungs rather than 

to the upper airways [246]. Also, Menzel et al. have shown that upon inhalation of 

Pneumovax
®
23, a pneumococcal polysaccharide vaccine, by healthy volunteers 

the vaccine deposited in the alveolar region displaying increased serum antibody 

levels compared to that deposited in the larger airways [247]. Thus, this 

deposition to the deep lungs may generate stronger immune responses. 

The NGI data suggests a deposition mainly in the bronchial-alveolar region of the 

lungs [65], thus cell viability studies were performed on A549 and 16HBE14o- 

cell lines. The results show that both the cell lines were tolerant to the NCMPs 

containing NPs up to 1.25 mg/ml concentration which is encouraging. 

3.5 Conclusions 

The PGA-co-PDL anionic NPs of appropriate size to target DCs were successfully 

produced using Taguchi L18 orthogonal array DoE. The BSA adsorption onto NPs 

in the ratio of 100:20 (NP:BSA) for 1 h at room temperature produced a 

maximum adsorption of BSA of 10.23±1.87 µg per mg of NPs. The BSA 

adsorbed NPs were successfully spray-dried using L-leu into NCMPs with a yield 
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of 42.35±3.17% and the NCMPs had irregular and corrugated morphology. The 

BSA released from the NCMPs was shown to maintain its structure under SDS-

PAGE and CD analysis with 77% of relative residual esterolytic activity. 

Moreover, a FPF of 76.49±6.26% and MMAD of 1.21±0.67 μm indicate deep 

lung deposition with NCMPs showing a low toxicity profile. 
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4.1 Introduction 

NPs with a large surface area to volume ratio have reportedly been used as 

carriers in drug delivery for nearly 40 years [118]. Natural (e.g. albumin, alginate 

and chitosan) and synthetic (polyesters, polylactides, polyacrylates, polylactones 

and polyanhydrides) polymers have been exploited to produce these NPs [89,140]. 

Moreover, biodegradable NPs, made of biodegradable polymers, are being 

explored for delivery of macromolecules as they offer improved bioavailability, 

solubility, controlled or sustained release and biocompatibility [140]. The 

biodegradable polyester, PGA-co-PDL, has been used to produce NPs as 

described in section 2.2.3.2. In addition to factors such as polymer properties, size 

and charge of NPs, the surfactants employed in the preparation of NPs also play a 

vital role in determining their uptake, biodistribution, drug loading and fate after 

administration, all of which affect the therapeutic efficacy [248,249]. 

The particle size and surface charge of the NPs are known to play an important 

role in determining the cellular uptake and cationic NPs (positively charged), 

compared to either anionic NPs (negatively charged) or neutral NPs, have better 

interactions with the negatively charged cell membrane thereby improving their 

cellular uptake [248,250]. Recently, Peetla and Labhasetwar have shown that 

DMAB-modified polystyrene cationic NPs had better interactions with a model 

cell membrane demonstrating a greater cellular uptake in vitro [249]. In addition, 

cationic NPs have the potential to be used for vaccine delivery for their superior 

interaction with the proteoglycans on the surface of phagocytes such as 

macrophages and DCs [251,252]. Jensen et al. have shown that incorporation of a 

cationic lipid dioleoyltrimethylammoniumpropane (DOTAP) into the PLGA 
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matrix during the NP preparation process rendered NPs with a positive surface 

charge and observed that the surface charge increased with an increase in the 

concentration of DOTAP from 0 to 20% w/w of PLGA. They further 

demonstrated the use of these polymeric NPs loaded with small interfering RNA 

(siRNA) formulated as a dry powder for pulmonary delivery of siRNA [240]. 

Gupta et al. have shown that stable cationic NPs could be produced by coating 

poly-(ε-caprolactone) NPs with chitosan. These cationic NPs encapsulated H1N1 

HA protein which upon intranasal administration induced both Th1 and Th2 

responses [253]. Wang et al. recently showed that intranasally delivered cationic 

PLGA particles loaded with foot and mouth disease virus (FMDV) DNA vaccine 

encoding IL-6 elicited protective immunity against the FMDV challenge [254]. 

Saljoughian et al. demonstrated that upon administration of cationic particles 

containing a DNA vaccine against Leishmania donovani and L. infantum, 

protective immunity associated with high levels of IFN-γ leading to a strong Th1 

immune response was observed [255]. 

Herein, a cationic quaternary ammonium salt, DMAB, was used as a surfactant to 

produce positively charged NPs. It was previously established that the cationic 

surfactant, DMAB, produces small and stable NPs and prevents particle 

agglomeration [248,250,256,257]. Chen et al. [250], Hariharan et al. [256] and 

Kwon et al. [257] have all reported the use of DMAB to prepare small and stable 

polymeric cationic NPs. The use of DMAB for pulmonary delivery purposes has 

not yet been reported till date. 
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The aim of this chapter was to produce PGA-co-PDL NPs of positive charge and 

investigate the surface adsorption of a model protein, BSA. The BSA adsorbed 

NPs were formulated into NCMPs via SD using L-leu as a carrier and 

characterised for in vitro release profile, aerosol properties, cytotoxicity, and 

stability and activity of released protein. 

4.2 Materials and Methods 

4.2.1 Preparation and Characterisation of Nanoparticles 

The PGA-co-PDL NPs were prepared as described in section 2.2.3.2. The NPs 

were characterised for particle size, PDI, zeta-potential and morphology as 

described in section 2.2.4. 

4.2.2 BSA Adsorption and Quantification 

The NP suspensions were collected by centrifugation (78,000 g, 40 min, 4 °C) and 

surface adsorbed with BSA. The adsorption of BSA onto NPs was performed as 

described in section 2.2.5. The particle size, PDI and zeta-potential of the NPs 

with and without BSA adsorption were characterised as described in section 

2.2.5.1. 
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4.2.3 Preparation and Characterisation of Nanocomposite 

Microparticles 

The NCMPs were prepared by SD as described in section 2.2.7. The resultant 

NCMPs were characterised for yield, particle size, PDI, morphology and moisture 

content as described in section 2.2.8. 

4.2.4 Characterisation of BSA Nanoparticle Associations 

The association of BSA with NPs was characterised using CLSM as described in 

section 2.2.9. 

4.2.5 In vitro Release Studies 

The in vitro release study was performed as described in section 2.2.10. 

4.2.6 Investigation of BSA Structure and Activity 

The released BSA was evaluated for stability of primary structure (SDS-PAGE) 

and secondary structure (CD) as described in section 2.2.11. The esterolytic 

activity of BSA was determined as described in section 3.2.9. 

4.2.7 In vitro Aerosolisation Studies 

The aerosol properties of the BSA adsorbed cationic NPs/NCMPs were 

determined as described in section 2.2.12. 
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4.2.8 Cell Viability Study 

The cytotoxicity of cationic NPs and NPs/NCMPs after 24 h exposure to A549 

cell line were determined as described in section 2.2.13. 

4.3 Results 

4.3.1 Preparation and Characterisation of Nanoparticles 

The addition of the cationic surfactant, DMAB, at 1% w/w to the organic phase 

showed no significant difference (p < 0.05, ANOVA/Tukey’s comparison) in 

particle size and PDI compared to no cationic surfactant whereas the surface 

charge changed from negative to positive, as shown in Table 4-1. Moreover, with 

an increase in the concentration of DMAB, from 1 to 2% w/w, the particle size of 

NPs decreased significantly (p < 0.05, ANOVA/Tukey’s comparison) 

accompanied by an increase in surface charge. However, it was observed that after 

two washes (by centrifugation) the surface charge decreased with an increase in 

particle size (Table 4-1) for all concentrations of DMAB. 

Table 4-1 The average particle size and surface charge of nanoparticles 

prepared using different concentrations of surfactant (Mean±SD, n=3) 

Concentration of DMAB 

(% w/w) 
0 1 2 

Before Centrifugation    

Z-Average size (nm) 162.23±06.80
*
 175.74±15.46

*
 128.64±06.01

*
 

Surface Charge (mV) -10.28±01.00 +13.24±08.00 +42.32±02.70 

After Centrifugation    

Z-Average size (nm) 463.52±23.69
*
 710.71±152.66

*
 223.08±05.60

*
 

Surface Charge (mV) -19.14±01.08 -10.86±00.84 +35.94±01.36 

Note: The PDI values of all samples were in the range of 0.1-0.2 (before 

centrifugation) and 0.2-0.3 (after centrifugation); 
*
 is p < 0.05, ANOVA/Tukey‘s 

comaprison 
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The microscopic images of NPs shown in Figure 4-1 indicate that the NPs 

appeared to be smooth and spherical in shape with no visible aggregation or 

adhesion between NPs. 

   

Figure 4-1 Transmission electron microscope image of cationic nanoparticles 

formulated with 2% w/w DMAB stabiliser (a) 44,000X (scale bar – 200 nm) 

and (b) 110,000X (scale bar – 100 nm) 

4.3.2 BSA Adsorption and Quantification 

The average amount of BSA adsorbed onto cationic NPs, as shown in Figure 4-2, 

increased significantly from a NP:BSA ratio of 100:4 (10.01±1.19 µg per mg of 

NPs), 100:7 (33.70±3.25 µg per mg of NPs), 100:10 (54.04±1.66 µg per mg of 

NPs), 100:12 (64.10±4.05 µg per mg of NPs), 100:16 (79.54±0.57 µg per mg of 

NPs) to 100:20 (91.29±3.66 µg per mg of NPs) (p < 0.05, ANOVA/Tukey’s 

comparison; all the values are significantly different to each other). 

Table 4-2 lists the particle size, PDI and zeta-potential of PGA-co-PDL cationic 

NPs with and without BSA adsorption. The significant increase (p < 0.05, 

ANOVA/Tukey‘s comparison) in particle size of NPs accompanied with a change 

a b 



 

113 

 

Pulmonary delivery of nanocomposite microparticles containing bovine serum 

albumin loaded cationic PGA-co-PDL nanoparticles 

in the surface charge was ascribed to the adsorption of BSA onto NPs as 

confirmed using confocal microscopy (section 4.3.5). 

 

Figure 4-2 Amount of bovine serum albumin (BSA) adsorbed in µg per mg of 

nanoparticles (NPs) for different ratios of NP:BSA, * is p < 0.05, 

ANOVA/Tukey’s comparison (Mean±SD, n=3) 

Table 4-2 Particle size, PDI and zeta-potential of PGA-co-PDL cationic 

nanoparticles (NPs) with and without bovine serum albumin (BSA) 

adsorption (Mean±SD, n=3)
 

 
NP suspensions

a
 

Without BSA 

adsorption
b
 

With BSA 

adsorption
c
 

Particle Size (nm) 128.64±06.01
*
 234.65±10.25

*
 348.36±04.02

*
 

PDI 0.099±0.016 0.200±0.010 0.266±0.006 

Zeta-potential (mV) +42.32±02.70 +20.50±00.17 -01.44±00.18 

a 
NPs characterised immediately after preparation without centrifugation, 

b 
NPs 

characterised after centrifugation but without adsorption of BSA, 
c 

NPs 

characterised after centrifugation and BSA adsorption, 
*
 p < 0.05, 

ANOVA/Tukey‘s comparison 
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4.3.3 Characterization of Nanocomposite Microparticles 

4.3.3.1 Yield, Particle Size and Morphology 

A reasonable yield of spray drying, 44.82±4.12% for the empty cationic 

NPs/NCMPs and 48.00±5.66% for BSA adsorbed cationic NPs/NCMPs was 

obtained. 

The size of NPs after re-dispersion in deionised water for spray-dried empty 

cationic NPs/NCMPs was 216.50±25.45 nm and PDI 0.276±0.034, and for BSA 

adsorbed cationic NPs/NCMPs was 356.73±33.83 nm and PDI 0.467±0.116, 

confirming the recovery of NPs from spray-dried formulations (Mean±SD, n=3). 

The scanning electron pictures (Figure 4-3) of NCMPs revealed their irregular 

shape and corrugated surface texture. In addition, the size of the NCMPs 

calculated from the SEM pictures was found to be approximately 2.09±0.16 µm. 

  

Figure 4-3 Scanning electron microscope pictures of cationic nanocomposite 

microparticles (a) 5 µm and (b) 2 µm 

a b 
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4.3.3.2 Moisture Content 

The analysis of thermograms (Figure 4-4) obtained using TGA showed that the 

dry powder formulation had a residual moisture content of 0.46±0.01% w/w 

indicating the drying efficiency employed during the SD process. 

 

Figure 4-4 A representative thermogram of cationic nanocomposite 

microparticles obtained using thermal gravimetric analysis (Mean±SD, n=3) 

4.3.4 Characterisation of BSA Nanoparticle Associations 

The association of BSA with NPs was visualised using the confocal microscope. 

The confocal images (Figure 4-5) obtained, the red and green colours representing 

NR/NPs and FITC-BSA, respectively, were present simultaneously indicating 

their association. In addition, the increase in particle size observed after 

adsorption of BSA onto PGA-co-PDL cationic NPs also confirms their association 

(Table 4-2). 
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Figure 4-5 Confocal microscopic image, split view, of spray-dried 

microparticles containing the fluorescent nanoparticles (red) adsorbed with 

FITC-BSA (green) 

4.3.5 In vitro Release Studies 

In vitro release studies were performed on BSA adsorbed cationic NPs/NCMPs 

and reported as cumulative percentage BSA released over time (Figure 4-6). An 

initial burst release of 22.45±2.39% (BSA) was observed followed by continuous 

release up to 5 h, with a BSA release of 73.74±6.60%. After this time period, a 

slow continuous release was observed with release of 88.85±4.38% over 48 h. 

 

Figure 4-6 In vitro release profile for bovine serum albumin (BSA) from BSA 

adsorbed cationic nanocomposite microparticles in phosphate buffer saline, 

pH 7.4 (Mean±SD, n=3) 
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4.3.6 Investigation of BSA Structure and Activity 

The primary structure of BSA released from BSA adsorbed cationic NPs/NCMPs 

after 48 h was analysed using SDS-PAGE. As shown in Figure 4-7 below, 

standard BSA displays a white band (lane 2) adjacent to the MW standards (lane 

1). In addition, the bands for released BSA from BSA adsorbed cationic 

NPs/NCMPs (lane 3-5) are identical to that of the standard BSA indicating its 

stability during and after the SD process. 

 

Figure 4-7 SDS-PAGE of Lane 1: MW standards, broad range (Bio-Rad 

Laboratories, Hercules CA, USA), Lane 2: bovine serum albumin (BSA) 

standard, Lane 3, 4 and 5: Released BSA from BSA adsorbed cationic 

nanocomposite microparticles after 48 h 

Conformational changes of BSA in the supernatant after adsorption and BSA 

released from the delivery system were determined by CD spectroscopy. The CD 

spectra of standard BSA, BSA supernatant and BSA released are shown in Figure 
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4-8a and 4-8b. As expected, the CD spectra show two valleys at 208 and 222 nm 

characteristic of α-helical structure. The data for the spectra are presented in Table 

4-3, where standard BSA, BSA released and BSA supernatant showed that the 

predominant structure of the peptide was helical displaying 51, 43 and 50.5% 

helicity, respectively. In addition, the spectral data obtained for standard BSA are 

in good agreement with previous reports [230,258]. Comparing the CD results of 

BSA released with that of standard BSA, the α-helix content decreased by 8% and 

the β-sheet content increased by 8.4%. 

 

Figure 4-8 Circular dichroism spectra of standard bovine serum albumin 

(BSA) (black) (a) supernatant BSA (grey) and (b) BSA released (grey) 
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Table 4-3 The percentages of the secondary structures of standard, 

supernatant and released bovine serum albumin (BSA) samples 

Sample Helix Strand Turns Unordered 

Standard BSA 51.0±0.007 21.1±0.070 06.0±0.010 18.0±0.007 

BSA Supernatant 50.5±0.049 24.5±0.021 11.0±0.042 14.0±0.280 

BSA Released 43.0±0.021 29.5±0.007 07.0±0.000 21.0±0.000 

The esterolytic activity of the released BSA sample was investigated using 4-

nitrophenyl acetate esterase and was calculated to be 78.76±1.54% relative to 

standard BSA. 

4.3.7 In vitro Aerosolisation Studies 

The percentage mass of BSA recovered from the NGI was approximately 83%, 

well within the pharmacopeial limit of 75-125% of the average delivered dose 

[259]. The deposition data obtained from spray-dried formulations displayed a 

FPM of 16.57±0.74 µg (per capsule of 12.5 mg of cationic NPs/NCMPs), FPF of 

70.67±4.07% and MMAD of 2.80±0.21 μm suggesting that the formulation was 

capable of delivering efficient BSA to the lungs. Figure 4-9 shows the percentage 

stage-wise deposition of BSA in NGI. 
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Figure 4-9 The percentage deposition of bovine serum albumin (BSA) stage-

wise in Next Generation Impactor (NGI) (Mean±SD, n=3) 

4.3.8 Cell Viability Study 

The cytotoxicity of cationic NPs and NCMPs was assessed by the MTT assay 

[206] using A549 cells. The cationic NPs and NCMPs (Figure 4-10) indicated a 

decrease in cell viability with an increase in concentration. The particles showed a 

cell viability of 74.55±12.29% (NPs), 95.07±14.50% (NCMPs) at 78.12 µg/ml 

concentration that reduced to 50.50±9.41% (NPs), 75.76±03.55% (NCMPs) at 

156.25 µg/ml concentration after 24 h exposure. Above 156.25 µg/ml 

concentration, the NPs and NCMPs showed cell survival less than 50%. 

0

4

8

12

16

20

P
er

ce
n

ta
g
e 

o
f 

 

B
S

A
 d

ep
o
si

te
d

 (
%

) 

 

NGI Stages 



 

121 

 

Pulmonary delivery of nanocomposite microparticles containing bovine serum 

albumin loaded cationic PGA-co-PDL nanoparticles 

 

Figure 4-10 A549 cell viability measured by MTT assay after 24 h exposure 

to cationic nanoparticles (NPs) and nanocomposite microparticles 

(NPs/NCMPs) (Mean±SD, n=3) 

4.4 Discussion 

4.4.1 Preparation and Characterisation of Nanoparticles 

Surfactants are often employed in the NP preparation process to increase the 

physical stability and decrease agglomeration. Herein, the cationic surfactant, 

DMAB, was employed to prepare positively charged NPs. Its use as a surfactant 

in preparing cationic NPs has been previously reported in the literature 

[248,250,256,257,260]. In this study, the effect of DMAB concentration on the 

particle size and surface charge of NPs was investigated. It was observed that with 

an increase in the concentration of DMAB surfactant, the particle size of NPs 

decreased accompanied with an increase in the surface charge. The smaller size 
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achieved at the higher concentration of surfactant could be attributed to the 

presence of the surfactant at the interface as previously reported by Bhardwaj et 

al. [248]. Similar results with respect to particle size and surface charge were 

previously obtained with DMAB and have been reported by others 

[248,250,256,257]. 

The DMAB concentration of 2% w/w was chosen as the optimum for producing 

NPs with positive charge as the particle size achieved, 128.64±06.01 nm, was 

comparable to that of the anionic NPs produced using PVA alone as surfactant, 

128.50±06.57 nm. However, the particle size of both types of NPs increased to 

200-225 nm after removal of the surfactant by washing (centrifugation). This 

similarity in particle size of NPs, after centrifugation, of the anionic and cationic 

NPs enabled the investigation of effect of surface charge on protein adsorption 

and furthermore the effect on their uptake by DCs. 

As mentioned in chapter 3, the adsorption of proteins onto polymeric NPs is 

believed to be dominated by hydrophobic, electrostatic interactions and hydrogen 

bonding [228]. Here, the effect of BSA adsorption onto the polymeric DMAB-

modified cationic NPs wherein the BSA is negatively charged was investigated 

[237]. The adsorption of BSA onto the cationic NPs increased significantly with 

an increase in the loading concentration of BSA. This was because more BSA was 

available for binding and further supports the dominance of electrostatic 

interactions between the BSA and cationic NPs. In addition, the adsorption of 

BSA onto the surface of cationic NPs was confirmed by an increase in the particle 

size of NPs after adsorption accompanied with a change in surface charge from 
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positive to almost neutral. This change in surface charge could be due to the 

orientation the BSA molecules have assumed on the surface of cationic NPs for 

their stability thus exposing only certain charges. In addition, the adsorption of 

BSA was also characterised by confocal microscopy which depicts the association 

of BSA molecules with the cationic NPs. 

The adsorption data (section 3.3.4 and 4.3.2) suggest that under similar conditions 

the anionic NPs achieved similar adsorption of BSA of 10.23±1.87 µg per mg of 

NPs for 100:20 (NP:BSA) compared to 10.01±1.19 µg per mg of NPs for 100:4 

(NP:BSA) for cationic NPs. The adsorption data also indicated that cationic NPs 

attracted more BSA protein molecules onto their surface compared to the anionic 

NPs, resulting in higher BSA adsorption at similar NP:BSA ratios. This further 

confirmed that the main interactions in the adsorption process for cationic NPs 

under the given conditions are electrostatic in nature rather than hydrophobic or 

hydrogen bonding. Similarly, Li et al. have recently shown that adsorption of 

negatively charged ovalbumin onto positively charged aluminium hydroxide NPs 

was mainly driven by electrostatic interactions [261]. Singh et al. have shown that 

anionic and cationic PLGA particles surface adsorbed with a variety of antigens, 

including plasmid DNA, recombinant proteins, immunostimulatory 

oligonucleotides resulted in the induction of significantly enhanced immune 

responses in comparison with alum [262,263]. Besides, achieving higher 

adsorption at lower concentrations of added protein, this reduces the amount of 

NPs required to be delivered and for expensive recombinant proteins reduces the 

amount of initial protein required thereby reducing the cost of the final product. 
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4.4.2 Characterisation of Nanocomposite Microparticles 

The NCMPs were produced by SD using L-leu as a microcarrier. The NCMPs 

produced containing the cationic NPs had a rough surface and were irregularly 

shaped of a similar nature to that observed with NCMPs containing the anionic 

NPs. Rough and wrinkled surface characteristics are typical for NCMPs produced 

using L-leu as an excipient (see section 3.4.2 for more detailed explanation) and 

has been widely reported in the literature [218,219,238,239,245,264]. 

The residual moisture content in the SD formulations induces aggregation and 

leads to variation in size distribution [56]. In addition, a higher percentage of 

moisture affects the stability of the formulation and the aerosolisation properties 

resulting in poor deposition with a subsequent reduction in NPs for DC uptake. 

The moisture content obtained was low and was comparable to anionic 

NPs/NCMPs. Moreover, low percentages of moisture content (~1-1.5%) in MPs 

prepared using this polymer have previously been measured and reported 

[160,240]. 

The in vitro release data showed that 88% of the BSA was released over 48 h; 

lower than the release obtained from anionic NPs/NCMPs (95%). In addition, the 

burst release observed from cationic NPs/NCMPs was 22% compared to 30% for 

anionic NPs/NCMPs signifying the stronger interactions between cationic NPs 

and BSA. 

The stability of released BSA was investigated using SDS-PAGE (primary 

structure) and CD (secondary structure). The identical bands obtained for standard 

BSA and released BSA confirmed that the protein had not degraded into smaller 
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components and that it remained intact during the adsorption and SD process. 

This was further confirmed by CD spectra data wherein the released BSA sample 

displayed the presence of α-helix (43%) though slightly less than the standard 

BSA (51%). The BSA released from cationic NPs/NCMPs retained more 

secondary structure (43%) compared to anionic NPs/NCMPs (36%) suggesting 

that the type of adsorption process had an impact on desorption of BSA from NPs. 

Furthermore, the released BSA sample retained approximately 78% of relative 

residual esterolytic activity compared to standard BSA. The reduction in activity 

was expected as a reduction in the helical content was observed in the CD spectra. 

The FPF and MMAD values suggest an excellent aerosolisation performance and 

deep lung deposition profile in the bronchial-alveolar region of the lungs [65]. 

The FPF values obtained with the cationic NPs/NCMPs (70.67±4.07%) was not 

significantly different from that of the anionic NPs/NCMPs (76.95±5.61%) (p > 

0.05, ANOVA/Tukey‘s comparison). However, the MMAD values indicate 

significantly smaller sized particles for the anionic NPs/NCMPs (1.21±0.67) 

compared to cationic NPs/NCMPs (2.80±0.21) (p < 0.05, ANOVA/Tukey‘s 

comparison). Although the MMAD values differ the deposition would still be in 

the respirable airways as the values are in the range of 1-5 µm. 

The aerosol properties of the spray-dried formulation predict an effective delivery 

to the lungs via inhalation. The NCMPs containing the DMAB-modified cationic 

NPs were relatively toxic compared to the anionic NPs/NCMPs; however, the 

probability of achieving such high local concentrations can be excluded as after 

inhalation the dose would be deposited and spread in different parts of the lungs 

and not be deposited in a focused area [248]. The difference in cell viability 
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between the NPs and NPs/NCMPs, at similar concentrations, could be attributed 

to the lower amount of NPs present in NCMPs due to dilution with L-leu for SD. 

One drawback that is often associated with cationic molecules is their cytotoxicity 

that limits the dosage to be administered to a minimum thereby resulting in low 

efficiency [265]. Fischer et al. reported that the use of cationic particles, made of 

different polymers, upon interaction with the negatively charged cell surface is 

known to cause toxicity. Besides, it was also noted that the magnitude of the 

cytotoxicity of different polymers were highly dependent on time and 

concentration [266]. In addition, Harush-Frenkel et al. reported that cationic NPs 

were shown to cause more toxicity concerns compared to anionic NPs [267,268]. 

However, in the case of DMAB-modified cationic PGA-co-PDL NPs, high 

adsorption of BSA onto NPs can be achieved thus requiring a low dosage of NPs 

and NPs/NCMPs to generate an effective immune response addressing toxicity 

concerns. Moreover, the amount of protein to be adsorbed could be varied 

depending on the antigen. 

Cationic particles have the advantage of interacting efficiently with the negatively 

charged proteoglycans on the cell surface of phagocytes such as macrophages and 

DCs that play an important role in generating an immune response [269]. Kim et 

al. have recently reported the use of cationic NPs for delivery of protein drugs to 

non-small cell lung tumours [270]. In addition, Kwon et al. have reported 

successful and more efficient delivery of cationic NPs carrying model antigen, 

ovalbumin, to bone marrow DCs compared to neutral NPs while the toxicity of 

both cationic and neutral NPs remained similar at concentrations of 125-250 
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µg/ml [265]. Furthermore, it has been reported that cationic particles ranging from 

nano up to 1 micron diameter could be effectively taken up by DCs [252,271]. 

4.5 Conclusions 

The DMAB-modified cationic PGA-co-PDL NPs of a similar size to that of the 

anionic PGA-co-PDL NPs and of appropriate size to target DCs were successfully 

produced. The adsorption of BSA onto the cationic NPs in the ratio of 100:4 

(NP:BSA) for 1 h at room temperature produced similar adsorption (10.01±1.19 

µg of protein per mg of NPs) compared to anionic NPs at 100:20 ratio. The BSA 

adsorbed cationic NPs were successfully spray-dried using L-leu into NCMPs 

producing a yield of 48.00±5.66%, with irregular and wrinkled surface 

morphology. The BSA released from the NCMPs was shown to maintain its 

structure under SDS-PAGE and CD analysis with 78% relative residual esterolytic 

activity. Moreover, the FPF of 70.67±4.07% and MMAD of 2.80±0.21 μm values 

indicate deep lung deposition in the bronchial-alveolar region. 
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5.1 Introduction 

Streptococcus pneumoniae is the leading cause of bacterial pneumonia worldwide, 

especially amongst the immunocompromised, elderly over the age of 50 and 

children under the age of 5 [272]. It is also known to cause other invasive diseases 

such as septicaemia and meningitis [54]. Currently, two pneumococcal vaccine 

types are available, polysaccharide vaccine (23-valent) and conjugate vaccine (7, 

10 or 13-valent) [9,39]. The conjugate vaccines have shown higher preventive 

efficacy for invasive infections compared to polysaccharide vaccines; however, 

there is an emergence of diseases caused by non-vaccine serotypes [273]. 

Moreover, conjugate vaccines are expensive, complicated and time consuming to 

manufacture thus limiting their usage especially in the
 
LMICs where a significant 

burden of the disease is reported [55,273]. Additionally, with 94 serotypes 

identified and a steady rise in diseases by non-vaccine serotypes being reported, 

further emphasis on identifying and developing alternate vaccine candidates to be 

employed in an effective vaccine delivery system has gained importance [49]. 

Institutes such as the US NIH and PATH have elaborated on the usage of 

pneumococcal proteins as alternate vaccine candidates for their ubiquitous 

presence across serotypes [46]. These proteins have the ability to protect against 

all serotypes thus preventing prevalence of specific serotypes [39,46]. Among the 

different types of pneumococcal proteins such as PspA, PspC and pneumolysin; 

PspA is one of the most promising candidates and has been widely investigated by 

several groups [46,49,54–56,273]. The main function of PspA is to prevent the 

deposition of complement on the surface of the bacterium thereby inhibiting 

opsonisation and death by apolactoferrin at mucosal sites [55,273].  
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Vaccination with PspA has been shown to induce protective antibodies in humans 

[274–276]. However, recombinant protein based vaccines are poorly 

immunogenic generating low antibody responses and thus require the addition of 

an adjuvant to boost their efficacy [273]. Despite decades of research on 

adjuvants, only a few of them (e.g. alum salts, MF59, AS03) have been licensed 

[277]. The main hurdle in their development has always been safety [177]. 

However, research is now focused on delivering antigens via particulate carriers 

where the antigen can be associated with the particles acting as delivery systems 

with the added benefit of augmenting the generated immune response upon uptake 

by APCs [173,177]. In addition, particulate antigens are known to generate a 

stronger immune response compared to soluble antigens [278]. As such, recent 

research has increasingly focused on using polymeric NPs as delivery systems for 

antigen delivery [55–57,235,278,279]. It has also been shown by different groups 

that polymeric particles have enhanced the immunogenicity of PspA [55–57].  

Pneumococcal infections are mostly preceded by colonisation of the upper 

airways and nasal carriage, and this is a primary source of infection in humans 

[57,280]. Therefore, an optimal vaccine strategy would be to deliver the antigen 

via a mucosal route providing protection against both the colonising bacteria and 

invasive disease [29,57]. In addition, the activation of the immune system requires 

the effective delivery of antigen to APCs such as DCs which process the 

internalised antigen thereby generating an immune response [265]. 

In this chapter, a dry powder vaccine containing PspA adsorbed polymeric NPs 

for delivery via inhalation was developed. In addition, the effect of surface charge 

of NPs on their uptake by DCs has been visualised. Furthermore, the effect of 
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preparation process on the stability, integrity and antigenicity of PspA was 

investigated and reported. 

5.2 Materials and Methods 

5.2.1 Preparation of Nanoparticles 

The anionic and cationic PGA-co-PDL NPs were prepared as described in 

sections 2.2.3.1 and 2.2.3.2, respectively. The optimum conditions used to 

produce anionic NPs were; 200 mg of PGA-co-PDL in 2 ml DCM, 5 ml of 10% 

w/v PVA (1
st
 aq. phase), 2 min sonication, 20 ml of 0.75% w/v PVA (2

nd
 aq. 

phase) and cationic NPs were; 200 mg of PGA-co-PDL and 2% w/w DMAB in 2 

ml DCM, 5 ml of 5% w/v PVA (1
st
 aq. phase), 2 min sonication, and 20 ml of 

0.75% w/v PVA (2
nd

 aq. phase). 

5.2.2 Production and Purification of PspA4Pro  

Recombinant PspA4Pro was produced, purified and supplied by Dr Eliane Miyaji 

and Dr Viviane Gonçalves from the Insituto Butantan, Brazil. 

The protein was produced and purified using previously published methods with 

slight modifications [281–283]. The production of recombinant PspA4Pro was 

performed in 5 L bioreactors using; fed-batch cultivation with defined medium 

containing glycerol as carbon source and lactose as inducer [281] or batch 

cultivation with complex medium containing glucose, glycerol and lactose for 

auto-induction [282]. The purification method consisted of cell disruption in a 

continuous high pressure homogenizer at 500 bar for 8 min, precipitation of the 
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homogenate with 0.1% cationic detergent cetyltrimethylammonium bromide, 

pellet removal by centrifugation, anion exchange chromatography in Q-

Sepharose, cryoprecipitation at pH 4.0 and cation exchange chromatography in 

SP-Sepharose [283]. The desired PspA4Pro purity (>95%) was reached with 

recovery ranging from 14% to 33%. The developed process also removed LPS, 

yielding acceptable levels of endotoxin (0.3-0.6 EU/ml) in the final product [284]. 

The purified PspA4Pro was recognised by antibodies, was able to bind lactoferrin 

and presented the characteristic α-helical secondary structure. 

5.2.3 PspA4Pro Adsorption and Quantification 

The NP suspensions were collected by centrifugation (78,000 g, 40 min, 4 °C) and 

surface adsorbed with PspA4Pro. The adsorption onto anionic and cationic NPs 

was performed at ratios of 100:20 (NP:PspA4Pro) and 100:4 (NP:PspA4Pro) 

respectively, as described in section 2.2.5. 

The particle size, PDI and zeta-potential of anionic and cationic NPs with and 

without PspA4Pro adsorption were characterised as described in section 2.2.5.1. 

5.2.4 Preparation and Characterisation of Nanocomposite 

Microparticles 

The NCMPs were prepared by SD as described in section 2.2.7. The resultant 

NCMPs were characterised for yield, particle size and morphology as described in 

section 2.2.8. 
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5.2.5 In vitro Release Studies 

The in vitro release studies were performed as described in section 2.2.10. 

5.2.6 Investigation of PspA4Pro Structure 

The released PspA4Pro was evaluated for stability using SDS-PAGE for primary 

structure and CD for secondary structure as described in section 2.2.11. 

5.2.7 Antigenicity of Released PspA4Pro 

The ability of anti-PspA antibody to bind to the released PspA4Pro, defined as 

antigenicity, was determined using an enzyme-linked immunosorbent assay 

(ELISA) as previously described by Haughney et al. with slight modifications 

[55]. Briefly, the concentration of released PspA4Pro was adjusted to 0.5 µg/ml 

and 50 µl coated on a high binding chemistry 96-well plate (Costar 96-Well 

Microplates, Cole-Parmer, UK) followed by incubation overnight at 4 ºC. Next, 

the PspA4Pro solution was removed from the wells and blocking buffer, PBS with 

1% fish gelatin (Sigma Aldrich, UK), was added and incubated for 2 h at room 

temperature. After the incubation, the buffer was gently removed and the wells 

were washed three times with PBS containing 0.5% Tween 20 (PBS-T). The anti-

PspA monoclonal antibody 22003 (QED Bioscience, San Diego, CA) (100 µl) at 

1 µg/ml concentration was then added to each well and incubated overnight at 4 

ºC. The plates were then washed three times with PBS-T followed by addition of 

100 µl of alkaline phosphatase-conjugated goat anti-mouse IgG (heavy and light 

chain) (Jackson ImmunoResearch Europe Ltd, UK) at a 0.1 µg/ml concentration. 

The plates were incubated for 2 h at room temperature. To this, 200 µl of alkaline 
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phosphatase yellow (pNPP) liquid substrate buffer (Sigma Aldrich, UK) was 

added and incubated for 15 min at room temperature to develop the ELISA. The 

colorimetric changes observed were measured at an absorbance of 405 nm using a 

microplate reader (Epoch, BioTek Instruments Ltd, UK). The ratio of absorbance 

between the released PspA4Pro and the native protein was measured and 

represented as relative antigenicity. 

5.2.8 In vitro Aerosolisation Studies 

The aerosol properties of the PspA4Pro adsorbed anionic NPs/NCMPs were 

determined as described in section 2.2.12. 

5.2.9 Cell Viability Study 

The cytotoxicity of both anionic and cationic NPs after 4 h exposure to DCs was 

determined using MTT assay as described in section 2.2.13. 

5.2.10 Cellular Uptake of NPs by DCs 

The uptake of anionic and cationic NPs by DCs in cell culture medium and PBS 

were visualised using the CLSM (Carl Zeiss LSM 710, UK). The DCs (2x10
5
 

cells per well) were seeded onto an 8-well chamber slides (Nunc Lab-Tek, 

Thermo Scientific, UK) and incubated at 37 ºC for 48 h allowing the cells to 

adhere to the wells. Anionic NPs at a concentration of 10 µg/ml and cationic NPs 

at a concentration of 2.5 µg/ml were incubated for 1 h at 37 ºC with DCs. 

Following this, the supernatant was removed, washed three times with PBS and 

the DCs were fixed with 4% paraformaldehyde (Fisher Scientific, UK) for 10 min 
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at room temperature. The DCs were then washed three times with PBS and 100 µl 

of 5 µg/ml wheat germ agglutinin antibody (WGA, Alexa Fluor
®
 488 Conjugate, 

Life Technologies, UK) was added and incubated at 37 ºC for 15 min. The excess 

antibody was removed by washing three times with PBS followed by staining the 

nucleus of DCs with 100 µl of 20 µg/ml 4',6-diamidino-2-phenylindole, dilactate 

(DAPI, Sigma Aldrich, UK), and then incubated for 10 min at room temperature. 

Excess DAPI was removed by washing three times with PBS. The wells were then 

visualised under a confocal microscope. 

5.3 Results 

5.3.1 PspA4Pro Adsorption and Quantification 

The adsorption of PspA4Pro onto anionic and cationic NPs was performed under 

optimised conditions (using the results obtained in chapters 3 and 4): at a ratio of 

100:20 (NP:PspA4Pro) corresponding to 500 µg/ml PspA4Pro for anionic NPs 

and 100:4 corresponding to 100 µg/ml PspA4Pro for cationic NPs, and 1 h 

adsorption time at room temperature. The average adsorption of PspA4Pro onto 

NPs (µg per mg of NPs) was 19.68±2.74 for anionic NPs and 18.77±0.44 for 

cationic NPs. 

Table 5-1 lists the particle size, PDI and zeta-potential of PGA-co-PDL anionic 

and cationic NPs with and without PspA4Pro adsorption. The significant increase 

in particle size (p < 0.05, ANOVA/Tukey‘s comparison) of both anionic and 

cationic NPs accompanied with a change in the surface charge is ascribed to the 

adsorption of PspA4Pro onto NPs. 
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Table 5-1 Particle size, PDI and zeta-potential of PGA-co-PDL nanoparticles 

(NPs) with and without pneumococcal surface protein A (PspA4Pro) 

adsorption (Mean±SD, n=3)
 

 
Without PspA4Pro 

adsorption 

With PspA4Pro 

adsorption 

Anionic NPs  

Particle Size (nm) 203.90±02.55
a*

 322.83±04.25
 b*

 

PDI  0.205±0.007 0.402±0.018 

Zeta-potential (mV) -24.56±0.50 -13.23±0.11 

Cationic NPs  

Particle Size (nm) 234.65±10.25
 a*

 373.56±06.27
 b*

 

PDI 0.200±0.010 0.397±0.008 

Zeta-potential (mV) +20.50±0.17 +23.43±0.55 

a 
NPs characterised after centrifugation but without adsorption of PspA4Pro, 

b 
NPs 

characterised after centrifugation and PspA4Pro adsorption, 
*
 p < 0.05, 

ANOVA/Tukey‘s comparison 

5.3.2 Characterization of Nanocomposite Microparticles 

5.3.2.1 Yield, Particle Size and Morphology 

A reasonable yield of spray-dried NCMPs was obtained; with 55.55±6.64% for 

the PspA4Pro adsorbed anionic NPs/NCMPs and 53.98±2.23% for the PspA4Pro 

adsorbed cationic NPs/NCMPs. 

The SEM pictures (Figure 5-1) of anionic and cationic NCMPs revealed the shape 

to be irregular and surface texture corrugated. The size of NCMPs calculated from 

the SEM pictures was found to be approximately 1.99±0.25 µm. 
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Figure 5-1 Scanning electron microscope pictures of nanocomposite 

microparticles (a) 20 µm and (b) 2 µm 

5.3.3 In vitro Release Studies 

In vitro release studies were performed on NCMPs containing either anionic or 

cationic NPs and reported as the cumulative percentage of PspA4Pro released 

over time (Figure 5-2). An initial release of 40.59±4.94% (anionic NPs/NCMPs) 

and 3.00±0.28% (cationic NPs/NCMPs) was observed followed by continuous 

release of PspA4Pro with 94.30±2.90% (anionic NPs/NCMPs) and 43.80±3.75% 

(cationic NPs/NCMPs) over 48 h. Moreover, complete recovery of PspA4Pro 

from cationic NPs/NCMPs was observed upon addition of 2% SDS to the release 

media. 

a b 
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Figure 5-2 In vitro release profiles for pneumococcal surface protein A 

(PspA4Pro) from PspA4Pro adsorbed anionic and cationic nanocomposite 

microparticles in phosphate buffer saline, pH 7.4 (Mean±SD, n=3) 

5.3.4 Investigation of PspA4Pro Structure 

The PspA4Pro released from the adsorbed anionic or cationic NPs/NCMPs was 

analysed for primary and secondary structure using SDS-PAGE and CD, 

respectively. Figure 5-3 indicates that the PspA4Pro released from NCMPs 

remained intact, based on the presence of a single band between 43 and 68 kDa, 

and no other bands of either small or large MW were visible indicating no 

degradation or aggregation, respectively. 
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Figure 5-3 SDS-PAGE of Lane 1, 6: MW standards, broad range (Bio-Rad 

Laboratories, Hercules CA, USA), Lane 2, 3, 7: pneumococcal surface 

protein A (PspA4Pro) standard, Lane 4, 5, 8-10: Released PspA4Pro from 

anionic or cationic nanocomposite microparticles after 48 h 

The conformational changes of PspA4Pro released from the adsorbed anionic or 

cationic NPs/NCMPs and PspA4Pro supernatant after adsorption were 

investigated by CD spectroscopy. Figure 5-4a to d represent the CD spectra of 

standard PspA4Pro, PspA4Pro supernatant, and PspA4Pro released from the 

NPs/NCMPs. The spectra indicate two characteristic minima at 208 and 222 nm, 

known to be associated with a α-helical structure. The data for the spectra 

presented in Table 5-2, for standard PspA4Pro, PspA4Pro supernatant and 

PspA4Pro released, indicated that the predominant structure of the protein was 

helical displaying 64.5, 64 and 51% helicity for anionic NPs/NCMPs, and 64.5, 
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50 and 44% for cationic NPs/NCMPs. Comparing the CD results of anionic and 

cationic formulations, the α-helical content of PspA4Pro released when compared 

to the standard, decreased by 13.5% for anionic NPs/NCMPs while that of 

cationic NPs/NCMPs decreased by 20.5%. 

Table 5-2 The percentages of secondary structures of standard, supernatant 

and released pneumococcal surface protein A (PspA4Pro) samples 

Sample Helix Strand Turns Unordered 

Anionic NPs/NCMPs    

Standard PspA4Pro 64.50±0.02 06.00±0.00 07.50±0.00 22.00±0.01 

PspA4Pro Supernatant 64.00±0.02 07.00±0.01 08.00±0.01 20.50±0.01 

PspA4Pro Released 51.00±0.03 21.00±0.01 07.50±0.01 20.00±0.03 

Cationic NPs/NCMPs    

Standard PspA4Pro 64.50±0.02 06.00±0.00 07.50±0.00 22.00±0.01 

PspA4Pro Supernatant 50.00±0.02 14.50±0.02 15.00±0.02 20.00±0.01 

PspA4Pro Released 44.00±0.03 28.00±0.01 07.00±0.00 20.00±0.00 
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5.3.5 Antigenicity of Released PspA4Pro 

The antigenicity of released PspA4Pro was determined using ELISA with a 

specific PspA monoclonal antibody and represented as relative antigenicity. The 

assay measures the ability of released PspA4Pro to bind and be recognised by an 

anti-PspA antibody. Figure 5-5 shows that the PspA4Pro released from the 

formulations maintained its antigenicity with relative antigenicity of 0.97±0.20 for 

anionic and 0.85±0.05 for cationic formulations. 

 

Figure 5-5 Antigenicity of pneumococcal surface protein A (PspA4Pro) upon 

release from anionic and cationic formulations 

5.3.6 In vitro Aerosolisation Studies 

The aerosol behaviour of PspA4Pro adsorbed anionic NPs/NCMPs was 

determined using NGI. The percent mass of PspA4Pro recovered from the NGI 

was approximately 85%, which is within the pharmacopeia limit (75-125%) of the 
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average delivered dose [259]. The deposition data obtained displayed a FPM of 

90.04±12.84 µg (per capsule of 12.5 mg), FPF of 74.31±1.32% and MMAD of 

1.70±0.03 μm suggesting that the formulation was capable of delivering efficient 

PspA4Pro to the bronchial-alveolar region of the lungs. Figure 5-6 shows the 

percentage stage-wise deposition of PspA4Pro in NGI. 

 

Figure 5-6 The percentage deposition of pneumococcal surface protein A 

(PspA4Pro) stage-wise in Next Generation Impactor (Mean±SD, n=2) 

5.3.7 Cell Viability Study 

The toxicity of empty anionic and cationic NPs following 4 h incubation using a 

DC cell line, were assessed by the MTT assay [206]. The NPs (Figure 5-7) 

showed increased cell death with an increase in concentration. The anionic NPs 

showed up to 90% cell viability at 19.53 µg/ml concentration that reduced to 

~55% at 1.25 mg/ml concentration, whereas cationic NPs showed a steady 
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decrease in viability with concentration demonstrating ~50% viability at 19.53 

µg/ml concentration. 

 

Figure 5-7 Dendritic cells viability measured by MTT assay after 4 h 

exposure to anionic and cationic PGA-co-PDL nanoparticles (NPs) 

(Mean±SD, n=3) 

5.3.8 Cellular Uptake of NPs by DCs 

The uptake of anionic and cationic NR/NPs by DCs was observed using confocal 

microscopy. The cell wall of the DCs (stained with WGA Alexa Fluor
®
 488), the 

nucleus (stained with DAPI) and the NPs (containing Nile Red) were observed 

under the green, blue and red channel, respectively. Irrespective of the surface 

charge, the red fluorescence was seen inside the cells indicating the presence of 

NPs. Figures 5-8 and 5-9 depict the split view of DCs incubated with anionic and 

cationic NR/NPs for 1 h in cell culture medium and PBS buffer, respectively. In 

addition, Figure 5-10 shows the orthogonal view of anionic and cationic NR/NPs 

uptake in cell culture medium and PBS buffer. 
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Figure 5-8 Confocal microscopic images depicting a split view of dendritic 

cells (40X lens) incubated in the absence and presence of anionic and cationic 

nile red (NR)/nanoparticles (NPs) in cell culture medium for 1 h (Scale bar – 

20 µm) 
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Figure 5-9 Confocal microscopic images depicting a split view of dendritic 

cells (40X lens) incubated in the absence and presence of anionic and cationic 

nile red (NR)/nanoparticles (NPs) in phosphate buffer saline for 1 h (Scale 

bar – 20 µm) 
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Figure 5-10 Confocal microscopic images depicting an orthogonal view of 

dendritic cells (40X lens) incubated in the absence and presence of anionic 

and cationic nile red (NR)/nanoparticles (NPs) in cell culture medium and 

phosphate buffer saline (PBS) for 1 h 
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5.4 Discussion 

The results obtained with BSA as a model protein were promising for carrying out 

further work using PspA4Pro. However, it must be noted that each protein has a 

different size, structure and mechanism of degradation. Here, the optimum 

conditions inferred from BSA have been utilised for PspA4Pro adsorption onto 

the surface of anionic and cationic NPs, investigated protein stability and spray-

dried to produce NCMPs to develop a pneumococcal protein vaccine against S. 

pneumoniae to be delivered via dry powder inhalation. 

The PspA4Pro was adsorbed onto anionic and cationic NPs at the optimum 

conditions previously determined using BSA, and an adsorption of ~20 µg of 

PspA4Pro per mg of NPs was achieved for both NP types. The adsorption 

achieved with PspA4Pro is almost twice that of BSA (~10 µg per mg of NPs). 

This could be related to the MW of PspA4Pro (~43-50 kDa) being smaller than 

BSA (~66 kDa) thus providing more space on the NPs for PspA4Pro to adsorb. In 

addition, the elongated structure of PspA4Pro could have accommodated more 

proteins on the surface of NPs [285]. 

PspA has both negative and positive charges; however, in distilled water (pH ~7) 

the protein carries a net negative charge as the pH is greater than the pI of PspA 

(4.82). The adsorption process for both anionic and cationic NPs was carried out 

in distilled water and thus the forces involved in the adsorption process were 

different for anionic and cationic NPs. At the pH used, the protein is negative and 

hydrophobic interactions and hydrogen bonding would be the dominant forces of 

adsorption onto anionic NPs whereas it is electrostatic interactions that will 
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dominate for the cationic NPs. Adsorption of PspA4Pro onto the surface of 

anionic and cationic NPs led to an increase in the hydrodynamic diameter of the 

resultant mixture evident from the increase in particle size observed. In addition, a 

decrease in surface charge was observed which could be due to the orientation the 

protein molecules adopt on the surface of the NPs exposing only a small part of 

the protein. Similar results have been reported by Gordon et al. and Koppolu et al. 

[278,286]. The fact that the cationic NPs retained their positive charge after 

adsorption would facilitate uptake by APCs upon interaction with the 

proteoglycans on their surface as previously observed for cationic particles 

[268,278,287]. 

The PspA4Pro adsorbed anionic and cationic NPs were spray-dried into NCMPs 

using L-leu as a microcarrier. The produced NCMPs displayed a rough and 

wrinkled surface texture, typical of particles spray-dried with L-leu and this has 

been widely reported in the literature [218,219,238,239,245,264]. 

The in vitro release data indicated that PspA4Pro adsorbed onto anionic NPs 

showed a burst release of 40% with nearly complete release (~94%) within 48 h 

whereas cationic NPs showed a 3% burst release and only ~43% release over 48 

h. This suggests that, contrary to anionic NPs, the interaction between the protein 

and cationic NPs was too strong for easy desorption to occur. Though high release 

was observed for anionic NPs/NCMPs, this would not be a limiting factor for 

vaccination because any protein released can still be taken up by DCs for 

processing and presentation, and that which is adsorbed can also be taken up 

potentially giving an adjuvant effect as reported by Ghotbi et al., Cruz et al. and 

others [115,288,289]. Further, it has been established that for NPs to act as 
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immune potentiator or adjuvant, the attachment of NPs and antigen is not 

necessary; hence, the particles can still be taken up by DCs enhancing the immune 

response [290,291]. Moreover, studies in the literature have reported the uptake of 

particles by DCs within 1-2 h of incubation [115,213,292,293]. 

The structure of PspA4Pro released from anionic and cationic NPs/NCMPs was 

investigated using SDS-PAGE (primary structure) and CD (secondary structure). 

The SDS-PAGE of PspA4Pro released from the formulations confirmed that the 

protein had not degraded based on the presence of a single band. This shows that 

the protein remained intact during the adsorption, SD process and desorption [55]. 

In addition, the CD spectral data obtained for the released PspA4Pro confirmed 

the presence of α-helix and β-sheets. However, there is a decrease in the helical 

content observed for both the formulations, more so for the cationic (~20%) than 

the anionic NPs/NCMPs (~13%). This effect could be due to the adsorption and 

desorption process or SD. Besides, the antigenicity of released PspA4Pro for both 

the formulations showed the ability of the released sample to effectively recognise 

and bind to the anti-PspA monoclonal antibody. The results obtained with SDS-

PAGE and CD provides an indication that PspA delivered via NPs is stable and 

retains antigenicity for immune response. 

The FPF (~74%) and MMAD (~1.7 µm) obtained for the PspA4Pro adsorbed 

anionic NPs/NCMPs suggest an excellent aerosolisation performance similar to 

that observed for BSA adsorbed anionic or cationic NPs/NCMPs. The short 

supply of PspA4Pro meant that not all samples could be assessed for 

aerosolisation. Due to the better toxicity profile, CD data and antigenicity 

compared to cationic NPs/NCMPs, only the aerosolisation properties of anionic 
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NPs/NCMPs were investigated. Moreover, it can be assumed that the aerosol 

behaviour would be similar for the cationic NPs/NCMPs (based on similar data 

observed for BSA). 

A dose of 1-5 µg of PspA was enough to generate an immune response in mice 

when administered subcutaneously or intramuscularly [55,56,294]. However, 

when PspA was administered nasally (through a mucosal site) with an adjuvant, a 

dose of only 100 ng was required to generate an immune response equivalent to 

that elicited by oral administration of 7.5 µg [295]. Considering that the PGA-co-

PDL NPs/NCMPs produced here are to be administered via inhalation, i.e. 

through a mucosal site, the dose required would be about 100 ng of PspA for mice 

requiring NCMPs concentrations lower than 20 µg/ml. It must also be 

remembered that the dosage of PspA4Pro would be different for human 

immunisation (yet to be determined based on the results in animals). 

It has now become evident that particulate antigens provide a Th1 and/or Th2 type 

immune responses [235,296,297]. In addition, the size, charge, shape and site of 

delivery all affect the extent of uptake and thus the immune response generated 

[235]. Over the years, it has become more established and convincing that NPs 

compared to MPs show higher activated DCs and as a result induce stronger 

immune responses [113,235,278]. A study conducted by Joshi et al. has also 

shown that nano sized PLA particles (300 nm) were more readily taken up by DCs 

and generated effective CTL responses than micro sized particles (1, 7 and 17 µm) 

[235]. Similar results of particles made of different polymers with size < 500 nm 

being effectively taken up by DCs have been reported in the literature 

[113,235,278].  
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Here, to substantiate claims of effective uptake by DCs upon producing NPs of 

size ~ 300 nm, their uptake in JAWS II DC cell type was visualised using 

confocal microscopy. The uptake of empty anionic and cationic NPs upon 

incubation with DCs for 1 h in cell culture medium and PBS was investigated. In 

cell culture media, NR fluorescence was detected when anionic and cationic 

NR/NPs were co-incubated with DCs for 1 h indicating the presence of NR/NPs 

within the DCs. This confirms the uptake of NR/NPs by DCs thereby effectively 

endorsing the size of NPs produced for vaccine delivery. However, Xu et al. have 

recently observed that NR, a lipophilic dye often used to stain intercellular lipid 

bodies, was released in the presence of cell culture medium and/or transferred 

directly to the cell membrane of contacting cells [298].  

To investigate if the red fluorescence signals seen within the DCs is indeed the 

NR/NPs or the released NR, the uptake studies were repeated by co-incubating the 

NR/NPs with DCs in PBS medium. The presence of red fluorescence colour was 

evident for both anionic and cationic NR/NPs confirming the internalisation of 

NR/NPs by DCs rather than NR alone. However, the obtained fluorescence signal 

was not quantified due to non-specific staining visible in some regions of the well 

in the chamber slide and to avoid false positive results. However, based on 

observations from Xu et al. [298], the actual cellular uptake of NR/NPs (using 

PBS) would be less compared to suggested uptake (using cell culture media), if 

quantified using FACS. 



 

153 

 

Pulmonary vaccine delivery of nanocomposite microparticles containing 

pneumococcal surface protein A 

5.5 Conclusions 

The results obtained above show that PspA4pro can effectively be adsorbed onto 

anionic and cationic NPs (~20 µg of PspA4Pro per mg of NPs). The stability 

(primary and secondary structure) of the released PspA4Pro was maintained to a 

large extent and relative antigenicity has been retained for anionic and cationic 

NPs/NCMPs. In addition, the aerosol properties (FPF of 74.31±1.32% and 

MMAD of 1.70±0.03 μm) indicate deposition in the respirable airways i.e. the 

bronchial-alveolar region of the lungs, ideal for antigen uptake by DCs. Moreover, 

the anionic and cationic NR/NPs when co-incubated with DCs showed 

internalisation within 1 h. Further investigations should focus on determining the 

activity and immunogenicity of the released PspA4Pro. 
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6.1 Overview 

Pneumonia, caused by S. pneumoniae, is the leading bacterial cause of death 

especially among the immunocompromised, elderly above the age of 50 and 

children under the age of 5 [3,4]. The polysaccharide capsule covering the 

pneumococcus bacteria, with 94 different identified serotypes, is one of the most 

important virulent factors responsible for causing the disease [11,15]. Although 

different vaccines such as PPV23, PCV7, 10 and 13 are available, they are 

expensive to produce and distribute [39,40]. However, the variation in serotype 

distribution across geographical locations and rise in dominance of disease due to 

non-vaccine serotype coverage has led to significant attention in the need for the 

development of alternate vaccine candidates [39,40]. Pneumococcal proteins, such 

as PspA, have gained much attention as potential candidates in vaccine delivery 

for their ubiquitous presence across different families of pneumococcus [49,50]. 

Moreover, the ideal route of delivery to target a pneumonia vaccine would be the 

pulmonary route as it is the natural entry portal for pathogens and delivery to the 

lungs also produces mucosal immunisation. So far, very little research has been 

published in the literature using PspA as a candidate to develop drug delivery 

systems for vaccination purposes [55–57]. In this project, a potential dry powder 

vaccine formulation was developed containing polymeric PGA-co-PDL NPs with 

different surface charges, adsorbed with PspA4Pro and formulated into NCMPs 

using L-leu as a microcarrier to be delivered via inhalation. 

The important goals achieved in this project are described below: 
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6.2 Optimisation of Size and Charge of NPs 

The true APCs, DCs, have a remarkable ability to internalise, process, and present 

antigens and thus an effective vaccine delivery system would target the DCs [73]. 

Several studies have shown that NPs (anionic and cationic) smaller than 500 nm 

are optimum for effective uptake by DCs and for generating a stronger immune 

response compared to antigen alone [113,212,213]. However, these studies cannot 

be directly compared to pulmonary delivery as the DCs in the lung differ from 

that of other tissues such as skin.  

The first goal was to produce NPs of an optimum size that could be taken up by 

DCs. The size of anionic NPs was optimised using a Taguchi orthogonal array 

DoE, for efficient uptake by DCs. It was found that parameters such as MW of the 

polymer, the surfactant concentration and volume of organic solvent were the 

most significant factors in determining the particle size of the produced NPs. An 

optimum amount of surfactant was required to effectively cover all the NP 

surfaces thereby preventing aggregation and impacting the particle size obtained. 

Such effects were also observed and reported by Douglas et al. [231], and Mitra 

and Lin [232]. In addition, the MW of polymer and volume of organic solvent 

were known to have an effect on particle size through changes in viscosity. High 

viscosity solutions make it difficult for the emulsion to be broken down into 

smaller particles because of the lower stirring efficiency at the same stirrer speed. 

Similar phenomena was also reported by Jalil et al. [233] and Mittal et al. [234] 

who found that the size of particles tend to increase with an increase in polymer 

MW. 
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To study the effect of NPs surface charge on protein adsorption and uptake by 

DCs, a cationic surfactant, DMAB, was used to modify the surface charge of NPs 

from negative to positive. DMAB (2% w/v) was found to be the optimum 

concentration to obtain cationic NPs of a similar size to that obtained for anionic 

NPs. Further, the use of DMAB as a stabiliser to produce cationic polymeric NPs 

has been explored and reported by others [248,250,256,257,299]. However, in the 

case of both anionic and cationic NPs, after two washing steps to remove the 

unbound and extra surfactant the particle size increased to ~250 nm which is still 

suitable for an effective uptake by DCs. 

6.2.1 DC Uptake of Anionic and Cationic NPs 

Compared to MPs, NPs have been shown to induce a higher activation of DCs 

resulting in the induction of a stronger immune response [113,235,278]. 

Additionally, the size, charge, shape of particles and delivery site all have an 

impact on the uptake by DCs influencing the immune response generation [235]. 

The empty anionic and cationic polymeric NR/NPs produced (~250 nm) co-

incubated with JAWS II DC cell line for 1 h showed an effective uptake when 

visualised under confocal microscopy. 

6.3 Protein Adsorption onto the Surface of NPs 

The antigen can either be encapsulated within or adsorbed onto the surface of 

NPs. Adsorption has the benefit of preventing contact with the organic solvent 

employed in the NP preparation process where the antigen is encapsulated in the 

double emulsion solvent evaporation method [226]. Additionally, the presentation 

of antigen to the immune system would be very similar to the presentation by the 
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pathogen itself and could thus aid in uptake and provoke a similar immune 

response [182]. Herein, it was successfully demonstrated that adsorption could be 

used as an alternative to encapsulation and that the antigen could still largely 

maintain its structure and retain its activity. Also, the subtle changes that occur in 

the structure of protein after adsorption could also increase the chances of 

proteolytic processing by the immune system leading to enhanced antigen 

presentation [210,300]. 

The adsorption of a model protein, BSA, onto the surface of NPs was found to be 

concentration and time dependent with adsorption of approximately 10 µg per mg 

of NPs achieved using 100:20 (NP:BSA) ratio for anionic NPs and 100:4 ratio for 

cationic NPs. The high level of adsorption achieved at a lower concentration of 

BSA for cationic NPs suggests that the adsorption was mainly dominated by 

electrostatic and ionic interactions, whereas for negatively charged BSA (at pH 7) 

onto anionic NPs it was mainly by hydrogen bonding. Additionally, the 

adsorption of BSA onto NPs was characterised and confirmed by an increase in 

particle size and visually by observation under the confocal microscope. 

Moreover, it was found that nanosized protein aggregates could not be collected 

with the centrifugation conditions employed here thereby further verifying the 

adsorption of protein onto NPs.  

PspA4Pro has a net negative charge in distilled water at pH 7, though it has both 

negative and positive ends. Further, the adsorption increased to 20 µg per mg of 

NPs compared to 10 µg per mg for BSA thus requiring lower dosage of NPs to 

deliver a greater amount of PspA4Pro. This would help design cost effective 

programmes for LMICs and healthcare providers. Studies published by Florindo 
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et al. [226,301], Li et al. [302] amongst others have shown that proteins can be 

adsorbed onto NPs and delivered for a strong immune response [209,229,300]. 

6.4 Spray-drying of Protein Adsorbed NPs into NCMPs 

Dry powder formulation has major advantages for pulmonary administration 

compared to pMDIs and nebulisers [303]. It provides reduced administration time, 

no storage requirement at low temperatures and potentially higher lung deposition 

[89,303]. Spray or freeze-drying of proteins alone often results in degradation or 

inactivation of proteins thus requiring stabilising excipients [304,305]. Several 

technologies have been explored and reported for producing protein dry powder 

formulations for delivery via inhalation with the most commonly used excipients 

such as lactose, trehalose, L-leu, mannitol alone or in combination as 

microcarriers in SD [217–219,306]. In addition, the produced dry powder 

particles must be in the size range of 1-5 µm for effective deposition in the 

respirable airways [220,221]. 

Here, the protein adsorbed NPs were successfully spray-dried with L-leu solution 

under optimised SD conditions to produce NCMPs. The NCMPs displayed a 

rough and corrugated surface, typical when spray-dried with L-leu. It has been 

established in the literature that L-leu spray-dried particles have a low density and 

are capable of forming a shell thereby encapsulating the particles within 

[245,306,307]. The obtained dry powders were characterised for aerosol 

properties using a NGI. The NCMP formulations containing either protein 

adsorbed anionic or cationic NPs showed FPF values ~70-75% and MMAD 

values between ~1-3 µm suggesting that the particles would deposit in the 
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bronchial-alveolar region of the lungs. Such results were also reported by others 

when they used L-leu as an excipient in SD [218,219,239,244,245,306]. 

Moreover, the low moisture content (<1%) determined in the formulations 

confirms the efficient drying conditions employed in the SD process and also 

helps in storage, stability of powders. 

The A549 cell line showed good tolerance to anionic NPs/NCMPs up to 1.25 

mg/ml concentration and for cationic NPs/NCMPs up to 156.25 µg/ml 

concentration (corresponding to ~1.25 µg of PspA4Pro). As expected and reported 

by others, the cationic particles were more toxic compared to anionic 

[248,265,266]. However, due to the high loading capacity that was achieved with 

cationic NPs, lower amounts would be sufficient to deliver the required amount of 

antigen and generate an immune response. 

6.5 Investigation of Structure and Activity of Released 

Protein 

The challenge often faced with the formulation of proteins is retaining their 

structure and activity as they are often denatured in the process of developing a 

formulation. Herein, it was shown that the protein released from the formulation 

largely maintained its structure and retained activity. The BSA and PspA4Pro 

released have an intact primary structure that was not affected by adsorption or 

SD process. However, the secondary structure (α-helix) for both BSA and 

PspA4Pro was slightly reduced across all formulations and this could be due to 

the adsorption and desorption process. This slight decrease in α-helical content 

has been observed and reported by others [230,308,309]. The activity of BSA 
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(after release from NCMPs) was ~75% and for PspA4Pro, the ELISA indicated 

the relative antigenicity, the ability to bind to anti-PspA antibody, to be close to 1 

confirming the tertiary structure. The SDS-PAGE and CD results indicated that 

PspA4Pro delivered via NPs would be stable with antigenicity retained for 

immune response. 
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7.1 Future Work 

Further studies for the project could be divided into two parts; protein activity, 

and formulation optimisation and stability. The final formulations containing the 

PsA4Pro have been supplied to Instituto Butantan, Brazil for evaluation of 

activity, immunogenicity and pneumococcal challenge in animal models. The 

activity of released protein can be measured using the lactoferrin assay [55]. In 

addition, the immunogenicity of PspA4Pro formulation can be evaluated by 

measuring the upregulation of MHC II, CD 40, CD 80, CD 83 and CD 86 surface 

markers expressed on DCs using flow cytometry. 

Inulin, an oligosaccharide with MW of 4 kDa, has been previously reported by 

others as an additive in dry powder vaccine formulations [89,303,305,310–312]. 

The addition of inulin to L-leu solution for SD has produced dry powders with a 

greater yield and smooth morphology (appendix-2). In addition, the collected dry 

powders had low residual moisture content (<2%). However, further 

investigations will focus on the aerosolisation properties of individual 

formulations compared to L-leu alone. Moreover, the long term stability of the dry 

powder formulation at different temperatures and humidity conditions has to be 

evaluated. Stability at ambient conditions is highly desirable for convenience of 

use in terms of avoiding any cold-chain requirements, preventing moisture 

adsorption which can result in aggregation leading to poor powder flow and lung 

deposition, as well as affecting PspA4Pro stability and integrity. The stability of 

NCMPs will be determined using X-ray powder diffraction and DSC to evaluate 

changes in the crystallinity of the particles. The PspA4Pro stability at the 
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conditions mentioned above will be evaluated using SDS-PAGE, the integrity 

using CD and the activity using lactoferrin assay. 
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Appendix-2 

Scanning electron microscope pictures of nanocomposite microparticles 

produced using L-leu and inulin 

Formulation X5000 X20000 X30000 

Form. 1 

Inulin – 0 % 

L-Leu – 60 % 

NPs – 40% 

   

Form. 2 

Inulin – 15 % 

L-Leu – 45 % 

NPs – 40% 

   

Form. 3 

Inulin – 30 % 

L-Leu – 30 % 

NPs – 40% 

   

Form. 4 

Inulin – 45 % 

L-Leu – 15 % 

NPs – 40% 

   

Form. 5 

Inulin – 60 % 

L-Leu – 0 % 

NPs – 40% 
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Characterisation of nanocomposite microparticles produced using L-leu and 

inulin 

Formulation Yield (%) Tap density 
Particle size 

(µm, SEM) 

Form. 1 

Inulin – 0 % 

L-Leu – 60 % 

NPs – 40% 

51.42±00.50 0.18±0.0096 1.97±0.29 

Form. 2 

Inulin – 15 % 

L-Leu – 45 % 

NPs – 40% 

53.82±01.25 0.19±0.0105 1.88±0.65 

Form. 3 

Inulin – 30 % 

L-Leu – 30 % 

NPs – 40% 

68.50±12.87 0.22±0.0005 1.81±0.39 

Form. 4 

Inulin – 45 % 

L-Leu – 15 % 

NPs – 40% 

73.85±00.21 0.16±0.0003 1.57±0.31 

Form. 5 

Inulin – 60 % 

L-Leu – 0 % 

NPs – 40% 

69.25±04.60 0.14±0.0002 1.55±0.32 
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ABSTRACT Pulmonary vaccine delivery has gained significant
attention as an alternate route for vaccination without the use of
needles. Immunization through the pulmonary route induces
both mucosal and systemic immunity, and the delivery of anti-
gens in a dry powder state can overcome some challenges such
as cold-chain and availability of medical personnel compared to
traditional liquid-based vaccines. Antigens formulated as nano-
particles (NPs) reach the respiratory airways of the lungs pro-
viding greater chance of uptake by relevant immune cells. In
addition, effective targeting of antigens to the most ‘professional’
antigen presenting cells (APCs), the dendritic cells (DCs) yields
an enhanced immune response and the use of an adjuvant
further augments the generated immune response thus requir-
ing less antigen/dosage to achieve vaccination. This review
discusses the pulmonary delivery of vaccines, methods of pre-
paring NPs for antigen delivery and targeting, the importance of
targeting DCs and different techniques involved in formulating
dry powders suitable for inhalation.

KEY WORDS antigen presenting cells . dendritic cells .
dry powder . polymeric nanoparticles . pulmonary delivery of
vaccines

ABBREVIATIONS
AMs alveolar macrophages
APCs antigen presenting cells
BAL bronchoalveolar lavage
CLRs C-type lectin receptors
DCs dendritic cells
DPI dry powder inhalations
FD freeze-drying
HLA human leukocyte antigen
ILs interleukins
LN lymph node
MHC major histocompatibility complex
MN mannan
NPs nanoparticles
PCL poly-ε-caprolactone
PEG polyethylene glycol
PEI polyethyleneimine
PLA polylactide or poly-L-lactic acid
PLGA poly lactic-co-glycolic-acid
PRRs pattern recognition receptors
PVA polyvinyl alcohol
SCF supercritical fluid
SD spray-drying
SFD spray-freeze drying
TLRs toll-like receptors
TMC N-trimethyl chitosan
VLPs virus-like particles

INTRODUCTION

New therapeutic biopharmaceuticals have made it possible
to treat and/or prevent many diseases which were untreat-
able a decade ago (1). The majority of these biopharma-
ceuticals are administered via parenteral routes because
they are degraded by acid and proteases in the stomach or
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have high first-pass metabolism and as such are not suitable
for oral delivery. The formulation of biopharmaceuticals in
non-invasive delivery systems in order to make them more
acceptable to patients has gained significant attention but the
pharmaceutical challenges are stability, integrity and effective-
ness within the therapeutic dose (1,2). The leading non-
invasive systems are buccal, nasal, pulmonary, sublingual
and transdermal routes—this review will focus on the pulmo-
nary route and on vaccine delivery in particular.

Pulmonary delivery of vaccines has gained major atten-
tion for achieving both mucosal and systemic immunity (3).
An optimum formulation containing antigens in the dry
state as nanoparticles (NPs) can result in greater stability
and a better immune response compared to traditional
liquid-based vaccines (3). NPs as colloidal carriers offer
protection of biopharmaceuticals against degradation, and
targeted delivery to specific sites of action. NPs can be
developed with variable physico-chemical characteristics
such as size, structure, morphology, surface texture and
composition, and thus can be delivered either orally, paren-
terally or locally (4).

This review discusses the pulmonary delivery of vaccines,
methods of preparing NPs, the importance of targeting den-
dritic cells (DCs) (antigen presenting cells-APCs) and different
techniques involved in making dry powders suitable for inha-
lation. Progress in the delivery of biopharmaceuticals via
buccal (5–7), nasal (8), sublingual (9) and transdermal (10)
routes has previously been reported elsewhere and is beyond
the scope of this review.

Since the term ‘vaccination’ was coined by Edward
Jenner in 1796, it has been arguably the most important
scientific advance in the battle against infectious diseases
(11). According to the World Health Organization
(WHO), around 2.5 million children’s lives are saved each
year due to the availability of vaccines against a variety of
antigens (12). However, in low and middle income countries
(LMIC) a lack of infrastructure such as cold-chain and
trained medical personnel essential for the administration
of traditional liquid-based vaccine formulations, means that
many eligible children and adults are not vaccinated (12).
Table I below provides a list of reported cases by disease
according to World Health Statistics (WHS) 2011 (13).
Hence, there is a global need to develop effective and
reliable vaccine strategies that are non-invasive, easily ac-
cessible and affordable (14). To address the issues with
liquid-based vaccine formulations in LMIC, non-invasive
routes of delivery, which do not have the requirements of
cold-chain or trained personnel are being investigated (3).

Of all the non-invasive routes of delivery, pulmonary
delivery can overcome some of the current challenges of
vaccination such as invasiveness, accessibility, and vaccine
stability and integrity by delivering vaccines as dry powder
inhalations (DPI) (14). In addition, the pulmonary route has

gained much attention as it is the main entry portal for
pathogens (2,15).

PULMONARY VACCINE DELIVERY

Pulmonary delivery as a route of drug administration can be
traced back 4000 years to India where people suffering from
cough suppressed it by inhaling the leaves of Atropa Belladon-
na (16). Later in the 19th and 20th centuries, people suffer-
ing from asthma smoked cigarettes containing tobacco and
stramonium powder to alleviate their symptoms (16). The
first inhaling apparatus for dry powder delivery was patent-
ed in London in 1864 (17). Since then much progress has
been made in developing devices such as nebulizers,
metered dose inhalers and DPIs for delivery of therapeutics.
With recent advancements in pulmonary delivery devices
and recombinant protein technology the first peptide DPI
formulation, Exubera (Nektar/Pfizer), was approved and
released into the market in January 2006. This was soon
withdrawn for several reasons including bulkiness of the
device, complicated administration, contraindication in
smokers and insufficient evidence with regulatory bodies
regarding the patients preference of Exubera (inhaled dosage
form) compared to other dosage forms (18). This led, however,
to further research and development of DPI of biopharma-
ceuticals, and currently many investigations are being pursued
by the pharmaceutical industry such as the AIR system
(Alkermes/Eli Lilly), the Technosphere system (Mannkind)
and Kos inhaled insulin (Kos Pharm/Abbott) for Type I/II
diabetes, and Granulocyte-colony-stimulating factor (G-CSF)
for Neutropenia (Amgen) (19). This has been followed by
investigations into DPI of vaccines (20–24).

Anatomy of the Human Lung

The human lung, weighing about 1 kg, is divided by the
pleural membranes into three lobes on the right and two

Table I List of Reported Cases by Disease According to World Health
Statistics (WHS) 2011

Disease Reported Cases (WHS 2011)a

Diptheria 857

Malaria 81,735,305 (1990–2009)

Measles 222,318

Mumps 546,684

Tetanus 9,836

Tuberculosis 5,797,317

Pneumonia (Children <5 years) ~1,400,000 (18% of all child
deaths in 2008) (120)

a Data provided not necessarily for the year 2011, more details at http://
www.who.int/whosis/whostat/2011/en/index.html
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lobes on the left (25). Once inhaled, the air passes through
the nose and mouth, from the larynx to trachea and to the
series of around 16 generations of conductive bronchi and
bronchioles (25,26). From the 17th generation of bron-
chioles, alveoli begin to appear in the walls (respiratory
airways) and by the 20th generation of airways, the entire
walls are composed of alveoli, commonly referred to as
alveolar ducts. At the 23rd generation, the alveolar
ducts end in blind sacs, lined with alveoli, and are referred
to as alveolar sacs (Fig. 1) (25–27). It is estimated that
on an average a human lung consists of about 300 million
alveoli providing a surface area of exchange of 80–90 sq. m
(25,28).

The submucosal glands and the ‘goblet cells’ (present on
the bronchial surface) secrete mucus onto the bronchial sur-
faces. The submucosal glands also help in producing an elec-
trolyte solution on which the mucus rests. Themucus covering
the airways is transported towards the mouth with the coor-
dinated movement of cilia present on top of the ciliated
columnar cells. This mucus transported to the mouth is then
swallowed. This process of mucus movement from the bron-
chial surfaces to the mouth for swallowing is mainly responsi-
ble for removing any foreign material that lands on the
bronchial surfaces (25).

The alveoli and the pulmonary capillaries are separated by
a barrier composing of endothelial cells, interstitial space, and
pneumocytes (pulmonary epithelial cells). The pneumocytes

are divided into two types, type I and type II cells. Type I are
very flat and cover the alveolar surface whereas type II are
irregularly shaped containing lamellar bodies that are secreted
as surfactant, and they can further divide and produce type I
and type II cells (25).

Lung as a Delivery Site for Drugs

The lung is an excellent choice for the delivery of biophar-
maceuticals for the treatment of both local and systemic
disorders as it offers several advantages such as; large surface
area (80 sq. m), dense vasculature, rapid absorption leading
to an immediate onset of action, thin alveolar epithelium,
less enzymatic activity than gut and a high capacity for
solute exchange (29). With regards to the delivery of vac-
cines, a high density of APCs including alveolar macro-
phages (AMs), DCs and B cells represent an ideal target to
induce a strong immune response resulting in both mucosal
and systemic immunity (14). Recent research has con-
firmed that the induction of an immune response at one
mucosal site elicits an immune response at distant muco-
sal sites by mucosal lymphocyte trafficking leading to
both mucosal and systemic immunization (15,30). There
is some evidence that mucosal immunization may also
reduce the dosage required to achieve the desired immunity
compared to liquid formulations administered via the
parenteral route (3).

Fig. 1 Diagram of the human
lung and particle deposition
based on size.
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Pulmonary vs. Parenteral Vaccine Delivery

In the development of novel anti-tuberculosis vaccines,
Ballester M et al. demonstrated, that inhaled vaccine compared
favorably to the conventional intradermal delivery route. In
particular, vaccination with NP-Ag85B and immune-
stimulatory oligonucleotide CpG as a Th1-promoting adjuvant
via the pulmonary route modified the pulmonary immune
response and provided significant protection following aMyco-
bacterium tuberculosis (Mtb) aerosol challenge (31).

Muttil P et al. successfully prepared poly lactic-co-
glycolic-acid (PLGA) NPs entrapping diphtheria CRM-197
antigen (CrmAg) with a size of 200±50 nm by the emulsi-
fication solvent diffusion and double-emulsion methods.
The NPs were then spray-dried with L-leucine and the
resulting spray-dried powders of formalin-treated/untreated
CrmAg nanoaggregates were delivered to the lungs of guin-
ea pigs. This study evaluated the immune response elicited
in guinea pigs following pulmonary and parenteral immu-
nizations with the dry powders and the highest titer of serum
IgG antibody was observed in guinea pigs immunized by the
intramuscular route whereas high IgA titers were observed
for dry powder formulations administered by the pulmonary
route. This demonstrates that pulmonary immunization
with dry powder vaccines leads to a high mucosal immune
response in the respiratory tract and sufficient neutralizing
antibodies in the systemic circulation to provide protection
against diphtheria (32).

An ideal vaccine formulation for mass vaccination would
induce the desired immunity upon administration of a single
dose. Moreover, it is important to target APCs like DCs to
illicit a strong and durable immune response with a single dose
aimed at both systemic and mucosal immunity (33).

Dendritic Cells

Dendritic cells (DCs) were first identified in 1868 by Paul
Langerhans in the basal layer of the epidermis (34). How-
ever, it took more than a century to properly identify them
as white blood cells related to macrophages and monocytes,
and to understand their importance in the control of immu-
nity (34,35). In 2011, the Nobel Prize in Physiology or
Medicine was awarded to Ralph M. Steinman for his dis-
covery of DCs and their role in adaptive immunity paving
the way for more research in the field of immunity and
vaccines (36). It has become evident over the years that
DCs are APCs, true ‘professionals’ (37) with exceptional
capability to internalize, process and present antigens
through major histocompatibility complex (MHC) class I
and II pathways. DCs induce a strong immune response
by activating naïve T-cells which are produced in the bone
marrow and have the capability to respond to novel patho-
gens that have not been processed before (38,39). The role

of DCs in initiating a primary immune response has now
been shown to be greater than the role played by macro-
phages and the B-cells (40).

The lung is armed with an intricate network of DCs that
can be found throughout the conducting airways, lung
interstitium, lung vasculature, pleura, and bronchial lymph
nodes (41,42). It is now apparent that there are at least five
different subsets of DCs in the murine lung; resident DCs,
plasmacytoid DCs, alveolar DCs, inflammatory DCs and
interferon-producing killer DCs (41,42). The data for the
subsets of DCs in the human lung is rare (43) owing to the
need to obtain lung tissue, as they are not found in the
bronchoalveolar lavage (BAL) fluid. However, studies on
the human AMs are common as they are readily obtained
from BAL (44). The AMs are primarily phagocytes with
poor APC function and live in the air space, whereas im-
mature DCs have high APC function but lower phagocytic
function and live mainly in the interstitium (45). In the
human lung, the mucosal surface in the conducting airways
consists of ciliated epithelial cells, interspersed goblet cells,
macrophages and DCs (46). The DC population in this
region is mainly composed of myeloid DCs (mDCs), how-
ever, a fraction of plasmacytoid DCs (pDCs) can be found
(46). These mDCs have a high capability for antigen uptake
but less ability to stimulate the T cells (46). Moreover, the
human DCs are generated from haematopoietic stem cells,
mDCs from bone marrow–derived monocytic precursors
and pDCs from lymphoid progenitors (34). The mDCs
and pDCs are activated by a different set of pathogenic
stimuli making them functionally distinct reflected by the
different expression of cell surface receptors such as Toll-like
receptors (TLRs) (34,46). The lung parenchyma consisting
of lung interstitium, respiratory and terminal bronchioles,
and alveoli is mainly composed of 80% macrophages with
rest being DCs and T cells. The ‘immature’ resident DCs
are highly capable of detecting, capturing and processing
the encountered antigen (34,46).

The human DCs are identified by over expression of
human leukocyte antigen (HLA) DR (major histocompati-
bility complex class II) with the absence of monocyte, lym-
phocyte, natural killer cell and granulocyte lineage markers
(43). In addition, the specific markers for identifying the
mDCs include CD11c+, CD1a+, BDCA-1+, BDCA-3+,
HLA-DR+ whereas for the pDCs they are CD11c−, HLA-
DR+, BDCA-2+ and CD123+ (43,46,47).

Inhaled antigens or antigen particulates are believed to
encounter the wide spread DC network that lines the alve-
olar epithelium and are subsequently taken up by cellular
processes extending into the alveolar lining fluid (33). Anti-
gens are then processed and fragments of antigenic peptides
are presented on the surface through MHC class I and II
pathways for recognition by the T-cell receptors present on
T-cells (40). This process is often referred to as antigen
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presentation and typically takes place in the regional lymph
node after chemokine dependent migration of the antigen
loaded DC. Also, APCs perceive danger signals from cells
and offer co-stimulatory signals (48) through co-stimulatory
molecules present on their surface for recognition by recep-
tors on recirculating T-cells to initiate an immune response
in the lymph node (40). Upon encountering the danger
signals, immature DCs change to a mature stage where they
present the antigen on their surface. This step is usually
concurrent with the migration of DCs from peripheral tissue
to the lymph node for T-cell activation (Fig. 2). It is believed
that soon after antigen presentation, the DCs undergo apo-
ptosis in the lymph nodes (40).

Antigen uptake by DCs occurs by macro-pinocytosis,
receptor-mediated endocytosis (macrophage mannose recep-
tor) and/or phagocytosis (49–52). Recent research by Foged et
al. has shown that both particle size and surface charge of the
material to be delivered plays an important role in determining
the uptake by human DCs derived from blood. Furthermore, it
was recognised that for optimal uptake by DCs the preferred
particle size was 0.5 μm (diameter). Uptake of large particles
(~ 1 μm) was greatly enhanced when they displayed a positive
surface charge (53). In addition, a study conducted by Mano-
lova et al. revealed that upon intracutaneous injection of poly-
styrene beads of varying sizes the large particles (500–2000 nm)
associated with DCs from the site of injection and depended

Fig. 2 Antigen uptake and
presentation by dendritic cells
(DCs) in the airways. (a) Upon
exposure of an inhaled antigen the
immature DCs migrate towards
the site of attack. DCs at this stage
express a wide variety of receptors
(Fc, C-type lectin receptors etc.)
and uptake the antigen. Simulta-
neously, some DCs upregulate the
CC-chemokine receptor 7
(CCR7) and migrate towards the
lymphatic vessels expressing CC-
chemokine ligand 21 (CCL-21)
where they are carried to the
draining lymph node. After antigen
uptake and activation, high
amounts of peptide-loaded major
histocompatibility complex (MHC)
molecules and T-cell
co-stimulatory receptors appear
on the surface of DCs. The DCs
then migrate to the lymph nodes
and activate the antigen specific
T-cells. (b) After antigen uptake,
the antigen is either processed
through MHC class I (either
through endogenous or exoge-
nous pathway) orMHC class II (the
antigen is degraded in endosomes
and the obtained polypeptide is
transported and loaded onto
MHC II molecules) and DCs
present it on their surface for
specific T-cell activation. *ER – En-
doplasmic reticulum.
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largely on them for cellular transport, whereas small particles
(20–200 nm) and virus-like particles (VLPs) (30 nm) drained
freely to the lymph nodes (LNs) and were present in LN-
resident DCs and macrophages (54). However, this cannot be
directly compared to pulmonary delivery as theDCs in the lung
differ from those of the skin.

Targeting Antigen to the DC

Antigen can be targeted to DCs, for enhanced immune re-
sponse, by making particles that bind to the specific receptors
expressed on the DC surface (49–51). Effective targeting of
vaccines to the DCs results in the possibility of a reduced
vaccine dose, less side effects, improved efficacy and enhanced
immune response (40).

Vaccines can be targeted to DCs in different ways
(40,55–57). DCs contain pattern recognition receptors
(PRRs) that aid in detecting the presence of a pathogen
through interaction with pathogen-associated molecular pat-
terns. More specifically, C-type lectin receptors (CLRs), a type
of PRR, bind to sugar moieties (e.g., mannose, glucan) in a
calcium-dependent manner present on the pathogen’s sur-
face. This leads to antigen internalization through receptor
mediated endocytosis resulting in antigen presentation to T-
cells (58,59). Vaccines can also be targeted to DCs with anti-
bodies having an affinity towards specific receptors present on
their surface (e.g. anti-DEC205, anti-CD11c), internalization
through phagocytosis and conjugation of danger signals that
effectively bind to Toll-like receptors (TLRs) or cytokine
receptors thereby inducing DC maturation (40,55). Table II
lists some formulations that have been effectively targeted to
DCs for an enhanced immune response. There are currently

no publications that establish targeting of pulmonary DCs
through pulmonary delivery of dry powder vaccines.

Nanoparticles for Inhalation

Generally nanoparticles (NPs) are referred to as particles in the
size range of 1—100 nm, however for drug delivery NPs larger
than 100 nm are required for efficient drug loading, and have
been in use for the last 40 years (60). NPs are used as drug
carriers either by encapsulating, dissolving, surface adsorbing
or chemically attaching the active substance (60). NPs have a
large surface area-to-volume ratio and also an increased satu-
ration solubility thus favoring application in the field of drug
delivery. In delivery of NPs to the lung by inhalation, deposition
takes place through impaction, sedimentation, interception or
diffusion (Table III) depending on particle size, density, airflow,
breathing rate, respiratory volume and the health of the indi-
vidual (61,62). These are discussed in greater detail by Smyth
HDC et al. (63) and definitions are summarized in Table III.

The deposition of particles in the lungs is evaluated using the
aerodynamic particle size, which is defined as the diameter of a
sphere (density-1 g/cm3) in air that has the same velocity as the
particle in consideration (60). This is defined by the equation

da ¼ dg
ffiffiffiffiffiffiffiffiffi

ρ ρa=
p

where ρ is the mass density of the particle, ρa is the unit density
(1 g/cm3) and dg is the geometric diameter.

Particles greater than 10 μm (da) in size are commonly
impacted in the throat or sedimented in the bronchial
region whereas particles less than 1 μm (da) in size are
exhaled and not likely to be deposited in the alveolar region.
It is expected that particles in the size range of 1 to 5 μm (da)

Table II Examples of Formulations Targeting Dendritic Cells (DCs)

Formulation Target Model drug Model Ref

Polyanhydride NPs with dimannose Mannose receptor CD206 NA In vitro (58)

MN-decorated PLGA NPs Mannose receptor CD206 NA In vitro (121)

PLGA NPs DEC-205 receptor Ovalbumin Mice (122)

PLGA NPs Humanized targeting antibody hD1 (DC-SIGN) FITC-TT/DQ Green BSA In vitro (123)

PLGA NPs coated with streptavidin gp120, ManLAM, Lex, aDC-SIGN 1,
aDC-SIGN 2, aDC-SIGN 3

DQ-BSA, gp100272-300
and FITC-TT

In vitro (56)

Carbon magnetic NPs (CMNPs) Endocytosis Hen egg lysozyme (HEL) Mice (124)

Polystyrene and PLGA microparticles CD40, Fcg, α(v)β3 and α(v)β5 NA In vitro (125)

Acid degradable particles DEC-205 receptor Ovalbumin Mice (124)

PAMAM dendrimer Mannose receptor CD206 Ovalbumin Mice (126)

Liposome (with tri-mannose)
(L-Phosphatidylcholine + M3-DPPE)

Mannose receptor CD206 FITC-Ovalbumin In vitro (127)

Niosomes (coated with polysaccharide
o-palmitoyl MN)

Mannose receptor CD206 TT Albino Rats (128)

M3- DPPE trimannose-dipalmitoylphosphatidylethanolamine, ManLAM Mannosylated lipoarabinomannan, MN Mannan, Niosomes Sorbiton Span 60,
cholesterol, stearylamine, PAMAM Polyamidoamine, PLGA poly lactic-co-glycolic-acid, TT Tetanus Toxoid, NA Not Applicable
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avoid deposition in the throat and reach the respirable airways
(Fig. 1) and the periphery of the lung (61). Particles less than
1 μm (referred to as NPs) are driven by diffusion and are most
likely to be exhaled, hence they are therefore often delivered
within microparticles. In addition, upon long term storage
NPs tend to aggregate due to high particle-particle interac-
tions (60). Microparticles prepared from NPs are typically
about 1–5 μm in size and usually also encompass inert phar-
maceutical excipients (sugars, amino acids etc.) that act as
carriers. The excipients dissolve upon encountering the respi-
ratory environment thereby releasing the NPs.

Different types of NPs have been explored for vaccine
delivery and antigenic peptides or proteins are either surface
adsorbed or encapsulated within the NPs. Table IV outlines
some types of NPs evaluated for vaccine delivery.

This review focuses on polymer-basedNPs because they have
been extensively investigated as vaccine delivery systems due to
their enhanced uptake by phagocytic cells, thereby facilitating
antigen internalization and presentation in DCs. In addition,
both antigen and materials that augment the immune response
(adjuvants) can be encompassed together in nanocomposite
microparticles, resulting in their simultaneous delivery (64).

Polymer-Based Nanoparticles

Wide varieties of polymers, both natural and synthetic, have
been exploited to form biodegradable NPs. In addition, some
of the polymers can act as adjuvants themselves (65). Natural
polymers that have been widely investigated for formulating
NPs include albumin, alginate, chitosan, collagen, cyclodex-
trin and gelatin; synthetic polymers include polyesters, poly-
lactides, polyacrylates, polylactones and polyanhydrides
(66,67). While natural polymers have a relatively short dura-
tion of drug release, synthetic polymers can be tailored to
release the drug over days to several weeks allowing the usage
of a single dose rather than multiple doses (65).

Biodegradable polymers have gained significant attention
for the preparation of NPs for drug delivery and are often
favored as they offer several advantages such as controlled or
sustained drug release, biocompatibility with the surrounding
tissues and cells, low toxicity, are nonthrombogenic and are
more stable in the blood (66,68). Biodegradable polymer-based
NPs also offer an additional advantage for vaccine delivery
systems by acting as adjuvants and aiding in activating both
cellular and humoral immune responses (69). It has been

Table III Broad Descriptions of Impaction, Sedimentation, Interception and Diffusion

Impaction The delivered particles, due to inertia, do not change their path and as the airflow changes with bifurcations they tend to get impacted on
the airway surface. This is mostly experienced by large particles and is highly dependent on the aerodynamic properties of the particles.

Sedimentation The settling down of the delivered particles. This is generally observed in the bronchioles and alveoli.

Interception This occurs when particles, due to their shape and size, interact with the airway surface and is experienced when the particles are close to
the airway wall.

Diffusion Is the transport of particles from a region of higher concentration to lower concentration, is observed for particles that are less than 0.5 μm in
diameter and occurs in the regions where the airflow is low. This is highly dependent on the geometric diameter of the particles.

Table IV Examples Of Nanoparticles Currently Being Evaluated For Vaccine Delivery

Nanoparticles Description Size Vaccine Ref

Micelles (Peptide
Cross-linked
micelles-PCMs)

PCMs are composed of block copolymers and encapsulate
immuno stimulatory DNA in the core and bind peptide
antigens through disulphide linkages. In the presence of a high
concentration of glutathione they deliver antigenic peptides
and immuno stimulatory DNA to APCs

50 nm HIV peptide vaccine (129)

Liposomes Dimyristoyl phosphatyl-choline (DMPC):cholesterol(CH)-(7:3)
liposomes were prepared by dehydration-rehydration
followed by freezing-thawing method. The enzyme, GUS,
was successfully encapsulated and showed encouraging
activity following aerosolization

~ 6.4 μm (with 1:4
liposome:mannitol)

β-Gluc-uronidase –

enzyme (GUS)
(130)

Polymersomes poly(g-benzyl-L-glutamate)-K (PBLG50-K) polymersomes
were prepared by the solvent removal method and influenza
hemagglutinin (HA) was surface adsorbed. When tested
in vivo, polymersomes acted as an immune adjuvant and
showed an improved immunogenicity.

250 nm influenza hemagglutinin
(HA) – subunit
vaccine

(131)

Polymer-based Porous poly-L-lactic acid (PLA) and poly lactic-co-glycolic-acid
(PLGA) NPs were prepared by a double-emulsion-solvent
evaporation method encapsulating HBsAg and were tested
for pulmonary delivery in rat spleen homogenates.
The study demonstrated enhanced immune responses.

474–900 nm hepatitis B surface
antigen (HBsAg)

(24)

Nanocarriers Targeting Pulmonary Dendritic Cells 331



reported that upon phagocytosis by APCs, such as DCs, these
NPs release the antigen intercellularly and elicit CD8+ and
CD4+ T cell responses (70).

In a study performed by Bivas-BenitaM et al., the potential of
enhanced immunogenicity upon pulmonary delivery of DNA
encapsulated in chitosan NPs was evaluated. Chitosan-DNA
NPs were prepared by the complexation-coacervation method
and the resultant DNA-loadedNPs had an average size of 376±
59 nm (n05), zeta-potential of 21±4 mV (n05) and a loading
efficiency of 99%. Pulmonary administration of the chitosan-
DNA NPs was shown to induce increased levels of IFN-γ
secretion compared to pulmonary delivery of the plasmid in
solution via the intramuscular immunization route. This indi-
cates the plausibility of achieving pulmonary delivery of DNA
vaccines with increased immunogenicity against tuberculosis
compared to immunization through intramuscular route (71).

The polylactides PLA and PLGA are the most broadly
investigated synthetic polymers in the field of drug delivery
(66,67,72). These are rapidly hydrolyzed upon implantation
into the body and are eventually removed by the citric acid
cycle. The hydrolyzed products form at very slow rate and
include lactic acid and glycolic acid which are biologically
compatible and easily metabolized making them safe and
non-toxic (66,73). However, the acidic degradation products
can cause problems by eliciting inflammation and also a
reduction in pH within the microparticles resulting in the
hydrolysis of the biopharmaceuticals (74).

Muttil et al. prepared novel NP-aggregate formulations using
poly(lactic-co-glycolic acid) (PLGA) and recombinant hepatitis
B surface antigen (rHBsAg) and showed that the dry powder
formulations elicited a high mucosal immune response after
pulmonary immunization of guinea pigs without the need for
adjuvants. They prepared three different formulations of dry
powders by spray-drying with leucine, (1) rHBsAg encapsulated
within PLGA/polyethylene glycol (PEG) NPs (antigen NPs,
AgNSD), (2) a physical mixture of rHBsAg and blank PLGA/
PEG NPs (antigen NP admixture (AgNASD), and (3) rHBsAg
encapsulated in PLGA/PEG NPs with free rHBsAg (antigen
NPs plus free antigen). All the particles had mass median
aerodynamic diameters (MMAD) of around 4.8 μm and a fine
particle fraction (FPF) of 50%. After immunization the highest
titre of serum IgG antibodies was observed in the control group
immunized with alum adsorbed with rHBsAg (Alum Ag) (IM
route) whereas the highest IgA titres were observed for animal
groups immunized with powder formulations via the pulmo-
nary route. It was also noteworthy, guinea pigs immunized with
AgNASD dry powder exhibited IgG titers above 1,000 mIU/
ml in the serum (required 10 mIU/ml) suggesting the potential
of administering novel dry powder formulations via the pulmo-
nary route (75).

Recently a new class of biodegradable polymers, polyke-
tals, have been developed and are largely being investigated
for drug delivery purposes (76,77). This class of polymers

have non-acidic degradation products and pH-sensitive
ketal linkages in their backbone. These polyketals offer
several advantages for vaccine delivery such as exhibiting
pH-dependent hydrolysis but yet are degradable in acidic
phagolysosomes. Polyketal copolymers degrade into bio-
compatible small molecules minimizing inflammation com-
pared to PLGA. An aliphatic polyketal, poly(cyclohexane-1,4-
diyl acetone dimethylene ketal) (PCADK) degrades into ace-
tone and 1,4-cyclohexanedimethanol which are both biocom-
patible, and has a hydrolysis half-life of 24 days at pH 4.5 (77).
This was later modified to a co-polyketal termed PK3 synthe-
sized from 1,4-cyclohexanedimethanol and 1,5-pentanediol
with a hydrolysis half-life of 1.8 days at pH 4.5 (64) making
it much suitable for vaccine delivery.

Heffernan MJ and Murthy N successfully prepared acid-
sensitive polyketal NPs that released the loaded therapeutics in
the acidic environments of tumors, inflammatory tissues and
phagosomes. Polyketal NPs, 280–520 nm in diameter, were
prepared by an oil-in-water (O/W) emulsion method using
poly(1,4-phenyleneacetone dimethylene ketal) (PPADK), a
new hydrophobic polymer that undergoes acid-catalysed hy-
drolysis into low molecular weight hydrophilic compounds.
(76). Heffernan et al. used polyketal PK3 to formulate a model
vaccine that elicits CD8+ T cell responses. PK3 microparticles
encapsulating ovalbumin (OVA), poly(inosinic acid)–poly(cyti-
dylic acid) (poly(I:C)) - a TLR3 (Toll like receptor) agonist and a
double-stranded RNA analog were prepared using single
emulsion method. PK3-OVA-poly(I:C) microparticles (1–
3 μm) at a dosage of 0.01 μg/mL were then supplied to murine
splenic DCs and a higher percentage of IFNγ-producing
CD8+ T cells, TNF-α and IL-2 production in CD8+ T cells
were observed than with DCs treated with PK3-OVA par-
ticles or soluble OVA/poly(I:C) implying polyketal PK3
microparticles have potential for vaccine delivery (64).

Preparation of Polymer-Based Nanoparticles

Different methods have been employed to synthesize polymer-
based NPs depending on the subsequent application and type
of drug. Polymer-based NPs can either encapsulate or surface
adsorb the drug (68,78). Here we review some of the most
widely used methods to prepare polymer-based NPs. Howev-
er, a more detailed review and analysis of these methods can be
found at Reis P et al. (78) and Avnesh K et al. (68).

Emulsification/Solvent Evaporation and Nanoprecipitation. E-
mulsification/solvent evaporation, also referred to as solvent
emulsion–evaporation, involves the emulsification of an or-
ganic polymer solution into an aqueous phase followed by
the evaporation of the organic solvent (78). The polymer
with or without the drug is dissolved in a volatile organic
solvent like acetone, ethyl acetate, chloroform or dichloro-
methane etc. and is then transferred into stirring aqueous
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phase with or without the presence of an emulsifier or
stabilizer. This emulsion is then sonicated to evaporate the
organic solvent and form NPs (68) (Fig. 3a). The size of the
resultant particles can be controlled by varying the type,
viscosity and amount of organic and aqueous phases, stir
rate and temperature (78).

Singh J et al. prepared diphtheria toxoid (DT) loaded
poly-(ε-caprolactone) (PCL) NPs via a double emulsification
solvent evaporation method (w/o/w) for investigating their
potential as a mucosal vaccine delivery system. Briefly, DT
was added to the internal aqueous phase containing 0.25 ml
10%w/v polyvinyl alcohol (PVA). The solution was emulsi-
fied with the organic phase comprising 100 mg of PCL in
5 mL of dichloromethane (DCM), using a homogenizer at
12,000 rpm for 2 min. The formulations were then stirred
magnetically at ambient temperatures and pressure for 15–
18 h to allow solvent evaporation and NP formation. The
resultant NPs were approximately 267±3 nm in size with a
zeta-potential of −2.6±1.2 mV. Also, the PCL NPs induced
DT serum specific IgG antibody responses significantly
higher than PLGA (79).

The nanoprecipitation method is a single step method
which is usually employed for entrapping hydrophobic drug
moieties. In this method, the drug and the polymer are dis-
solved in a water-miscible solvent, such as acetone, acetonitrile
or methanol (80). This organic phase is then added drop-wise
to an aqueous phase with or without an emulsifier/stabilizer
under magnetic stirring (68). NPs are formed due to rapid
solvent diffusion and the solvent is finally removed from the
emulsion under reduced pressure (81) (Fig. 3b).

Lee JS et al. prepared poly(ethylene glycol)-poly(ε-capro-
lactone) (MPEG-PCL) NPs via a nanoprecipitation method.
Firstly, a predetermined concentration of MPEG-PCL block

copolymer was dissolved in 10 mL of organic solvent (ace-
tone, acetonitrile or THF). This polymer solution was then
added drop wise into deionized water (100 mL) under mag-
netic stirring. The organic solvent was then evaporated under
reduced pressure using a rotary evaporator, and the resultant
NPs were isolated from the aqueous solution. Using different
organic solvents and concentrations of polymer yielded NPs
particles between ~50 to 150 nm (82).

Emulsification and Solvent Displacement. The emulsification
and solvent displacement method is also known as emulsifica-
tion solvent diffusion. This method involves the precipitation
of the polymer from an organic solution and subsequent
diffusion of the organic solvent into an aqueous phase (78).
The solvent that aids in the formation of emulsion must be
miscible with water. For example, the organic polymer solu-
tion can be added to an aqueous phase, which often contains a
stabilizer, under strong stirring. Upon the formation of the
emulsion (O/W), a large quantity of water is added so as to
dilute it favoring the diffusion of additional organic solvent
from the dispersed droplets. This process leads to the precip-
itation of the polymer (81). An interfacial turbulence is created
between the two phases as the solvent diffuses resulting in the
formation of smaller particles and is believed that as the water-
miscible solvent concentration increases the NPs tend to ac-
quire a smaller size (80) (Fig. 3c).

Ranjan AP et al. have recently prepared biodegradable
NPs containing indocynanine green (ICG) using chitosan
modified poly(L-lactide-co-epsilon-caprolactone) (PLCL):
poloxamer (Pluronic F68) blended polymer by an emulsifi-
cation solvent diffusion technique. PVA and chitosan were
used as stabilizers in the process of making the NPs. The
average particle size of the resultant NPs was between 146±

Fig. 3 Schematic representation of (a) emulsification/solvent evaporation technique, (b) emulsification and solvent displacement technique, (c) salting-out
technique and (d) nanoprecipitation technique.
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3.7 to 260±4.5 nm and the zeta potential progressively
increased from −41.6 to +25.3 mV with increasing amounts
of chitosan (83).

Salting Out. The salting out method is based on the separation
of a water-miscible organic phase from an aqueous solution by
adding salting out agents (78,80,84). Briefly, the polymer is
dissolved in a water-miscible organic solvent such as acetone
or tetrahydrofuran (THF) which is then added under strong
stirring to an aqueous solution containing salting out agents
(for example magnesium chloride, calcium chloride) and an
emulsifier or stabilizer to form an O/W emulsion (80,81,85).
This O/W emulsion is diluted by adding a large volume of
water under mild stirring thus reducing the salt concentration/
ionic strength and favouring the movement of the water-
miscible organic solvent into the aqueous phase. This process
leads to the formation of nanospheres and as a final step the
NPs formed are freed from the salting out agents either by
centrifugation or cross-flow filtration (80) (Fig.3d).

Konnan YN et al. prepared sub-200 nm NPs using a
salting out method. Typically, a solution of PLGA and
PLA in THF was added under mechanical stirring to an
aqueous phase containing PVA and magnesium chloride
hexahydrate (MgCl2.6H2O) as a salting out agent forming
an O/W emulsion. To this, a large volume of water was
added favoring migration of the water-miscible organic
solvent into the aqueous phase forming NPs which were
later purified by cross flow filtration (86).

Table V lists some of the advantages and disadvantages
of nanoparticle preparation methods (77).

Encapsulation or Adsorption

A high loading capacity is one of the most desired qualities of
NP-based vaccines. The main advantage of having a high
loading capacity is that the amount of polymer required to
carry the drug/vaccine is reduced (81) hence minimizing any
toxic effects from the polymer. Drugs/vaccines can be loaded
into or onto NPs using two approaches (Fig. 4) (87). The first is
encapsulation where the drug/vaccine is incorporated into the

NP at the time of preparation; the second is adsorption where
the drug/vaccine is either chemically or physically adsorbed
onto the NP after preparation.

It is important to note that the chemical structure of the
drug/vaccine, the polymer and the conditions of drug loading
influence the amount of drug/vaccine bound to the NPs and
the type of interactions that occur between them (81). In addi-
tion, the encapsulation or adsorption of a drug/vaccine depends
on the disease to be treated or prevented, route of administra-
tion, manufacturing feasibility and economic challenges.

Bivas-Benita M et al. prepared PLGA–polyethyleneimine
(PEI) NPs by an interfacial deposition (88) method. The
resultant NPs were loaded with Mycobacterium tuberculosis
(Mtb) Antigen 85B (Ag85B) by adding the NP suspension to
25 μg/mL DNA plasmid solution. The characterization stud-
ies revealed that the particle size increased from 235 to
275 nmwhen resuspended in water and 271 nm in saline with
themean zeta potential increase from+38.8mV to +40.6mV
respectively. TheNPs greatly stimulated humanDCs resulting
in the secretion of IL-12 and TNF-α at comparable levels to
that observed after stimulation using lipopolysaccharide
(LPS) (89).

Biodegradable polymer-based NPs have been widely ex-
plored and appear to be well tolerated when administered into
the body. These NPs have gained significant attention and are
being accepted as effective delivery systems with the develop-
ment of NP based vaccines (90,91). In addition, the NP based
vaccines need to be formulated appropriately, as dry powders
and at low cost to help achieve effective mass vaccination.

Adjuvants

Modern day vaccines contain pure recombinant or synthetic
antigens that are less immunogenic than live or killed whole
organism vaccines. Thus, in order to obtain a strong im-
mune response upon administration of antigen and provide
long term protection against the infection, adjuvants are
included within the formulation (92). Adjuvants are substan-
ces used in combination with an antigen to produce a
stronger and more robust immune response than the anti-
gen alone (93). Adjuvants also provide a depot for the

Table V Advantages and Disadvantages of Nanoparticle Preparation Methods

Method Advantages Disadvantages

Emulsification/Solvent Evaporation Hydrophilic and hydrophobic drugs can be
encapsulated

Agglomeration of nanodroplets during evaporation

Emulsification and Solvent
Displacement

Control over the size of nanoparticles Possibility of water-soluble drug leaking into the external
aqueous phase, Large amounts of water to be removed

Salting Out High loading efficiency, Easy scale-up Removal of electrolytes, Incompatibility of salting-out agents
with drugs

Nanoprecipitation Simple, fast and reproducible, Easy scale-up,
Low surfactant concentrations required

Less polymer in the organic phase
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antigen favoring a slow release, reduce the dose of antigen
required to generate a strong immune response, modulate
the immune response, aid in targeting the APCs, and pro-
vide danger signals helping the immune system respond to
the antigen (92–94). The selection of an adjuvant depends
on the antigen, delivery system, route of administration and
possible side-effects. However, an ideal adjuvant should
have a long shelf life and be safe, stable, biodegradable,
economical and should not induce an immune response
against themselves (92).

Despite massive efforts over nearly 90 years into the
research and development of adjuvants, the list of adjuvants
that are clinically approved is short. The prime reason being
their safety coupled with limited data on the predictability of
safety using available animal models (95). The serious ad-
verse events in the recent clinical trials of Merck’s (96) and
Novartis’s (NCT00369031) (97) HIV vaccines using
adenovirus- and toxin-based adjuvanted delivery systems
has moved the research into further investigations in devel-
oping nutritive adjuvanted delivery systems (Vitamins A, C,
D, E, flavonoids and plant oils). These may prove safer in
clinical trials (98,99). Table VI lists adjuvants in development
or licensed for human use.

Alum salts have a well-established safety record, are the
most widely used human adjuvants and are used as standards
to assess other adjuvants (92,93,95,100). Despite their wide
use their mechanism is poorly understood and thus rarely
induce human responses (92).

Wee JLK et al. used a sheep animal model to evaluate the
delivery of ISCOMATRIX adjuvanted influenza vaccine via
its mucosal site of infection for improved vaccine effectiveness.
Upon pulmonary immunization with low antigen doses
(0.04 μg) of adjuvanted influenza equivalent serum antibody
levels were induced when compared to an almost 375-fold
higher dose (15 μg) unadjuvanted influenza delivered subcu-
taneously suggesting the successful use of this combination for
improved protection (101).

DRY POWDER PREPARATION TECHNIQUES

The use of liquid suspensions of NPs are often accompanied by
several disadvantages such as particle aggregation and sedi-
mentation leading to physico-chemical instability, reduced or
loss of biological activity of the drug, contamination, and
hydrolysis leading to degradation of the polymer (102). To
overcome these problems, preparations can be stored and
transported in a dry form (102). In addition, for vaccines, the
delivery of a dry powder by inhalation has the potential benefits
of a) increased stability during transport and administration, b)
increased safety by eliminating contamination risks and c)
improved cost-effectiveness (103). The most commonly used
methods for transforming liquid preparations into dry powders
are freeze-drying, spray-drying, spray-freeze-drying and the
use of super critical fluid technologies. Each of these methods
has advantages and disadvantages and are selected depending
on the desired attributes such as narrow particle size

Fig. 4 The molecule of interest
(DNA/Drug/Peptide/Protein)
is either encapsulated (Left) within
or surface adsorbed (Right) onto
the polymer-based nanoparticle.

Table VI List of Adjuvants in Either Development, Testing or for
Human Use

Category Examples

Mineral Salts Aluminium hydroxide (Alum)

Potassium aluminium sulphate

Aluminium phosphate

Oil emulsions MF59

Particulate adjuvants Virosomes

ISCOMS (Immuno stimulating complexes)

Microbial derivatives Monophosphoryl lipid A-MPL(TM)

Plant derivatives QS-21 (Saponin)

ADVAX

Miscellaneous AS04 (liposome formulation containing MPLA
& QS-21), polymeric adjuvants,
CpG oligodeoxynucleotides, vitamins
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distribution, improved bioavailability, enhanced stability, im-
proved dispersibility and controlled release (104,105).

Freeze-Drying

Freeze-drying, also known as lyophilisation, is commonly used
in industry to ensure long term stability and preservation of the
original properties of various biological products such as viruses,
vaccines, proteins, peptides and their carriers; NPs and lip-
osomes (102,106). This process comprises of removing water
from a frozen sample by sublimation and desorption under
vacuum (106) and can be divided into three steps: freezing
(solidification), primary drying (ice sublimation) and secondary
drying (desorption of unfrozen water) (102). However, this
process is relatively slow, very expensive and generates various
stresses on the biological product during both the freezing and
drying steps (106). Protectants in the form of excipients are
usually added to stabilize the products, avoid aggregation and
to ensure acceptable tonicity and reconstitution (106,107). Sug-
ars such as glucose, sucrose, trehalose,mannitol, lactose, dextran
ormaltose with or without surfactants such as poly(vinyl) alcohol
or poloxamer 188 are often employed as protectants to stabilize
the product and prevent coalescence (107,108). The concentra-
tion and the NP/sugar mass ratio also play an important role in
determining the stability and long term storage of the final
product (102). AnhornMG et al. evaluated the effect of different
concentrations of sucrose, mannitol and trehalose as cryopro-
tectants on the physico-chemical characteristics of resulting NPs
by analyzing the appearance, particle-size and polydispersity
index (107). Long term stability studies indicated that the ab-
sence of cryoprotectants led to particle growth whereas their
presence reduced aggregation. Particles freeze-dried with su-
crose and trehalose at 2% and 3%w/v had more controlled
particle size and these sugars appeared to be superior to man-
nitol at similar concentrations (107).

Spray-Drying

Spray-drying is a one-step preparation of dry powders. It is a
process that converts liquid feed (solution, suspension or col-
loidal dispersion) into dry particles (109). The process can be
divided into four parts (110): atomization (1), spray-air contact
(2), drying (3) and separation (4). The liquid feed is atomized
(1) to break the liquid into droplets and this spray form comes
into contact with a hot gas (2), causing rapid evaporation of
the droplets to form dry particles (3). The dry particles are
then separated from the hot gas with the help of a cyclone (4)
(105). Compared to particles obtained from micronization
using milling, spray-dried particles are more spherical and
have a homogenous size-distribution resulting in a higher
respirable fraction which is advantageous for pulmonary de-
livery (105). In addition, spray-drying has the advantage of
being; simple, easily scalable, cost-effective, suitable for heat-

sensitive products and enables high drug loading (110). An
economically acceptable yield can now be achieved with the
fourth and newest generation of laboratory-scale spray dryer
developed by Büchi, the Nano Spray Dryer B-90. This nano
spray dryer can generate particles of size ranging from 300 nm
to 5 μm for milligram sample quantities at high yields (up to
90%) (111). However, there is a chance of degradation of
macromolecules during the process due to high shear stress
in the nozzle and thermal stress while drying (105). Fourie PB
et al. (21) describes the challenges such as thermal stress,
osmotic stress, and scalability involved with spray-drying of
vaccines. Fourie PB et al. formulated a dry powder TB vaccine
for delivery to the lung by preparingMycobacterium bovis Bacillus
Calmette–Guérin (BCG) spray-dried particles which, when
administered into M. tuberculosis infected guinea-pigs, resulted
in enhanced immunogenicity levels compared to an equal dose
injected subcutaneously into control animals (21).

Spray-Freeze-Drying

Spray-freeze-drying (SFD) is a drying process that usually
involves atomization, rapid freezing and lyophilisation (112).
A solution containing the drug is sprayed into a vessel that
contains a cryogenic liquid such as nitrogen, oxygen or argon.
As the boiling temperatures of these cryogenic liquids are very
low they cause the droplets to freeze instantly. The resulting
droplets are then collected and lyophilized to obtain porous dry
powder particles suitable for respiration (105). The advantage
of SFD is the ability to produce particles with adjustable sizes
(112) and as it is conducted at sub-ambient temperature, ther-
molabile polymers and highly potent biopharmaceuticals can
be formulated into dry powder products (105). However, the
major disadvantage of this technique is the stresses associated
with freezing and drying, which may cause irreversible damage
to proteins (113). This is displayed as structural denaturation,
aggregation and loss of biological activity upon rehydration
(105). In addition, loss of stability due to unfolding and aggre-
gation remains amajor challenge (113) and also themethod has
low process efficacy, is time consuming, and expensive (114).

Amorij J-P et al. showed that an influenza subunit vaccine
powder prepared by SFD using oligosaccharide inulin as a
stabilizer and delivered via the pulmonary route to BALB/c
mice induced systemic humoral (IgG), cell-mediated (Il-4,
IFN-γ) and mucosal immune responses (IgA, IgG). Whereas
vaccination with a liquid subunit vaccine via either pulmonary
or intramuscular route induced only systemic humoral (IgG)
immune responses suggesting that powder vaccine formula-
tions could be beneficial for immunization (23).

Supercritical Fluid Technology

Supercritical fluids (SCF) are compressed gases or liquids above
their critical temperatures (Tc) and pressures (Pc), and possess
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several advantages of both gases and liquids (105). The density
and thus solvating power can be controlled by varying the
temperature and pressure. SCF can be prepared using carbon
dioxide (CO2), water, propane, acetone, nitrous oxide (N2O),
trifluoromethane, chlorodifluoromethane, diethyl ether, water,
or CO2 with ethanol (114). However, because of its accessible
critical point at 31°C and 74 bar, its low cost and non-toxicity,
CO2 is the most widely used solvent in SCF. In addition, its
low critical temperaturemakes supercritical (SC) CO2 suitable
for handling heat-labile solutes at conditions close to room
temperature. Therefore, SC CO2 has potential as an alterna-
tive to conventional organic solvents for use in solvent-based
processes for forming solid dosage forms (105).

There are two major principles for particle precipitation
with supercritical fluids. One employs SCF as a solvent and
the other as an antisolvent (115). In the first, the drug is
dissolved in the SCF followed by sudden decompression, after
which the solution is passed through an orifice and rapidly
expanded at low pressure. Rapid Expansion of a Supercritical
Solution (RESS) employs this principle (114). In the second
process, the solute is insoluble in SCF and hence utilizes SCF
as an antisolvent. A solute is dissolved in an organic solvent
and then precipitated by the SCF (antisolvent). Precipitation
occurs when the SCF is absorbed by the organic solvent
followed by expansion of the liquid phase and a decrease in
the solvation power leading to particle formation. The Gas
Anti-Solvent (GAS), Aerosol Solvent Extraction System
(ASES), Supercritical Fluid Antisolvent (SAS), Precipitation
with Compressed Antisolvent (PCA), Solution Enhanced Dis-
persion by Supercritical Fluids (SEDS), and supercritical fluid
extraction of emulsion (SFEE) are the processes that employ
this second principle (114). Using these techniques, particles
can be formed in a well-ordered fashion to achieve the desired
morphology and any negative effects on the macromolecules
can be minimized (105,113). Thorough discussions of these
techniques including their advantages and disadvantages have

been recently published by Al-fagih I et al. (114) and elsewhere
(105,113,115–118).

The fine powders produced via SCF precipitation are often
less charged than those produced mechanically allowing them
to flow more freely and thus to be more easily dispersed from a
DPI. In addition, SCF processes allow the production of inhal-
able particles that are more uniform in terms of crystallinity,
morphology, particle-size distribution and shape than those
produced via jet milling. In spite of its potential, SCF is still
classified as an emerging technology that is still to be exploited
in DPI products; with concerns being raised over the potential
denaturing effects of the solvents/antisolvents used in this pro-
cess (105). Amidi M et al. prepared diphtheria toxoid (DT)
containing microparticles using a supercritical fluid (SCF)
spraying process and obtained dry powder microparticles with
a median volume diameter between 2 and 3 μm. Pulmonary
immunization of guinea pigs with DT-TMC (N-Trimethyl
chitosan) microparticles resulted in a strong immunological
response as reflected by the induction of IgM, IgG, IgG1 and
IgG2 antibodies comparable to or significantly higher than
those achieved after subcutaneous (SC) administration of
alum-adsorbed DT demonstrating an effective new delivery
system for pulmonary administered DT antigen (119).

Table VII highlights some recent studies that have
employed various dry powder preparation techniques and
the subsequent evaluation for vaccine delivery.

CONCLUSION

Pulmonary administration has gained significant attention
in the recent years as a potential non-invasive route for
vaccines, and has also shown great promise as an effective
means of vaccination. Much of the success is due to the
lung’s large surface area (80 sq. m), and rich blood supply
leading to rapid absorption coupled with an abundance of

Table VII Recent Studies on Dry Powder Particle-Based Vaccine Delivery

Disease Antigen Carrier/Stabilizer Dry Powder Preparation Size (μm) Model Ref

Bacterial Infections Bacteriophages Trehalose, Leucine SD 2.5–2.8 NA (132)

Diptheria Diptheria Toxoid Chitosan SCF 3–4 GP (119)

Diptheria Diphtheria CRM-197 antigen L-leucine SD ~ 5 GP (32)

Hepatitis B Recombinant hepatitis B
surface antigen (rHBsAg)

Leucine SD 4.8 GP (75)

Influenza Influenza monovalent Inulin SD, SFD 2.6 (SD), 10.5 (SFD) M (133)

Influenza Influenza subunit Inulin SFD ~ 10 M (23)

Tuberculosis Ad35-vectored tuberculosis
(TB) AERAS-402

Mannitol-cyclodextrin-
trehalose-dextran, MCTD

SD 3.2–3.5 NA (134)

Tuberculosis Bacille Calmette-Guerin (BCG) Leucine SD 2–3 GP (135)

Tuberculosis Recombinant antigen
85B (rAg85B)

NA SD 2.8 GP (136)

SD Spray drying, SFD Spray-freeze drying, SCF Supercritical Fluid; M Mice, GP Guinea Pigs; NA Not Applicable
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local APCs that present antigen in a way to induce both
mucosal and systemic immune response. Recent progress in
targeting vaccines specifically to DCs for an enhanced im-
mune response with low doses has paved way for developing
new vaccine technology. Polymer-based NPs offer the ad-
vantage of biodegradabiltiy, avoiding antigen degradation if
encapsulated and through chemical attachments can target
DCs. However, more research is needed to understand the
fate of NPs after inhalation, their interaction with the biolog-
ical cells and their toxicity (nanotoxicity). The method of
formulation of NP based vaccines into dry powders is of equal
importance as it provides the opportunity to maintain the
stability and integrity of the antigen, ease of transport and
administration. The right combination of polymer chemistry,
polymer-based NPs, immunology, dry powder technology,
delivery device and animal models will lead to the discovery
of next generation of vaccine delivery systems.
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Summary: Purpose: To formulate bovine serum albumin (BSA) adsorbed poly(glycerol adipate-co-ω-

pentadecalactone) [PGA-co-PDL] nanoparticles (NPs) within lactose and L-leucine microparticle carriers for dry 
powder inhalation. Methods: NPs were prepared by oil-in-water (O/W) single emulsion solvent evaporation 

method and freeze-dried with different Sucrose:NP ratios. Particle size and polydispersity index (PDI) were 
characterised before and after freeze-drying. BSA (0.5 and 1mg/ml) were adsorbed onto 20mg of NPs equivalent 
freeze-dried powder at room temperature over 1h using HulaMixer

TM
. Protein loading was determined using 

bicinchoninic acid (BCA) assay. The NPs were spray-dried in aqueous suspension of lactose (1:5) or L-leucine 
(1:1.5) using a Büchi 290 mini-spray dryer. The resultant nanocomposite microparticles (NCMPs) were 
characterised for toxicity (MTT assay), aerosolization (Next Generation Impactor) and in-vitro release study.  
Results: NPs (148.90±5.00nm, PDI 0.07±0.03) suitable for targeting lung dendritic cells were produced. 

Sucrose:NP (5:1) ratio was shown to be the optimum for maintaining the particle size (206.42±10.36nm, PDI 
0.35±0.10) after freeze-drying. BSA adsorption resulted in 26.02±0.09µg of protein per mg of NPs. Spray-drying 

resulted in NCMPs with 51.3% (lactose) and 50.01% (L-leucine) yield. In-vitro release study at 37C for 24h 

showed an initial burst release of 3.91±0.05% (lactose) and 16.70±0.24% with 88.03±2.85% over 24h (L-leucine). 
Aerosolization studies indicated fine particle fraction (FPF) 57.88±11.51% and mass median aerodynamic 
diameter (MMAD) 1.83±0.07µm (lactose), and FPF 77.85±1.25% and MMAD 1.77±0.09 (L-leucine). The cell 
viability was 87.01±14.11% with L-leucine based NCMPs (1.25mg/ml). Conclusion: PGA-co-PDL/L-leu NCMPs 

may be a promising carrier for pulmonary vaccine delivery due to high adsorption and excellent aerosolisation 
behaviour. 
 
Introduction: 

The majority of the vaccines available are administered via the parenteral route. However, in low and middle 
income countries (LMICs), due to a lack of infrastructure such as cold-chain and trained medical personnel which 
are essential for parenteral administration, the majority of the population is unable to get vaccinated.  Recent 
advances in the non-invasive delivery systems, such as pulmonary delivery, has helped in formulating these and 
making them more patient compliant and readily acceptable [1,2]. Moreover, the pulmonary route has gained 
significant attention as it is the main portal of entry for pathogens coupled with the lung being an excellent choice 
for delivery. The pulmonary route offers several advantages such as, large surface area (80 m²), high vasculature, 
rapid absorption leading to an immediate onset of action, thin alveolar epithelium, less enzymatic activity 
compared to the gut, and an abundance of antigen presenting cells (such as macrophages, dendritic cells (DCs)) 
for targeting vaccines [3]. Furthermore, nanoparticles (NPs) due to their size can target DCs enhancing the 
immune response. In addition, the biodegradable polymeric NPs offer numerous advantages such as controlled 
or sustained drug release, biocompatibility with the surrounding tissues and cells, lower toxicity compared to non-
biodegradable polymers, non-thrombogenic, act as adjuvants and are more stable in blood [4]. 
 
Objective: 

The aim of this study was to adsorb a model protein, bovine serum albumin (BSA), onto poly(glycerol adipate-co-
ω-pentadecalactone), PGA-co-PDL, NPs, and formulate into nanocomposite microparticles (NCMPs) for 
pulmonary vaccine delivery via dry powder inhalation. The NCMPs were prepared via spray drying using lactose 
or L-Leucine as microparticle carriers. The formulations were characterised for their adsorption, particle size, 
surface charge, in vitro release and aerosolisation performance. 
 
Methods: 
 
Nanocomposite microparticles preparation 
 
Preparation of NPs: The BSA adsorbed PGA-co-PDL NPs were fabricated using a modified oil-in-water (o/w) 
single emulsion solvent evaporation method [5]. The taguchi L18 orthogonal array design of experiment (DoE) 
was used to optimize the formulation parameters to achieve NPs (~150nm) for targeting the lung DCs (n=2). 
Briefly, PGA-co-PDL (synthesised in our laboratory, MW 14.7 KDa) was dissolved in 2 ml dichloromethane and 
probe sonicated upon addition to 5 ml of 1

st
 aqueous solution of 10% w/v polyvinyl alcohol (PVA) in dry ice for 2 

min to obtain an emulsion. This was immediately added drop wise to 20 ml of 2
nd

 aqueous solution (0.75% w/v 
PVA) under magnetic stirring at a speed of 500 RPM. The whole mixture was left magnetically stirring at room 
temperature for 3 h. The NPs were collected by centrifugation (36,000 RPM for 40 min), washed twice with 
distilled water and were frozen (24h, -80°C) followed by freeze-drying (FD) (-50 ± 5°C, 0.054 ± 0.002 Mbar, 48h) 
with different cryoprotectant Sucrose:NPs ratios of 1.25:1, 2.5:1 and 5:1. 
Surface adsorption: 4 ml of BSA (0.5 and 1 mg/ml) were surface adsorbed onto 20 mg of NPs equivalent 

sucrose:NP (5:1) FD powder at room temperature over 1h using HulaMixer
TM

. The BSA adsorbed NPs were 
collected by centrifugation (36,000 RPM for 40 min). 



Preparation of nanocomposite microparticles (NCMPs): The BSA adsorbed NPs were resuspended in 20ml 
aqueous solution containing lactose (PGA-co-PDL:lactose, 1: 5) or L-leucine (PGA-co-PDL:L-leucine, 1: 1.5), and 
spray dried using a mini-spray dryer (Büchi, B-290 Flawil, Switzerland) as previously reported [6] to form NCMPs. 
 
Nanocomposite microparticles characterization 
 
Surface adsorption and spray dried yield: 150 μl of the supernatant was analysed using the Thermo Scientific 

Pierce BCA protein assay kit for determining the protein concentration. The amount of BSA adsorbed was 
calculated by subtracting the amount of protein remaining in the supernatant from the amount of protein initially 
added. The yield of spray dried NCMPs was quantified as a percentage mass of expected total powder yield 
(n=3). 
 
Particle size and polydispersity index (PDI): The NPs size and PDI was measured on a Malvern Zetasizer, U.K. 
Briefly, 100 μl of suspension and 10 mg of freeze-dried powder was diluted to 5 ml using distilled water and the 
measurements recorded at 25 ºC (n=3). 
 
Aerosolisation study (Next Generation Impactor): The aerodynamic particle size distribution was determined 
using the Next Generation Impactor (NGI). The BSA adsorbed NCMPs were weighed (10 capsules each with 8 
mg SD powder for the PGA-co-PDL/Lac NCMPs and 4 capsules each with 6 mg SD powder for the PGA-co-
PDL/L-leu NCMPs) and manually loaded into the hydroxypropyl methylcellulose, HPMC, capsule (size 3), and 
placed in a cyclohaler. The samples were drawn through the induction port into the NGI operated at a flow rate of 
60 L/min for 4 s (corresponding to a pressure drop of 4 kPa across the inhaler) and collected using a known 
volume of distilled water, and left on a roller-shaker for 48h. The samples were then analysed and the amount of 
BSA deposited was determined using the BCA assay. The fine particle fraction (%FPF) (defined as the mass of 
drug deposited (dae<4.6 μm), expressed as a percentage of the emitted dose), and the mass median 
aerodynamic diameter (MMAD), were determined (n=3). 
  
In-vitro release study: 10mg samples of the BSA adsorbed NCMPs were placed in vials and dispersed in 4 ml of 

phosphate-buffered saline (PBS). The samples were incubated at 37C in the HulaMixer
TM

 set at 10 rpm. At 
predetermined time intervals up to 24h, the samples were centrifuged (36,000 RPM for 40 min) and 1ml of the 
supernatant removed and replaced with fresh medium. The supernatant was analysed by Bradford assay for the 
PGA-co-PDL/Lac NCMPs and BCA assay for the PGA-co-PDL/L-leu NCMPs (n=3). 
 
Cell viability study: The in vitro cytotoxicity of the non-adsorbed PGA-co-PDL, 1.5% Leu NCMPs was evaluated 
using the 3-[4,5-dimethylthiazol-2-yl]-3,5 diphenyl tetrazolium bromide (MTT) assay, that depends on the cellular 
reductive capacity to metabolize the MTT to a highly colored formazan product. The adenocarcinomic human 
alveolar basal epithelial cell line, A549 cells were seeded in 100 μl (2.5 × 10

5
 cells/ml) of RPMI-1640 medium 

supplemented with 10% fetal calf serum/1% Antibiotic/Antimycotic solution (complete medium) in 96-well plates 
and pre-incubated for 24h in a incubator at 37°C supplied with 5% CO2. Then, 100 μl of freshly prepared NCMP 

dispersions in complete medium were added to the wells to an appropriate concentration (0–2.5 mg/ml) (n=3), 

and 10% dimethyl sulfoxide (DMSO) as positive control. The formulations were assayed for toxicity over 24h of 
incubation. After the incubation period, 20 μl of a 5 mg/ml MTT solution in PBS was added to each well. After 2h, 
the culture medium was gently removed and replaced by 100 μl of dimethyl sulfoxide in order to dissolve the 
formazan crystals. The absorbance of the solubilised dye, which correlates with the number of living cells, was 
measured at 570 nm. The percentage of viable cells in each well was calculated as the absorbance ratio between 
nanoparticle-treated and untreated control cells. 
 
Results and Discussion: 
 
Preparation of NPs 

The taguchi DoE (L18) was designed using 7 factors (1 factor–2 levels, 6 factors–3 levels) to determine the 
optimum levels for each factor/parameter in achieving the desired PGA-co-PDL NP size (~150 nm) for targeting 
DCs. 
 
Table 1 Taguchi's Experimental Design L18 (7 factors) for producing PGA-co-PDL nanoparticles 

 

Parameters / Levels Units 1 2 3 

MW of Polymer KDa 14 23 - 

Org Sol (DCM) ml 1 1.5 2 

Aq. Vol (PVA) ml 3 4 5 

1
st

 Aq. conc (PVA) % w/v 2.5 5 10 

Sonication time min 1 2 5 

Stirrer - Speed RPM 400 500 600 

2
nd

 Aq. conc (PVA) % w/v 0.5 0.75 1 



Eighteen runs obtained using the taguchi DoE were performed and the resulting optimum parameters are listed in 
table 2. The PGA-co-PDL NPs prepared using these parameters showed a size of 148.9 ± 5.00 nm, PDI 0.07 ± 
0.03 indicating its suitability for targeting the lung DCs (Fig 1a & 1b) (n=3). 
 
Table 2 Optimum levels for each parameter and relative importance (rank) determined using Taguchi DoE (L18) 

 

Parameters 
MW of 

Polymer 
(KDa)  

Org Sol 
(DCM) (ml)  

Aq. Vol 
(PVA) (ml)  

1
st
 Aq. 

conc 
(PVA) (% 

w/v)  

Sonication 
time (min)  

Stirrer – 
Speed 
(RPM)  

2
nd 

Aq. 
conc 

(PVA) (% 
w/v)  

Levels 14  2  5  10  2  500  0.5  

Rank by 
importance 

3 2 5 1 4 6 7 

 
The freeze-dried nanoparticulate suspensions without any cryoprotectants resulted in a significant increase in 
particle size compared to those with cryoprotectants. The Sucrose:NP (5:1) ratio was the optimum for maintaining 
the particle size 206.42 ± 10.36 nm and PDI 0.35 ± 0.10 after freeze-drying (Fig 1a & 1b) (n=3). 
 

        
Fig 1 (a) Effect of freeze-drying on particle size, (b) Effect of freeze-drying on PDI for different sucrose:NP 
(1.25:1, 2.5:1, 5:1) ratios (Mean ± SD, n=3) 
 
Characterisation 
Surface adsorption: No difference in adsorption was observed at 0.5 and 1 mg/ml concentrations of BSA over 1h 
(Table 3). 
 
Table 3 Surface adsorption of BSA (0.5 and 1 mg/ml) onto 20 mg of NPs over 1 h (Mean ± SD, n=3) 

BSA concentration 1 mg/ml  0.5 mg/ml  

BSA adsorbed (µg/mg of NPs) 26.85 ± 0.32  26.52 ± 0.26  

 
Spray drying yield: A reasonable yield of spray drying, 51.32 ± 3.2% for the BSA adsorbed PGA-co-PDL/Lac 
NCMPs and 50.01 ± 0.3% for the BSA adsorbed PGA-co-PDL/L-leu NCMPs was obtained. 
 
Aerosolisation study: The aerodynamic particle characteristics of the BSA adsorbed PGA-co-PDL/Lac NCMPs 
(FPF of 57.88 ± 11.51%, MMAD of 1.83 ± 0.07 µm) and PGA-co-PDL/L-leu NCMPs (FPF of 77.85 ± 1.25%, 
MMAD of 1.77 ± 0.09 µm) indicated both formulations were capable of delivering efficient BSA to the lungs, and 
were likely to deposit the NPs in the bronchial-alveolar region of the lungs due to the MMAD results obtained. 
Furthermore, the NPs due to their size should be effectively taken up by the immune cells triggering an immune 
response. In addition, it is expected that the PGA-co-PDL NPs will eventually degrade into its individual 
components (glycerol, divinyl adipate and pentadecalactone). 
 
In vitro release study: In vitro release studies comparing the PGA-co-PDL/Lac NCMPs and the PGA-co-PDL/L-
leu NCMPs were performed and reported as cumulative percentage BSA released over time (Fig 2). An initial 
burst release was observed for both the formulations; however, the release of BSA from the PGA-co-PDL/Lac 
NCMPs (3.91±0.05%) was less than that of the PGA-co-PDL/L-leu NCMPs (16.70±0.24%). The rapid release 
continued for both the formulations up to 4h, where the PGA-co-PDL/Lac NCMPs (23.47±0.07%) released less 
BSA than that of the PGA-co-PDL/L-leu NCMPs (71.00±2.35%). After this time period, the release of BSA 
reached a plateau, providing a slow continuous release phase up to 24h which later reached 27.40±0.07% for the 
PGA-co-PDL/Lac NCMPs and 88.03±2.85% for the PGA-co-PDL/L-leu NCMPs indicating an excellent release 
profile for the PGA-co-PDL/L-leu NCMPs. 
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Figure 2 In vitro release profiles for BSA adsorbed PGA-co-PDL/Lac (A) and PGA-co-PDL/L-leu (B) NCMPs in 

phosphate buffer saline, pH 7.4 (Mean ± SD, n=3) 

Cell viability study: The non-adsorbed PGA-co-PDL NCMPs appear to be well tolerated by the A549 cells, with a 

cell viability of 87.01±14.11% at 1.25 mg/ml concentration after 24 h exposure indicating a good toxicity profile. 

 
Figure 3 A549 cell viability measured by MTT assay after 24 h exposure to PGA-co-PDL NCMPs (Mean ± SD, 
n=3)  

Conclusion: 

The results indicate effective BSA adsorption onto the surface of PGA-co-PDL NPs and the aerosolisation data 
shows suitability of both the PGA-co-PDL/Lac and the PGA-co-PDL/L-leu NCMPs for pulmonary vaccine delivery. 
However, the superior FPF %, MMAD and in vitro release profile of the PGA-co-PDL/L-leu NCMPs compared to 
that of the PGA-co-PDL/Lac NCMPs suggests efficient delivery of BSA to the lungs thus an enhanced immune 
response. Moreover, the PGA-co-PDL NCMPs displayed a good toxicity profile. Further investigations will be 
aimed at optimizing the adsorption time, concentration of the protein followed by evaluation of protein integrity, 
uptake and immune response using the lung DC models. 
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ABSTRACT
Purpose Dry powder vaccine delivery via the pulmonary route
has gained significant attention as an alternate route to parenteral
delivery. In this study, we investigated bovine serum albumin
(BSA) adsorbed poly(glycerol adipate-co-ω-pentadecalactone),
PGA-co-PDL polymeric nanoparticles (NPs) within L-leucine (L-
leu) microcarriers for dry powder inhalation.
Methods NPs were prepared by oil-in-water single emulsion-
solvent evaporation and particle size optimised using Taguchi’s
design of experiment. BSA was adsorbed onto NPs at different
ratios at room temperature. The NPs were spray-dried in aque-
ous suspension of L-leu (1:1.5) using a Büchi-290 mini-spray
dryer. The resultant nanocomposite microparticles (NCMPs)
were characterised for toxicity (MTTassay), aerosolization (Next
Generation Impactor), in vitro release study and BSA was charac-
terized using SDS-PAGE and CD respectively.
Results NPs of size 128.50±6.57 nm, PDI 0.07±0.03 suitable
for targeting lung dendritic cells were produced. BSA adsorption
for 1 h resulted in 10.23±1.87 μg of protein per mg of NPs.
Spray-drying with L-leu resulted in NCMPs with 42.35±3.17%

yield. In vitro release study at 37°C showed an initial burst release
of 30.15±2.33%with 95.15±1.08% over 48 h. Aerosolization
studies indicated fine particle fraction (FPF%) dae<4.46 μm as
76.95±5.61% and mass median aerodynamic diameter
(MMAD) of 1.21±0.67 μm. The cell viability was 87.01±
14.11% (A549 cell line) and 106.04±21.14% (16HBE14o-
cell line) with L-leu based NCMPs at 1.25 mg/ml concentration
after 24 h treatment. The SDS-PAGE and CD confirmed the
primary and secondary structure of the released BSA.
Conclusions The results suggest that PGA-co-PDL/L-leu
NCMPs may be a promising carrier for pulmonary vaccine deliv-
ery due to excellent BSA adsorption and aerosolization behaviour.

KEY WORDS dry powder inhalation . nanoparticles .
pulmonary delivery . spray drying . vaccines

ABBREVIATIONS
APCs Antigen presenting cells
BSA Bovine serum albumin
DCs Dendritic cells
DoE Design of experiment
LN Lymph node
NPs Nanoparticles
NCMPs Nanocomposite microparticles
PGA-co-PDL Poly(glycerol adipate-co-ω-pentadecalactone)
PLA Polylactide or poly-L-lactic acid
PLGA Poly lactic-co-glycolic-acid
PVA Polyvinyl alcohol
SD Spray-drying

INTRODUCTION

Vaccination refers to induction of an immune response using
antigens coupled with adjuvants for generating a protective
immunity against plausible future infections (1,2). Traditional
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vaccines are often administered via the parenteral route re-
quiring infrastructure such as cold-chain, sterilized water for
reconstitution of dry powder vaccines and trained medical
personnel. Lack of these facilities in low and middle income
countries (LMICs) is leading tomany eligible children and adults
not getting vaccinated (3). Moreover, the majority of the poten-
tial vaccines in development employ purified subunits or recom-
binant proteins that are often poorly immunogenic thus needing
adjuvants and effective delivery systems to generate an optimal
immune response (1,2). To address these issues, particulate
delivery systems and non-invasive routes of delivery are being
investigated. The pulmonary route has gained significant atten-
tion for delivery of vaccines as it is one of the main entry portals
for pathogens, and can address some of the challenges such as
invasiveness, cold-chain requirement, and stability of the antigen
by delivering the antigen as a dry powder (3).

Biodegradable polymeric nanoparticles (NPs) have gained
significant attention and are largely being explored as delivery
vehicles for delivery of peptides, proteins, antigens, DNA etc.
(3–5). These polymers offer controlled or sustained drug release,
biocompatibility with surrounding cells and tissues, degrade into
low molecular weight non-toxic products and act as adjuvants
helping in generating cellular and humoral immune responses
(1,3,6). In this current investigation we aim to use poly(glycerol
adipate-co-ω-pentadecalactone), PGA-co-PDL, a biodegrad-
able polyester polymer, that has extensively been studied by
our group for delivery of both small molecule and model drugs
(dexamethasone phosphate, ibuprofen, sodium fluorescein), and
large molecule drugs (α-chymotrypsin, DNase I) (7–10).

In these biodegradable polymeric nanoparticulate formu-
lations, the vaccine antigens (i.e. proteins, peptides etc.) are
either adsorbed onto the surface or encapsulated within the
particles (3). Encapsulated antigens are protected by polymer-
ic NPs and their release can be modified by tailoring the
properties of the polymers. Adsorbed antigen, however, offers
enhanced stability and activity over the encapsulated antigen
by avoiding contact with organic solvents employed during
particle preparation steps (11–13).

Recent strategies for effective vaccine delivery have been to
target the dendritic cells (DCs), the true professional antigen
presenting cells (APCs) (14). DCs have the exceptional ability
to internalize, and in lymph nodes (LNs) they process and
present antigens through major histocompatibility complex
(MHC) class I and II pathways thereby activating naïve T-
cells resulting in induction of a strong immune response
(3,14,15). A study conducted by Manolova et al. indicates the
importance of particle size in determining the uptake by DCs,
where it was shown that upon intracutaneous injection of
polystyrene beads of varying sizes, large particles (500–
2,000 nm) associated with DCs from the site of injection
whereas small particles (20–200 nm) drained freely to the
LNs and were present in LN resident DCs (15). In addition,
Kim et al. have shown that uptake of 200 nm sized NPs by

bone marrow DCs to be more than that of 30 nm sized NPs
(16). Furthermore, Foged et al. has shown that particle size of
500 nm or below were preferred and have shown fast and
efficient up take by human DCs derived from blood (17). The
above literature suggests that smaller particles of 200 to
500 nm could effectively be up taken by DCs and thus gener-
ates a stronger immune response compared to vaccine alone.
However, these studies cannot be directly compared to lung
DCs but owing to the lack of information on the effect of NP
size on uptake by lung DCs the same can be assumed.

In this study, the Taguchi L18 orthogonal array design of
experiment (DoE) was used to optimize the formulation param-
eters to achieve NPs (~150 nm) for targeting the lung DCs. The
literature suggests that factors such as molecular weight (MW) of
the polymer, organic solvent, aqueous phase, sonication time and
stirrer speed have an influence on the size of the resultant NPs
(18–20) and these were evaluated using the experimental design.

As a dry powder, the nanosized particles cannot be directly
used for inhalation as their size is too small and it is expected
that majority of the inhaled dose will be exhaled depositing very
minimal doses in the lung (21). Thus, these NPs are formulated
into nanocomposite microparticles (NCMPs) using additives
such as lactose (22), L-leucine (L-leu) (22,23), trehalose (24),
mannitol (24) by various manufacturing techniques such as
freeze drying, spray drying (SD), spray-freeze drying or super-
critical fluid technologies (3,25). The NCMPs in the size range
of 1 to 5 μm in diameter are reported to be deposited in the
respirable airways and periphery of the lung (26). The additives
used to form NCMPs dissolve upon encountering the respira-
tory environment thereby releasing the NPs (27).

In this project, we aim to produce PGA-co-PDL NPs of
optimum size to be effectively taken up by the DCs, surface
adsorb a model protein, bovine serum albumin (BSA) and
formulate into nanocomposite microparticles (NCMPs) using
L-leu as a carrier for delivery via dry powder inhalation.

MATERIALS AND METHODS

Materials

Dichloromethane (DCM) was purchased fromBDH, laboratory
supplies, UK. Novozyme 435 (a lipase from Candida antartica
immobilized on amicroporous acrylic resin) was purchased from
Biocatalytics, USA. Acetonitrile (HPLC grade), albumin tagged
with fluorescein isothiocyanate (FITC-BSA), bovine serum al-
bumin (BSA, MW 67 KDa), phosphate buffered saline (PBS,
pH 7.4) tablets, poly(vinyl alcohol) (PVA, MW 9–10 KDa,
80%), trifluoroacetic acid (TFA, HPLC grade), RPMI-1640
medium with L-glutamine and NaHCO3, thiazoly blue tetrazo-
lium bromide (MTT), tween 80® and ω-pentadecalactone were
obtained from Sigma-Aldrich, UK. L-leucine (L-leu) was pur-
chased from BioUltra, Sigma, UK. Seventy-five cm2/tissue
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culture flasks with vented cap, 96-well flat bottom plates, ace-
tone, antibiotic/ antimycotic solution (100X), dimethyl sulfoxide
(DMSO) were purchased from Fisher Scientific, UK.
Divinyladipate was obtained from Fluorochem, UK. Fetal calf
serum (FCS) heat inactivated was purchased from Biosera UK.
poly(glycerol adipate-co-ω-pentadecalactone) (PGA-co-PDL),
MW of 14.7, 24.0 KDa was synthesized in our laboratory at
LJMU and micro BCA™ protein assay kit was purchased from
Thermo Scientific, UK. A549 cell line was purchased from
ATCC. 16HBE14o- cells were obtained from Dr Dieter
Gruenert from theCalifornia PacificMedical Center, University
of California San Francisco, USA.

Polymer Synthesis

The PGA-co-PDL polymer of MW of 14.7, 24.0 KDa was
synthesized in our laboratory via enzyme catalyzed co-
polymerization of threemonomers as described by Thompson
et al. (28). The synthesized linear polyester was characterized by
gel permeation chromatography, GPC (Viscotek TDA Model 300
using OmniSEC3 operating software), pre-calibrated with poly-
styrene standards (polystyrene standards kit, Supelco, USA), and
1H-NMR spectroscopy (Bruker AVANCE 300 MHz, Inverse
probe with B-ACS 60, Auto sampler with gradient chemming)
as described by Thompson et al. (28).

Preparation of Nanoparticles

PGA-co-PDL NPs were fabricated using a modified oil-in-
water (o/w) single emulsion solvent evaporation method (29).
Briefly, 200 mg PGA-co-PDL polymer (MW 14.7 KDa) (and
Nile Red, NR 0.5 mg for characterization of protein adsorp-
tion onto the surface of PGA-co-PDL via confocal microscopy)
was dissolved in 2 ml DCM and probe sonicated (20 μm
amplitude) upon addition to 5 ml of 10%w/v poly(vinyl alco-
hol) (PVA) (1st aqueous solution) for 2 min to obtain an
emulsion. This whole process was performed using ice. This
was immediately added drop wise to 20 ml of 2nd aqueous
solution (0.75%w/v PVA) under magnetic stirring at a speed
of 500 RPM. The whole mixture was left stirring at room
temperature for 3 h to facilitate the evaporation of DCM. The
particle size, PDI and zeta-potential were then characterised
as mentioned in “Nanoparticle Characterization” Section.
The NP suspensions were collected by centrifugation
(78,000 g, 40 min, 4°C) and surface adsorbed with protein
as indicated in “Protein Adsorption” Section.

Taguchi Design of Experiment (DoE)

In order to evaluate the influence of formulation parameters
and minimize the number of experiments, Taguchi DoE
being appropriate to study large number of factors, was
employed through Minitab® 16 Statistical Software. Seven

factors, namely, polymer MW, organic solvent, internal aque-
ous phase concentration and volume, sonication time, stirrer
speed and external aqueous phase concentration were evalu-
ated by constructing and using L18 orthogonal array design
with 1 factor, MW, at 2 levels and remaining 6 factors at 3
levels (Table I).

The design was applied to identify the significant factors
that would affect the size of PGA-co-PDL NPs. Optimum
conditions were indicated by high signal-to-noise (S/N) ratios,
where signal factor (S) is the outcome, the particle size, and
noise factors (N) are parameters such as humidity, tempera-
ture, experience of the experimenter etc. A greater S/N ratio
corresponds to minimum variance of the outcome, the particle
size i.e. a better performance. In other words, the experimental
parameter having the least variability is the optimum condi-
tion (30). The optimization of size was carried out using the
Taguchi’s ‘smaller-is-better’ criterion i.e. to get the outcome,
the particle size, to an ideal target of zero or as small as
possible.

Protein Adsorption

NP suspension (equivalent to 10 mg i.e. 1.25 ml of suspension)
was centrifuged (78,000 g, 40 min, 4°C) and the resultant
pellet was resuspended in vials containing 4 ml of BSA (or
FITC-BSA for characterization of protein adsorption onto the
surface of PGA-co-PDL via confocal microscopy), for 1 h, at
different ratios of 100: 4, 100: 10 and 100: 20 (NP: BSA)
corresponding to 100, 250 and 500 μg/ml BSA concentra-
tions, respectively. The resulting suspension (for 100: 20) was
left rotating for 30 min, 1, 2 and 24 h at 20 RPM on a
HulaMixer™ Sample Mixer (Life Technologies, Invitrogen,
UK). After respective time points, the protein adsorbed NP
suspensions were centrifuged and the supernatant analysed for
protein content using micro BCA protein assay kit. The
amount of BSA adsorbed per milligram of NPs (n=3) was
calculated using Eq. 1:

Table I Taguchi’s Experimental Design L18 for Producing PGA-co-PDL
Nanoparticles

Levels Units 1 2 3

A—MWof Polymer KDa 14.7 24.0 –

B—Org Sol (DCM) ml 1 1.5 2

C—Aq. Vol (PVA) ml 3 4 5

D—1st Aq. Conc (PVA) %w/v 2.5 5 10

E—Sonication Time min 1 2 5

F—Stirrer Speed RPM 400 500 600

G—2nd Aq. Conc (PVA) %w/v 0.5 0.75 1

Protein Adsorbed Nanocarriers for Pulmonary Vaccine Delivery



Adsorption μg per mg of NPsð Þ

¼ Initial protein conc‐Supernatant protein concð Þ
Amount of NPs

ð1Þ

The particle size and PDI were then characterised as
mentioned in “Nanoparticle Characterization” Section.

Nanoparticle Characterization

Particle size, poly dispersity index (PDI, a number between 0
and 1 describing the homogeneity of the sample) and zeta-
potential were measured by laser diffraction using a laser
particle size analyser (Zetasizer Nano ZS, Malvern Instru-
ments Ltd, UK). For NPs suspension, an aliquot of 100 μl
was diluted with 5 ml of deionized water and for NP suspen-
sions with and without BSA adsorption, 2 mg of NPs were
resuspended in 5 mL of deionized water, loaded into a cuvette
and the measurements were recorded at 25°C (n=3).

Nanocomposite Microparticles

Spray-drying was employed to incorporate the NPs into nano-
composite microparticles (NCMPs) using L-leu as a carrier,
and at nanoparticles-to-carrier ratio of 1:1.5w/w. Blank NPs,
BSA-loaded NPs or FITC-BSA-loaded NR NPs were dis-
persed in 20 ml water with L-leu dissolved and spray-dried
using a Büchi B-290 mini spray-dryer (Büchi Labortechnik,
Flawil, Switzerland) with a nozzle atomizer, and nozzle orifice
diameter of 0.7 mm. The SD was performed at a feed rate
10%, an atomizing air flow of 400 L/h, aspirator capacity
of 100% and an inlet temperature of 100°C (outlet tem-
perature approximately 45–47°C). The dry particles
(PGA-co-PDL/L-leu NCMPs) were separated from the
air stream using a high-performance cyclone (Büchi
Labortechnik), and the dry particles were collected and
stored in desiccator until further use.

Nanocomposite Microparticles Characterization

Yield

The dry powder yield was determined as the difference
in the weight of the sample vial before and after prod-
uct collection. The weight difference was compared to
the initial total dry mass and the yield in % (w/w) was
calculated (n=3).

Particle Size and Morphology

To confirm the recovery of NPs from NCMPs with an appro-
priate size range for cellular uptake, particle size and PDI of
NPs following re-dispersion of blank and loaded NCMPs in

water were measured. The measurements were recorded as
mentioned in “Nanoparticle Characterization” Section,
where 5 mg of NCMPs were dispersed in 2 ml of deionized
water then loaded into a cuvette and the measurements were
recorded at 25°C (n=3).

Spray dried PGA-co-PDL/L-Leu NCMPs samples
were mounted on aluminium stubs (pin stubs, 13 mm)
layered with a sticky conductive carbon tab and coated
with palladium (10–15 nm) using a sputter coater
(EmiTech K 550X Gold Sputter Coater, 25 mA for
3 min). The particles were then visualized using scan-
ning electron microscopy (FEI Quanta™ 200 ESEM,
Holland).

Confocal Laser Scanning Microscopy

FITC-BSA-loaded NR NPs spray-dried into NCMPs were
observed under confocal microscope to visualise the adsorp-
tion of BSA onto the NPs. Briefly, a Zeiss 510 Meta laser
scanning microscope mounted on a Axiovert 200 M BP
computer-controlled inverted microscope was used to obtain
the confocal images. A few milligrams of spray-dried NCMPs
were placed in a single well of 8-well chambered (Fisher
Scientific, UK) and imaged by excitation at a wavelength of
488 nm (green channel for FITC-BSA), 543 nm (red channel
for Nile Red NPs) and a Plan Neofluar 63×/0.30 numerical
aperture (NA) objective lens. Image analysis was carried out
using the Zeiss LSM software.

Protein Quantification by HPLC

An HPLC method was developed to quantify the amount of
BSA present in NCMPs. The chromatographic conditions
were as follows: HPLC system Agilent 1100 series (Santa
Clara, CA, USA) equipped with a column (Aeris 3.6 μm C4
200A Wide Pore 4.6 mm i.d. × 150 mm length), security
cartridge of the same material (Phenomenex, UK) and soft-
ware for data processing; mobile phase was composed of (A)
0.1% TFA in water and (B) 0.1% TFA in acetonitrile with a
gradient flow of A/B from 80:20 to 35:65 in 25min, post-time
6min; flow rate of 0.8 ml/min; injection volume of 100 μl; run
temperature 40°C; UV detection at 214 nm and BSA reten-
tion time of 14.4 min. BSA calibration curve was prepared by
accurate dilution of a previously prepared stock solution
(1 mg/ml) in HPLC water and PBS (pH 7.4) to obtain the
following concentrations: 0.5, 1, 2.5, 5, 10, 25, 50, 100 and
200 μg/ml of BSA (n=9, R2=0.999). All solutions used in the
process were filtered using 0.45 μm filters prior to use. Limit of
Detection (LOD) in water—1.98 μg/ml, PBS—1.48 μg/ml
and Limit of Quantification (LOQ) in water—3.24 μg/ml,
PBS—3.20 μg/ml.
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In Vitro Release Studies

BSA adsorbed PGA-co-PDL/L-leu NCMPs (20mg) were trans-
ferred into eppendorfs and dispersed in 2ml of PBS, pH7.4. The
samples were incubated at 37°C and left rotating for 48 h at
20 RPM on a HulaMixer™ Sample Mixer (Life Technologies,
Invitrogen,UK). At pre-determined time intervals up to 48 h, the
samples were centrifuged (accuSpin Micro 17, Fisher Scientific,
UK) at 17,000 g for 30min and 1ml of the supernatant removed
and replaced with fresh medium. The supernatant was analysed
using the HPLC method as mentioned above. Each experiment
was repeated in triplicate and the result was the mean value of
three different samples (n=3). The percentage cumulative BSA
released was calculated using Eq. 2:

% Cumulative BSA released ¼ Cumulative BSA released
BSA loaded

� 100 ð2Þ

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

The primary structure of BSA released from the NCMPs after
SD was determined by SDS-PAGE. SDS-PAGE was per-
formed on CVS10D omniPAGE vertical gel electrophoresis
system (Geneflow Limited, UK) with 9% stacking gel pre-
pared using ProtoGel stacking buffer (Geneflow Limited,
UK) containing 0.4% of SDS. Protein molecular weight
markers in the range 10–220 KDa (Geneflow Limited, UK)
and BSA were used as control. The protein loading buffer
blue (2X) (0.5MTris–HCl (pH 6.8), 4.4% (w/v) SDS, 20% (v/
v) Glycerol, 2% (v/v) 2- mercaptoethanol and bromphenol
blue in distilled/deionised water) was added to the samples
in 1:1 (v/v) buffer-to-sample ratio. After loading the samples
(25 μl sample per well), the gel was run for approximately
2.5 h at a voltage of 100 V with Tris-Glycine-SDS PAGE
buffer (10X) (Geneflow Limited, UK) containing 0.25 M Tris
base, 1.92 M glycine and 1% (w/v) SDS. The gel was stained
with colloidal coomassie blue and then destained in distilled
water overnight. An image of the gel was scanned on a gel
scanner (GS-700 Imaging Densitometer, Bio-Rad) equipped
with Quantity One software.

Circular Dichroism (CD)

The secondary structure of standard BSA (control), BSA
supernatant (after 1 h adsorption followed by centrifugation)
and BSA released from NPs after 48 h was determined by
measuring circular dichroism spectra. All CD experiments
were performed using a J-815 spectropolarimeter (Jasco,
UK) at 20°C as previously described (31). Five scans per
sample using a 10 mm path-length cell were performed over
a wavelength range 260 to 180 nm at a data pitch of 0.5 nm,

band width of 1 nm and a scan speed 50 nm min−1. Far-UV
CD spectra were collated for standard BSA, supernatant BSA
in HPLC grade water, BSA released in PBS for 48 h. For all
spectra, the baseline acquired in the absence of sample was
subtracted (32). The secondary structure of the samples was
estimated using the CDSSTR method (33) from the
DichroWeb server (33–35).

Activity

The activity of BSA was investigated using 4-
nitrophenyl acetate esterase substrate (NPA, Sigma Al-
drich, UK) as described by Abbate et al. (36). Briefly,
1.2 ml of released BSA sample (50 μg/ml) in PBS was
added to freshly prepared NPA solution (15 μl of a
5 mM solution in ACN) and incubated for 1 h using
HulaMixer™ Sample Mixer. Thereafter, the solution
was transferred to a plastic cuvette and absorbance
measured at 405 nm. For positive control, standard
BSA (50 μg/ml) was treated exactly the same as re-
leased sample whereas for negative control, PBS buffer
alone was treated as sample. The relative residual
esterolytic activity of the samples was calculated as the
ratio of absorbance between the released BSA/standard
BSA, with the esterolytic activity obtained for standard
BSA considered to be 100%.

In Vitro Aerosolization Studies

The Next Generation Impactor (NGI) was employed to assess
the aerosol performance of spray-dried NCMPs. The BSA
adsorbed NCMPs were weighed (4 capsules each correspond-
ing to 12.5mg spray-dried, powder equivalent to 5 mg of NPs)
and manually loaded into the hydroxypropyl methylcellulose,
HPMC, capsule (size 3), and placed in a Cyclohaler® (Teva
pharma). The samples were drawn through the induction port
into the NGI using a pump (Copley Scientific, Nottingham,
UK) operated at a flow rate of 60 L/min for 4 s. The plates
were coated with 1% tween 80: acetone solution and samples
collected using a known volume of distilled water, and left on a
roller-shaker for 48 h for the BSA to be released from
NCMPs. The samples were centrifuged using an ultracentri-
fuge (as mentioned in “Preparation of Nanoparticles” Section)
and the supernatants analysed using HPLC method as men-
tioned above to determine the amount of BSA deposited. The
Fine Particle Fraction (FPF,%) was determined as the fraction
of emitted dose deposited in the NGI with dae<4.46 μm, the
mass median aerodynamic diameter (MMAD) was calculated
from log-probability analysis, and the fine particle dose (FPD)
was expressed as the mass of drug deposited in the NGI with
dae<4.46 μm (n=3).
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Cell Viability Study

The in vitro cytotoxicity of the empty PGA-co-PDL/L-
leu NCMPs was evaluated using the MTT assay. The
adenocarcinomic human alveolar basal epithelial cell
line, A549 (passage no. 32) or 16HBE14o- cells (passage
no. 32) were seeded in 100 μl (2.5×105 cells/ml) of
RPMI-1640 medium supplemented with 10% fetal calf
serum/1% Antibiotic/Antimycotic solution (complete
medium) in 96-well plates and placed in an incubator
at 37°C for 24 h supplemented with 5% CO2. Then,
100 μl of freshly prepared NCMP dispersions in com-
plete medium were added to the wells to an appropriate
concentration (0–2.5 mg/ml) (n=3), and 10% dimethyl
sulfoxide (DMSO) as a positive control. The formula-
tions were assayed for toxicity over 24 h of incubation,
followed by the addition of 40 μl of a 5 mg/ml MTT
solution in PBS to each well. After 2 h of incubation at
37°C, the culture medium was gently removed and
replaced by 100 μl of dimethyl sulfoxide in order to
dissolve the formazan crystals. The absorbance of the
solubilised dye, which correlates with the number of
living cells, was measured at 570 nm using a plate
reader (Molecular Devices, SpectraMAX 190). The per-
centage of viable cells in each well was calculated as the
absorbance ratio between nanoparticle-treated and un-
treated control cells.

Statistical Analysis

All statistical analysis was performed using Minitab® 16 Sta-
tistical Software. One-way analysis of variance (ANOVA)
using Minitab® 16 Statistical Software with the Tukey’s com-
parison was employed for comparing the formulations with
each other. Statistically significant differences were assumed
when p<0.05. All values are expressed as their mean±stan-
dard deviation.

RESULTS

Polymer Synthesis

The synthesized PGA-co-PDL co-polymer (monomer ratio,
1:1:1) was a white powder with a molecular weight of 14.7,
24.0 KDa for 6 h, 24 h as determined by the GPC. The
integration pattern of the co-polymer was confirmed by 1H-
NMR spectra, (δH CDCl3, 300 MHz): 1.34 (s, 22 H, H-g),
1.65 (m, 8 H, H-e, e′, h), 2.32 (m, 6 H, H-d, d′, i), 4.05 (q)-4.18
(m) (6 H, H-a, b, c, f), 5.2 (s, H, H-j).

Taguchi Design of Experiment (DoE)

The Taguchi design was applied in this study to identify the
significant factors that would influence the size of PGA-co-
PDL NPs. Considering seven factors (1 factor at 2 levels and 6
factors at 3 levels) to be investigated, non-usage of an exper-
imental design would have resulted in 2*36=1,458 individual
experiments which would be an arduous task and inefficient.
The Taguchi L18 orthogonal array design resulted in 18 runs
to be performed to yield the optimum conditions for each
factor in achieving the smallest PGA-co-PDL NP size.
Table II illustrates the structure of the L18 orthogonal array,
the corresponding results and S/N ratios.

The results obtained from 18 runs indicated particle sizes
ranging from 138.7±6.4 nm (run 3) to 459.4±69.5 nm (run
11). Figure 1 shows the mean S/N graph of the particle size
for each parameter level. The parameter with the largest
range and corresponding rank (indicates the relative impor-
tance compared to other parameters) was considered as the
critical factor affecting that particle size.

Analysis of the particle sizes of 18 runs using the
Taguchi’s ‘smaller-is-better’ criterion in Minitab® 16
Statistical Software, the optimum conditions inferred
from the range, rank and the S/N response graph were
A1B3C3D3E2F2G2. The optimum formulation made
using these conditions yielded NPs with a size of
128.50±6.57 nm lower than the minimum size of
138.7±6.4 nm obtained using run 3, PDI of 0.07±
0.03 and zeta-potential of −10.2±3.75 mV.

Protein Adsorption

Figure 2a shows the amount of BSA adsorbed per mg of NPs
for different concentrations of BSA loaded. The average ad-
sorption of BSA, μg per mg of NPs, increased significantly
from 100: 4 (NP: BSA) loading concentration (4.75±0.39),
100: 10 (6.59±1.28) to 100: 20 (10.23±1.87) (p<0.05,
ANOVA/Tukey’s comparison).

Figure 2b shows the amount of BSA adsorbed in μg per mg
of NPs at different time points for 100: 20 (NP: BSA) loading
concentration. The average adsorption increased signifi-
cantly from 30 min (1.84±0.82) to 1 h (10.23±1.87)
(p<0.05, ANOVA/Tukey’s comparison) with no signifi-
cant difference beyond 1 h compared to that of 2 h
(8.76±0.34) and 24 h (8.95±0.39) (p>0.05, ANOVA/
Tukey’s comparison) indicating maximum adsorption at
1 h.

Table III lists the particle size and PDI of PGA-co-PDL
NPs with and without BSA adsorption. As seen, there is a
significant increase (p<0.05, ANOVA/Tukey’s comparison)
in size which is attributed to the adsorption of BSA onto NPs
as confirmed using confocal microscopy ( “Confocal Laser
Scanning Microscopy” Section).
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Nanocomposite Microparticles Characterization

Yield

A reasonable yield of SD, 40.36±1.80% for the empty PGA-
co-PDL NCMPs and 42.35±3.17% for the BSA adsorbed
PGA-co-PDL/L-leu NCMPs was obtained.

Particle Size and Morphology

The size of NPs after recovery from spray-dried blank
NCMPs in water was 210.03±15.57 nm and PDI 0.355±

0.067 and for that of BSA loaded NCMPs was 282.46±
2.17 nm and PDI 0.36±0.008, which is in the range of 200
to 500 nm for uptake by dendritic cells (DCs) (16–18).

The shape and surface texture of NCMPs were investigat-
ed using scanning electron microscopy (Fig. 3). Photomicro-
graphs of NCMPs showed irregular and corrugated
microparticles.

Confocal Laser Scanning Microscopy

CLSM was used to observe the interaction of BSA with NPs.
The microscopic images in Fig. 4a (split view) and 4b

Fig. 1 Mean S/N graph for particle size response. Letters (A–E) denote the experimental parameters and numeric values denote the parameter levels (white
diamond indicates maximum S/N value) (Mean±SD, n=6); Note: A—MW of Polymer, B—Org Sol (DCM), C—Aq. Vol (PVA), D—1st Aq. conc (PVA), E—
Sonication time, F—Stirrer Speed and G—2nd Aq. conc (PVA).

Table II Structure of Taguchi’s L18 Orthogonal Array, Corresponding Particle Size and S/N Ratios (Mean±SD, n=6)

Runs Parameters Particle Size (nm) PDI S/N Ratio (dB)

A B C D E F G

Run 1 1 1 1 1 1 1 1 315.5±6.90 0.151±0.05 −49.979

Run 2 1 1 2 2 2 2 2 186.5±4.30 0.097±0.03 −45.412

Run 3 1 1 3 3 3 3 3 138.7±6.40 0.093±0.01 −42.843

Run 4 1 2 1 1 2 2 3 210.1±18.7 0.116±0.04 −46.449

Run 5 1 2 2 2 3 3 1 208.7±49.9 0.123±0.06 −46.389

Run 6 1 2 3 3 1 1 2 182.0±3.20 0.075±0.04 −45.199

Run 7 1 3 1 2 1 3 2 192.9±9.30 0.077±0.04 −45.705

Run 8 1 3 2 3 2 1 3 149.3±2.50 0.075±0.01 −43.481

Run 9 1 3 3 1 3 2 1 192.9±23.0 0.050±0.03 −45.704

Run 10 2 1 1 3 3 2 2 269.1±68.9 0.205±0.04 −48.598

Run 11 2 1 2 1 1 3 3 459.4±69.5 0.233±0.02 −53.243

Run 12 2 1 3 2 2 1 1 242.5±19.1 0.188±0.06 −47.694

Run 13 2 2 1 2 3 1 3 253.2±47.3 0.155±0.10 −48.069

Run 14 2 2 2 3 1 2 1 217.3±18.9 0.116±0.01 −46.742

Run 15 2 2 3 1 2 3 2 240.5±35.1 0.133±0.05 −47.622

Run 16 2 3 1 3 2 3 1 169.3±7.60 0.144±0.04 −44.573

Run 17 2 3 2 1 3 1 2 235.9±29.6 0.119±0.08 −47.453

Run 18 2 3 3 2 1 2 3 221.7±11.0 0.150±0.04 −46.915

A—MWof Polymer, B—Org Sol (DCM), C—Aq. Vol (PVA), D—1st Aq. conc (PVA), E—Sonication time, F—Stirrer Speed and G—2nd Aq. conc (PVA)
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(orthogonal view) shows the spray-dried NCMPs containing
the fluorescent NPs (red, labelled using NR dye) adsorbed
with FITC-BSA (green). The image shows that FITC-BSA
was evidently only present where the NPs were present, indi-
cating their association. Moreover, the increase in size ob-
served after adsorption also confirms the adsorption of BSA
onto PGA-co-PDL NPs (Table III).

In Vitro Release Studies

In vitro release studies were performed on NCMPs and report-
ed as cumulative percentage BSA released over time (Fig. 5).
An initial burst release of 30.15±2.33% (BSA) was observed
followed by continuous release up to 5 h, with BSA release of
86.07±0.95%. After this time period, a slow continuous re-
lease of BSA was observed with release of 95.15±1.08% over
48 h, indicating an excellent release profile for the PGA-co-
PDL/L-leu NCMPs.

Protein Stability (SDS-PAGE and CD) and Activity

The primary structure of BSA released from the NCMPs was
investigated using SDS-PAGE analysis. Figure 6 reveals iden-
tical bands for the standard BSA and desorbed BSA from
NCMPs without any newly noticeable bands of high and low
molecular BSA.

The secondary structure analysis was performed using CD
spectral data. Figure 7a and b shows the structure of standard

BSA, BSA supernatant and BSA released. In Fig 7a, the CD
spectra show minima at 221–222 and 209–210 nm and max-
imum at about 195 nm for both samples, which is character-
istic of α-helical structure. Further structural analysis showed
that the predominant structure of the protein was helical
displaying 51 and 62.5% helicity respectively (Table IV).
Moreover, the experimental data obtained for the standard
BSA are in good agreement with previous reports (37).
Figure 7b shows that BSA released displayed double minima
at 208 and 222 nm and further spectra analysis indicated this
sample adopted a reduced level helical conformation (circa
36% helical) (Table IV). Comparing the CD results of BSA
released with that of standard BSA, the content of α-helix
decreases by 15%, the β-sheet content increases by 8.9%, the
turns content increases by 1%, and the random coils’ content
increases by 3%, respectively.

The residual esterolytic activity of the released BSA sample
was calculated to be 77.73±3.19% relative to standard BSA.

In Vitro Aerosolization Studies

The deposition data obtained from spray-dried formulations
displayed a FPD of 112.87±33.64 μg, FPF of 76.95±5.61%
and MMAD of 1.21±0.67 μm. This suggest that the BSA
adsorbed PGA-co-PDL/L-leu NCMPs were capable of deliv-
ering efficient BSA to the lungs, and are expected to deposit
the majority of the emitted dose to the bronchial-alveolar
region of the lungs (3).

Fig. 2 Amount of BSA adsorbed
per mg of NPs at different (a) BSA
loading concentrations (NP: BSA)
and (b) time points for 100: 20 (NP:
BSA) BSA loading concentration, * is
p<0.05, ANOVA/Tukey’s
comparison (Mean±SD, n=3).

Table III Particle Size and PDI of PGA-co-PDL Nanoparticles Without and with BSA Adsorption

NP suspension Without BSA adsorption With BSA adsorption

Particle Size (nm) 128.50±6.57a 203.9±2.55b* 299.03±32.02c*

PDI 0.070±0.030 0.205±0.007 0.322±0.060

* p<0.05, ANOVA/Tukey’s comparison
aNPs characterised immediately after preparation without centrifugation, b NPs characterised after centrifugation but without adsorption of BSA, c NPs
characterised after centrifugation and BSA adsorption
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Cell Viability Study

The non-adsorbed PGA-co-PDL NCMPs appear to be
well tolerated by both the cell lines, with a cell viability
of 87.01±14.11% (A549 cell line) and 106.04±21.14%
(16HBE14o- cell line) (Fig. 8) at 1.25 mg/ml concentra-
tion after 24 h exposure indicating a good toxicity
profile without any significant difference in cell viability
between particle loadings. This provides an indication
about the feasibility of using PGA-co-PDL polymers as
safe carriers for pulmonary drug delivery.

DISCUSSION

Nanoparticle Preparation and Characterization

The PGA-co-PDL NPs were prepared using a modified oil-in-
water (o/w) single emulsion solvent evaporationmethod (29). The
results of 18 runs, suggested by Taguchi’s L18 orthogonal array,
resulted in NPs of size<150 nm.However, this increases to about
200–300 nm after centrifugation and BSA adsorption. This
according to the literature suggests an effective uptake by DCs
(15–17). The effects of each factor are discussed in detail below:

Fig. 3 SEM pictures of PGA-co-
PDL/L-Leu Nanocomposite
Microparticles (a) 5 μm and (b)
2 μm.

Fig. 4 Confocal microscopic
image of spray-dried microparticles
containing the fluorescent nanopar-
ticles (red, labelled using nile red
dye) adsorbed with FITC-BSA
(green) (a) Split view and (b) Or-
thogonal view.
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Factor D, PVA concentration (range=3.17, rank=1), is the
most important factor affecting the particle size. The S/N
ratios at three levels indicated that particle size almost linearly
decreased with increase in surfactant concentration from 2.5
to 10%w/v (S/N ratio, r2=0.997). The particle size decreases
because at lower concentrations there is inadequate amount of
surfactant to cover all the surfaces of PGA-co-PDL NPs (38).
The uncovered NPs then tend to aggregate until a point
where there is adequate amount of surfactant to cover the
total surface area of the aggregated NPs, and form a stable
system leading to larger particles. However, with an increase
in surfactant concentration it was possible to efficiently cover
all the surfaces of NPs thereby stabilizing the system avoiding

aggregation and resulting in smaller PGA-co-PDL NPs (38).
This effect of decrease in particle size with an increase in
surfactant concentration, PVA, was also observed by Mitra
and Lin (39).

The S/N ratios of factor A, molecular weight of the poly-
mer (range=2.19, rank=3), at two levels, suggested a directly
proportional relationship with MW of polymer, i.e. the parti-
cle size decreases with a decrease in the MW of the polymer.
This can also be evident from the lower particle size measure-
ments observed using 14.7 KDa MW polymer (runs 1–9)
relative to 24 KDa MW polymer (runs 10–18). As the MW
of polymer increases, the viscosity of the polymeric solution
also increases, thereby imposing difficulty in breaking them
into smaller emulsion droplets when compared to lower MW
polymer requiring lower efficiency to breakdown under sim-
ilar conditions. This increase in size of the particles has also
been observed by others and is reported to be associated with
high MW polymers (5,40,41).

The S/N ratios of factor B, volume of organic solvent
(DCM, range=2.32, rank=2), at three levels indicated that
particle size almost linearly decreased with increase in volume
from 1 to 2 ml (S/N ratio, r2=0.999). This decrease in particle
size is attributed to the decrease in viscosities of the polymer
solution (keeping the amount and MW of polymer constant).
This makes it easier to break into smaller emulsion droplets
resulting in a decreased particle size as explained above. This
effect could also be observed with factor C, volume of 1st
aqueous phase (range=1.23, rank=5), where a decrease in
volume increased the viscosity thereby resulting in an increase
in particle size.

The S/N ratios for factor E, sonication time (range=2.09,
rank=4), did not follow any particular trend; however, the 2nd

level was found to be the optimum for achieving smaller
particle size. The S/N ratios for parameters F, stirrer speed
(the speed at which the magnetic bar was rotating for evapo-
ration of DCM in the external phase) and G, 2nd PVA
concentration have a low range of 0.34 and 0.18 respectively
indicating that they have a minimal influence over the size of

Fig. 5 In vitro release profiles for
BSA adsorbed PGA-co-PDL/L-leu
NCMPs in phosphate buffer saline,
pH 7.4 (Mean±SD, n=3).

Fig. 6 SDS-PAGE of Lane 1: molecular weight standards, broad range (Bio-
Rad Laboratories, Hercules CA, USA), Lane 2, 3: BSA standards, Lane 4, 5, 6:
Desorbed BSA from PGA-co-PDL/L-leu NCMPs after 24 h.
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NPs produced. Therefore, the optimum conditions inferred
result in NPs of size suitable for cellular uptake into DC as
established in the literature (15–17,42,43).

The adsorption of BSA onto NPs is expected to be mainly
driven by hydrophobic, electrostatic (ionic) interactions and
hydrogen bonding (44). However, in this study as the NPs,
evident from zeta-potential values, are negatively charged and
BSA in water is also highly negatively charged (45) suggesting
that the electrostatic interactions are minimal and that the
adsorption process is dominated by the hydrophobic interac-
tions and hydrogen bonding. The BSA adsorption onto NPs
increased with an increase in NP: BSA ratio from 100: 4 to 100:
20, which was expected as the amount of BSA available for
adsorption increased. Figure 2b suggests that the surface of NPs

was saturated with BSA after 1 h suggesting maximum adsorp-
tion with 100: 20 (NP: BSA) BSA loading concentration.

Nanocomposite Microparticles Characterization

NCMPs were produced by SD using L-leu as a carrier and a
dispersibility enhancer. The SEM pictures (Fig. 3) show irreg-
ular or wrinkled surface which is due to an excessive build-up
of vapour pressure during water evaporation in the SD pro-
cess and occurs with hydrophobic amino acids, such as L-Leu
(8,46,47).

The release profile showsmore than 90%of the BSA released
within 48 h this is because of weaker hydrophobic interactions
between BSA andNPs compared to the strong ionic interactions.
Moreover, the identical bands observed for BSA standard and
desorbed BSA from NCMPs suggests that protein has main-
tained its primary structure and was neither degraded nor affect-
ed by the adsorption and SD procedure.

The secondary structure of BSA in the formulation was
analysed using CD spectroscopy, a valuable technique in
analysing the protein structure (31). The BSA released sam-
ples confirms the presence of α-helix and β-sheets though
decreased compared to standard BSA. However, in protein
secondary structure, it is believed that the β-sheet structure is
sometimes observed as a special α-helix only with two amino
acid residues through stretching resulting from the breakage
of hydrogen bond (37,48).

It is established that BSA possesses an enzyme-like activity
with the ability to hydrolyse substrates such as p-nitophenyl esters
(36,49,50). In this study, the released BSA sample retained
approximately 77% of relative residual esterolytic activity com-
pared to standard BSA. A reduction in BSA activity to 60% was
also observed by Abbate et al. when released from biohybrid
hydrogels (36). The adsorption and desorption process of BSA
could have influenced the structure (evident from a decreased
helicity determined by CD) and thus the activity. However, the

Fig. 7 CD spectra of (a) standard BSA (grey) and supernatant BSA (black) and
(b) standard BSA (grey) and BSA released (black).

Table IV The Percentages of the Secondary Structures of Standard, Super-
natant and Released BSA Samples

Sample Helix Strand Turns Unordered

Standard BSA 51±0.007 21.1±0.07 6.0±0.01 18±0.007

Supernatant BSA 62.5±0.035 22.0±0.021 5.5±0.05 9.5±0.06

Released BSA 36.0±0 30.0±0 7.0±0 21±0.007

The content and level of secondary structure elements in the peptide was
calculated from spectral data using the DichroWeb server software as de-
scribed in “Materials and Methods” Section

Fig. 8 A549 & 16HBE14o- cell viability measured by MTTassay after 24 h
exposure to PGA-co-PDL NCMPs (Mean±SD, n=3).
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retention of 77% ester hydrolysis activity would encourage the
exploration of the delivery system for further usage.

The FPF value suggests an excellent aerosolization perfor-
mance and deep lung deposition profile. The surface activity of
the relatively strong hydrophobic alkyl side chain of L-leu accu-
mulating at the particle surface during SD reduces the surface
free energy of the dry powder and cohesive inter-particulate
interactions and this might be a plausible explanation for the
enhanced dispersibility (8,23). In addition, the dispersibility en-
hancing property of L-leu resulting from its corrugated surface
that reduces the contact points between particles leads to an
improved aerosolization characteristic of powders (22,47,51).
Similar reports have also demonstrated the enhanced aerosol
performance with L-leu containing formulations (22,47,51,52).
Moreover, the MMAD values show an efficient delivery of
NCMPs containing BSA to the deep lungs mainly to the
bronchial-alveolar region (3). A study by Todoroff et al. have
shown that more intense specific immune responses could be
achieved by targeting the antigen to the deep lungs than to the
upper airways (53). Also, Menzel et al. have shown that upon
inhalation of Pneumovax®, a pneumococcal polysaccharide vac-
cine, by healthy volunteers the vaccine deposited in the alveolar
region displayed increased serum antibody levels compared to
that deposited in the larger airways (54). Thus, this deposition to
the deep lungs may generate stronger immune responses.

The NGI data suggests a deposition mainly in the
bronchial-alveolar region of the lungs (3), thus the cell viability
studies were performed on A549 cell line (adenocarcinomic
human alveolar basal epithelial cells) and 16HBE14o- cell line
(human bronchial epithelial cells). The results show that both
the cell lines were tolerant to the NCMPs up to 1.25 mg/ml
concentration encouraging further investigation in animals.

CONCLUSIONS

PGA-co-PDL NPs of appropriate size to target DCs were
successfully produced using Taguchi L18 orthogonal array
DoE. BSA adsorption onto NPs in the ratio of 100: 20
(NP: BSA) for 1 h at room temperature produced the
maximum adsorption of BSA (10.23±1.87 μg of protein
per mg of NPs). The BSA adsorbed NPs were successfully
spray-dried using L-leu into NCMPs producing a yield of
42.35±3.17% and the NCMPs had irregular and corru-
gated morphology. The BSA released from the NCMPs
was shown to be maintaining its structure under SDS-
PAGE and CD analysis with 77% of relative residual
esterolytic activity. Moreover, FPF of 76.49±6.26% and
MMAD of 1.21±0.67 μm values indicate deep lung de-
position with NCMPs showing a low toxicity profile. This
study suggests that PGA-co-PDL NCMPs could be used
as a novel carrier for pulmonary vaccine delivery.
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